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1. General Introduction 

 

1.1. Immunity 

 

1.1.1. Innate immunity 

Humans are always at a risk of infection. Thus, immune responses, whereby the 

immune system defends individuals from harmful pathogens, are a critical process that 

protects live. The vertebrates’ immune system can be divided into two groups: innate 

immunity and adaptive immunity. Both recognize non-self and remove non-self only. The 

innate immune response is an immediate and broad-specific response against genetically 

conserved pathogens. Innate immunity is mediated by somatic cells and myeloid cells 

(Figure 1-1)［1］. Somatic cells express pattern recognition receptors (PRRs) that activate 

immune cells by paracrine. For example, Lipopolysaccharide (LPS), containing a Gram-

negative bacterial cell wall is recognized by Toll-like receptor 4 (TLR4), a PRR, which 

upon activation propagates intracellular signals via the PI3K, MAPK, and IKKs pathways. 

These pathways promote gene transcription by NF-kB, AP-1 and IRF3, which trigger the 

secretion of inflammatory cytokines such as IL-1b and IFN-g ［2–4］. 

Of note, innate myeloid cells are activated directly by cytokines or by pathogen-

associated molecular patterns such as LPS［5］. The first line of host defense is neutrophils, 

the most abundant myeloid cell in the peripheral blood. Activated neutrophils migrate 

into sites of infection or damaged tissues and directly remove pathogens by phagocytosis 

or the secretion of enzymes. Chronic inflammation induces anti-inflammatory 

compounds to limit pain and damage to the host［6］. Prostaglandin E2 (PGE2) is an 

eicosanoids and is essential for the resolution of neutrophil-induced inflammation ［7］. 
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Figure 1-1  Somatic cells and leukocyte interaction in innate immunity 
Somatic cells recognize the pathogens by pattern recognition. PRRs propagate signals 

and produce cytokines or other mediators. Innate myeloid cells are activated by cytokines 

from somatic cells and other immune cells. 
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1.1.2. Myeloid differentiation and acute myelocytic leukemia 

Myeloid differentiation is tightly regulated. Neutrophils are differentiated from 

myelocytes in the bone marrow (Figure 1-2). Matured neutrophils are released into the 

blood and circulate throughout an organism’s organs and tissues ［8］. A mutation or 

translocation of the genome to prevent myeloid differentiation causes myelodysplastic 

syndrome or acute myeloid leukemia［9］. The first-choice treatment for AML patients is 

transplantation. However, all-trans retinoic acid (ATRA) and arsenic trioxide are 

expected to be useful for induction therapy because they induce myeloid differentiation 

and stop cellular proliferation. However, these treatments are insufficient to maintain 

remission. Therefore, it is important to understand the molecular mechanism underlying 

myelopoiesis and to develop chemotherapies for AML. Acute myeloid leukemia HL-60 

cells are a commonly used cell line for modeling of myeloid differentiation ［10］. 

 

1.1.3. Neutrophil function 

Neutrophils directly kill pathogens directly. The primary function of neutrophils 

is phagocytosis, whereby pathogens are engulfed and degraded by oxygen-dependent and 

-independent mechanisms. (Figure 1-3)［11］. Phagocytosis is initiated by Fcg receptors, 

complement receptors, and mannose receptors［12］. IgG-dependent phagocytosis occurs 

in collaboration with adaptive immunity. In addition, neutrophils secrete 

Myeloperoxidase (MPO) and alpha-defensin family peptides. Myeloperoxidase produces 

reactive oxygen species (ROS). Alpha-defensin is highly conserved in mammals and is 

thought to disrupt microorganisms or host cell membranes by an oxygen-independent 

mechanism ［13］.  

Neutrophils also express the inflammatory cytokines［14］. IL-1b promotes the 

production of prostaglandin E2 and activates neutrophils and lymphocytes. IL-6 promotes 

the promotion of lymphoid differentiation. IL-8 (and termed CXCL8) is a chemokine that  
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Figure 1-2  Myeloid differentiation 
Neutrophils are differentiated from myeloid progenitor, also termed myelocyte, in bone 

marrow. When they are matured, they are released into blood and circulating. Neutrophils 

migrate into sites of infection and activate. Activated neutrophils caused apoptosis. 
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Figure 1-3 Neutrophils functions 
Neutrophils, also termed Polymorphonuclear neutrophils, have segmented nucleus. 

Neutrophils attacked pathogens not only by cytokine secretion but also NETosis and 

phagocytosis. 
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induces the neutrophil migration into sites of inflammation. TNF-a regulates fever and 

apoptosis, inhibits tumorigenesis and viral replication, and is associated with various 

diseases. Neutrophils contain lipid droplets (also termed lipid bodies) that produce lipid 

mediators, and these lipid droplets accumulate in leukocytes under inflammatory 

conditions ［15–17］. Nose et al. (2013) reported that perilipin-3 was involved in lipid 

droplet formation, and PGE2 production, and secretion ［18］. 

 

1.1.4. Neutrophils heterogeneity and Immune response against cancer 

Whether neutrophils affect tumors is controversial ［19–21］. Recently, neutrophils 

were thought to not be a homogeneous population, but rather contain subsets with 

different characteristics and functions (Table 1-1)［22］. One subset is PMN-MDSC, 

which inhibit immunologically activated states in the late stage of the acute inflammation. 

However, PMN-MDSC also promotes chronic inflammation, for example in relation to 

tumors, sepsis, trauma, autoimmune diseases, and transplantation［23–25］. This subset 

may be similar to low-density neutrophils, tumor-associated neutrophils, and N2-type 

subsets［26–28］. It is essential to clarify the function of PMN-MDSC to improve their 

therapeutic use. Furthermore, the mechanisms required to polarize neutrophils towards 

these subsets are poorly understood.  

Cancer immunotherapy is mediated by T cells. Immune checkpoint blockade 

against PD-1 and CTLA-4 activates CD8 T cells［29］. Chimeric antigen receptor (CAR) 

T cells are genetically engineered to express an artificial receptor for a cancer-specific 

antigen［30］. Neutrophils are the most abundant leukocyte, but how neutrophils affect 

immunotherapy remains unclear. Recently, Ponzetta et al. demonstrated that neutrophils 

mediated resistance against primary carcinogenesis and anti-tumor resistance by 

neutrophils was dependent on IFN- g production by T cells ［31］. 

PMN-MDSCs in Fatp2 knockout mice had abrogated immunosuppressive activity  
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Table 1-1 Neutrophil heterogeneity 

 

Subset Function 

Low-density neutrophil ↓Phagocytosis, ↑NETosis, 
↑IFN, TNF production  

PMN-MDSC† ↓Phagocytosis, ↑Inflammation,  
↑Immunosuppressive activity 

Aged ↑Phagocytosis, ↑NETosis 

OLFM4+ ↓Cathepsin C activity 

TCR+ ↑IL-8 production 

Angiogenic ↑angiogenesis 

CD63+ ↓GSH activity 
↓Elastase activity 

CD49+ Macrophage activation 

IL-17+ ↑ROS, ↑anti-bacterial activity 

(Modified from Silvestre-Roig C. et al., Blood, 127, 2173-2181 (2016)［32］) 

†Poly Morphonuclear Neutrophil-Myeloid-Derived Suppressor Cell  
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and these mice had strongly suppressed tumor growth in the T cell-dependent manner 

［33］. These findings suggest that PMN-MDSC are part of a dominant pathways whereby 

tumors suppress the immune system. Therefore, it is critical to control the polarization of 

neutrophils into a suppressive subtype. 

 

1.2. Dephosphorylation 

 

1.2.1. Protein phosphatase 

The post-translational modification of proteins is an essential and common 

mechanism that regulates their functions. Protein phosphorylation, which is highly 

conserved mechanism, add a functional group on a hydroxyl group and changes the 

overall charge to negative, Historically, Levene identified a phosphate salt in proteins in 

1906［34］. In 1955, Edwin Krebs and Edmond Fischer demonstrated reversible protein 

phosphorylation by found protein phosphatase. To date, at least 250,000 papers related to 

protein phosphorylation have been published ［35］.  

In eukaryotes, protein kinases phosphorylate serine, threonine, and tyrosine 

residues. Kinases and phosphatases can be characterized into two types by their target 

residues: i) Ser and Thr kinase/phosphatase and ii) Tyr kinase/phosphatase. pSer and pThr 

account for more than 98% of all phospho-residues in humans ［ 36 ］ . Ser/Thr 

phosphatases can be classified into three groups, PPP, PPM, and HAD, on the basis of 

their primary structure and catalytic mechanism. The PPM family contains metal-

dependent protein phosphatases with bound Mg2+ or Mn2+. Mammals have 20 PPM 

isoforms, however, substrates of PPM family of phosphatases are poorly understood 

(Figure 1-4)［37］.  
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Figure 1-4  PPM family phosphatases 
Described domain structures of PPM1 family phosphatases. Their catalytic domains are 

structurally conserved, indicated in yellow color. And their metal chelating residues are 

indicated by arrowhead. Loop like inserts on catalytic domains can be divided into two 

groups: face on catalytic center side or back side. 
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1.2.2. Ser/Thr phosphatase PPM1D  

PPM1D was identified by Dr. Appella’s group in 1997 and was reported as a Wild-

type p53 inducible phosphatase 1 (Wip1) (Figure 1-5) ［38］. The PPM1D gene maps to 

17q23.2. Our laboratory found that PPM1D was alternatively spliced into two variants 

that have different C-terminal regulatory regions. PPM1D605 is expressed ubiquitously 

throughout organisms whereas PPM1D430 is specifically expressed in leukocytes and 

the testis ［39］. 

PPM1D is a negative regulator of the p53 pathway during genotoxic stress 

responses (Figure 1-6). The abnormal hyperactivation of PPM1D was found in several 

types of tumors［40］ and was caused by PPM1D gene amplification, mRNA/protein 

overexpression, and/or stabilizing mutation. Mutations are important for on clonal 

hematopoiesis ［41］ and therapy-related MDS ［42］. Thus, PPM1D is considered as a 

proto-oncogene and a promising drug target for cancer therapies. Several groups have 

reported a PPM1D-specific inhibitor［43］ . Furthermore, we have developed a small 

molecule inhibitors of PPM1D, SPI-001 and SL-176 (Figure 1-7)［44,45］ . SL-176 

inhibited the proliferation in PPM1D overexpressing cell but not in PPM1D expressing 

cell at a normal level, indicating SL-176 is a potent small-molecule inhibitor. 

The functions of PPM1D in healthy cells have attracted significant attention. In the 

DNA damage response pathway, PPM1D also dephosphorylates and inactivates ATM, 

H2AX, and Chk1/2 to promote cell cycle progression ［46,47］. Dr. Loewer’s group 

reported that PPM1D expression levels before stress decided the threshold for p53 

activation against DNA damage［48］. However, transcriptional regulators of PPM1D 

except for p53 are currently unknown.  

Dr. Donehower’s group reported that Ppm1d knock out mice had abnormalities 

including increased inflammation, null T- and B -cell responses, and reduced longevity 

in male mice［49］. Zhao’s group reported that Ppm1d knock out mice had neutrophilia  
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Figure 1-5  Model structure of Ser/Thr phosphatase PPM1D 

PPM1D has two unique inserts on catalytic domain: P-loop is Pro-rich long loop which 

faced on back side and B-loop is Basic amino acid rich loop which faces on same side 

catalytic center. This homology model was calculated by Modeller 9.11. These templates 

are PPM1A (4RA2), PPM1B (2P8E), and PPM1K (4DA1). 
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Figure 1-6  The function of PPM1D in DNA damage response pathway 

PPM1D is a negative regulator of p53 pathway during DNA damage responses. Our 

group reported that PPM1D overexpressing cells has many nucleolus ［50］. 
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Figure 1-7 Structure of PPM1D inhibitors 
Original structure SPI-001 is shown in (1). By structure-function relationship analysis, 

we developed down-sized and strong inhibitor SL-176, shown in (2). (3) shows inactive 

analog SL-104. 
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(an increase in neutrophil numbers) and enhanced inflammation ［51］. In addition, our 

finding regarding alternative splicing suggested that PPM1Ds has specific roles in 

leukocytes and the testis (Figure 1-9). Furthermore, we reported that PPM1D has a vital 

role in maintaining an undifferentiated state by ERK ［52］. We also reported that PPM1D 

positively regulated lipid droplet formation in adipocytes and is a promising anti-obesity 

drug target ［53］. 

 

1.3. Aim of this study 

The molecular mechanism of myeloid differentiation, maturation, and polarization 

into neutrophil subsets is an important problem for the establishment of more effective 

therapies for leukemia, chronic inflammation, and tumors. PPM1D is thought to regulate 

myeloid differentiation and maturation. This study investigated the novel function of 

PPM1D related to myeloid differentiation using the pharmacological methods. 
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Figure 1-8  PPM1D functions in normal cells 

A) Ppm1d knockout mice have abnormalities in developments. This suggested PPM1D 

has important roles in normal tissues. B) Our group reported that PPM1D has two splice 

variants. 
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2. Differentiation induction by the pharmacological inhibition of protein phosphatase 

PPM1D in an acute myeloid cell line HL-60 

 

2.1. Abstract 

Protein Phosphatase Magnesium-dependent 1, Delta (PPM1D) is a wild-type p53-

inducible Ser/Thr phosphatase that acts as a negative feedback regulator of the p53 tumor 

suppressor. Gene amplification, overexpression, and gain-of-function mutation of 

PPM1D have been reported in various cancers, including leukemia. Choi et al. reported 

that Ppm1d knockout mice exhibited neutrophilia in the peripheral blood and induced a 

weak immune response. Previously, I demonstrated that PPM1D inhibition induced 

myeloid differentiation and G1/G0 cell cycle arrest. 

Regarding ATRA treatment, HL-60 increased PPM1D expression during myeloid 

differentiation. At the same time, the subcellular localization of PPM1D changed from 

the nucleus to the whole cell including the cytosol. Interestingly, a leukocyte specific 

variant PPM1D430 had different effects compared with total PPM1D. Furthermore, the 

inhibition of PPM1D induced neutrophil differentiation from the human acute myeloid 

leukemia cell line HL-60. Moreover, a novel method to determine the differentiation state 

was established by using a fluorescent probe TAP-4PH, which has low toxicity, easily 

stains live cells, and is rapidly removed. The TAP-4PH assay revealed that SL-176 

changed the nuclear morphology of HL-60 cells similar to ATRA treated cells. 

Furthermore, the surface protein and NBT reduction test showed that PPM1D inhibition 

increased neutrophil-like HL-60 cells. These results suggest that PPM1D inhibition 

promotes myeloid differentiation. Cell cycle analysis demonstrated that PPM1D 

inhibition repressed S phase cells. Our group demonstrated that PPM1D inhibition 

specifically killed PPM1D overexpressing cells. However, HL-60 expressed PPM1D at 

a basal level. Therefore, this arrest effect was caused by the induction of differentiation.  
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2.2. Introduction 

Neutrophils are the most abundant leukocytes in peripheral blood and form the basis 

of innate immunity. They are differentiated from myelocytes in the bone marrow and 

released into the blood. Circulating neutrophils migrate into sites of infection and promote 

inflammation ［11］. Mutations in myelocytic leukemia repress the differentiation and 

accumulation of myeloblasts, which causes severe immunodeficiencies such as 

myelodysplastic syndrome and leukemogenesis ［54］. Therefore, it is crucial to clarify 

the molecular mechanism of myeloid differentiation. 

Fisciela et al. identified Ser/Thr phosphatase PPM1D as a wild-type p53 inducible 

phosphatase response to ionizing radiation ［38］. To date, the abnormal upregulation of 

PPM1D was found in several types of tumors. This suggested that the hyperactivation of 

PPM1D inactivates the p53 pathway and promotes tumorigenesis. In the context of clonal 

hematopoiesis, PPM1D mutation is a hot topic ［55,56］ . PPM1D stabilization by a 

truncated mutation in the C-terminal region was found in therapy-related hematologic 

diseases ［57］. PPM1D truncation conferred chemotherapy resistance, leading to the 

clonal hematopoiesis of mutant cells and PPM1D inhibition reversed the chemotherapy-

resistance ［58］. Therefore, many groups have investigated PPM1D inhibitors ［43］. 

Our group also developed PPM1D specific inhibitors, SPI-001 and SL-176 ［44,45］. 

Previous reports have focused on negative regulators of the p53 pathway. Dr. 

Appella’s group reported that Ppm1d deficient mice exhibited defective T cell and B cell 

development ［ 38 ］ . However, Zhao et al. reported that Ppm1d KO mice showed 

neutrophilia［51］. Also, Ppm1d deletion resulted in age-associated phenotypes in HSC 

such as increase of myeloid-biased HSCs［59］. Furthermore, PPM1D is thought to have 

a novel function in hematopoiesis. 

HL-60 is an acute myeloid leukemia cell line, with p53-null status. HL-60 can 

acquire a neutrophil-like phenotype by treatment with all-trans retinoic acid (ATRA)［60］. 
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In addition, treatment with phorbol-12-myristate-13-acetate (PMA) changed HL-60 

morphology to macrophage-like adherent cells with axons ［61］. Although HL-60 do not 

undergo chromosome translocation, they can differentiate into neutrophils, and are 

widely used as a model for investigating neutrophil differentiation and functions.  

This study analyzed changes in the differentiation state of myeloid cells by PPM1D 

inhibition and showed that PPM1D inhibition resulted in myeloid differentiation and cell 

cycle arrest.  
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2.3. Experimental procedures 

 

2.3.1. Cell culture and induction of differentiation to neutrophil-like cells 

HL-60 cells obtained from the American Type Culture Collection (Manassas, VA, 

USA) were cultured at 37 degree in a 5% CO2 incubator in RPMI 1640 medium (Sigma-

Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin (ThermoFisher 

SCIENTIFIC, CA, USA). HL-60 cells were induced to differentiation by the treatment 

of various agents to cell culture a day after seeding: 1 µM ATRA (Sigma-Aldrich, St. 

Louis, MO, USA), 7.5 µM PPM1D-specific inhibitor SL-176 and 7.5 µM Sl-104, an 

inactive inhibitor of PPM1D. And then, added 200 µL of media containing agent every 2 

days. 

 

2.3.2. Quantitative Real-time PCR 

For RNA preparation, HL-60 cells were harvested by TRIzol reagent 

(ThermoFisher SCIENTIFC), and then total RNA on each sample were purified 

according to manufacturer’s protocol. Purified RNA was reverse transcription by using 

PrimeScript II 1st strand cDNA Synthesis Kit (Takara, Kyoto Japan) with random 

hexamer primer according to manufacturer’s instruction. For quantitative PCR, I used 

iTaq Universal SYBR Green Supermix (Bio-rad, CA, USA). And used primer sequences 

were described in Table 2-1. I used CFX96 Touch real-time PCR detection system (Bio-

rad). In this thesis, all results were shown as a relative expression against Hypoxanthine-

guanine phospho- ribosyltransferase (HPRT) to normalize a loading cDNA amount. The 

expression was calculated by the Ct method. 
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Table 2-1  Primer list used in Chapter 2 

 

Primer Sequence 

C/EBPE-forward CCACGGGACCTACTACGAGT 

C/EBPE-reverse ACGGCAAAGAGATCGGAGAGA 

PPM1D605-forward ACCAGTCAAGTCACTGGAGG 

PPM1D605-reverse ATTGCTACGAACCAGGGCAG 

PPM1D430-forward CCACCAGTCAAGGATTTTGGA 

PPM1D430-reverse TACACATGGCTGGCATTCAGA 

HPRT-forward CCTGGCGTCGTGATTAGTGAT 

HPRT-reverse AGACGTTCAGTCCTGTCCATAA 
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2.3.3. Western Blotting 

HL-60 cells were transferred into tubes. Aliquots were spun down for 5 min at 

700xg. The pellets were suspended in PBS. They were spun down again and were 

suspended in 75 µL of 1x sample buffer (50 mM Tris-HCl, pH 6.8, 2% sodium dodecyl 

sulfate, 6%(v/v) 2-mercaptoethanol, and 10% glycerol). Their samples were separated by 

10% SDS-PAGE and then transferred to a PVD membrane. Immunoblotting was 

performed with the antibodies, primary; rabbit polyclonal anti-PPM1D and GAPDH, and 

then the membranes were incubated with secondary; anti-rabbit IgG-HRP. Protein were 

detected by enhanced chemiluminescence with the following antibodies. 

 

2.3.4. Immunofluorescence 

The HL-60 cells were harvested and fixed 15 min by 3.7% formaldehyde. They 

were washed with PBS containing 2% FBS, permeabilized with 70% ice-cold 

methanol/PBS at -20 degree for 15 min and blocked with 10% FBS/PBS for 1 hour. The 

cells were then incubated for overnight with a primary rabbit polyclonal anti-PPM1D 

antibody, followed by 1-hour incubation with a secondary antibody, AlexaFluor 568 goat 

anti-rabbit IgG (Molecular probe). The cells were stained with DAPI for the counterstain 

and observed by fluorescence microscopy (Biorevo BZ-9000, KEYENCE, Osaka, Japan). 

 

2.3.5. Counting the cell with lobed and segmented nuclei 

For the visualization of nuclear morphology, I used the fluorescent probe TAP-

4PH, 1, 3a, 6a-triazapentalene derivative. Cells were collected and treated with TAP-4PH 

(Final concentration: 50 µM in 2% FBS/PBS). The cells were incubated at 37 degree for 

30 minutes, and then observed under the fluorescence microscopy using the DAPI-B 

(Ex360/40, Dm400, Em460/50) filter. The numbers of neutrophils with lobed and 

segmented nuclei were counted manually.  
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2.3.6. Flow cytometry analysis 

The cells were harvested, washed by PBS containing 2% FBS, and then labeled 

using the Live/Dead Fixable Dead Cell Stain Kit (ThermoFisher SCIENTIFIC, CA, USA) 

according to manufacturer’s protocol for gating live cells. The cells were washed, 

incubated with Human TruStain FcX (Biolegend, San Diego, CA, USA) for 10 minutes 

to block IgG-involved unwanted staining. Besides, they were washed and incubated with 

an antibody against CD11b/MAC-1 (FITC Mouse anti-Human CD11b/MAC-1, BD 

Bioscience, San Jose, CA, USA) for 30 minutes. After washing again, they were fixed 

with 3.7% formaldehyde and stored with 70% ice-cold methanol. Fluorescent analysis 

was performed by flow cytometer. Data were analyzed by FlowJo software. 

 

2.3.7. Cell cycle analysis 

The cells were harvested, fixed by 70%-ice cold ethanol and incubated at -20 degree 

for 15 minutes at least. After washing out ethanol, they were stained by PI/RNase buffer 

(BD Pharmingen, San Diego, CA, USA). Cellular DNA content was measured by flow 

cytometer. Data were analyzed by FlowJo software. 
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2.4. Results 

 

2.4.1. PPM1D expression profiles during differentiation 

The PPM1D expression pattern in HL-60 was analyzed before and after 

differentiation. ATRA was added into HL-60 culture media for 2, 4 and 6 days. ATRA is 

known as a neutrophil inducer for acute myeloid cell lines, including HL-60. The mRNA 

expression level of PPM1D was analyzed. During myeloid differentiation, transcriptional 

factor CEBPE, a terminal differentiation marker in myelocytes, was increased by ATRA 

treatment ［62］. Similar to previous studies, CEBPE expression levels were increased 

in HL-60 (Figure 2-1). 

PPM1D is considered a p53-inducible gene and a negative feedback regulator in 

the p53 pathway. HL-60 does not express p53. During the differentiation of HL-60 cells, 

PPM1D mRNA and protein expressions were also increased during differentiation 

(Figure 2-1, 2-2). A comprehensive analysis using the Chip-seq database online was 

performed and a protein binding cluster region nearby PPM1D Exon 1 and at least 100 

transcriptional factors lacking p53, which bound to that region were identified (List 2-1). 

This suggested that PPM1D expression in HL-60 is induced by a p53-independent 

mechanism. 

PPM1D was reported to be localized in the nucleus ［39］. Furthermore, its 

substrates, p53, p38, ERK, and Chk1/2, were also localized in the nucleus. The 

subcellular localization of PPM1D was analyzed by immunocytochemistry. PPM1D in 

undifferentiated HL-60 was localized to the nucleus, especially the nucleolus (Figure 2-

3A). After ATRA treatment, differentiated cells with a banded or segmented nucleus were 

observed. PPM1D was also localized to the cytosol in ATRA-differentiated HL-60 cells, 

which had lobbed nuclei. Interestingly, a PPM1D430 specific antibody used to visualized 

PPM1D demonstrated cell nuclei lacking a nucleolus and cytosol.  
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Figure 2-1  mRNA expression profile during myeloid differentiation 
HL-60 cells were treated with 1 µM ATRA for 2, 4, 6 days, and then mRNA levels, 

C/EBPE, PPM1D605, PPM1D430 and HPRT were quantitatively analyzed by RT-PCR, 

normalized to HPRT mRNA expression. Each y-axis indicate expression as fold of 0 day.  
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Figure 2-2  Expression level of PPM1D in HL-60 

Before treatment control (Day 0) and ATRA-treated HL-60 cells for 4 days were 

harvested. Final concentration of ATRA was 1 µM. PPM1D protein was detected by 

immunoblot analysis. GAPDH was used as a loading control.  
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List 2-1  List of putative transcriptional regulator of PPM1D in blood 

 by the analysis on Chip-seq database［63］ 

 

ARNTL, ATF1, ATF2, BRD4, BRD7, CBFB, CBX3, CCNT2, CDK8, CDK9, 

CEBPA, CEBPB, CEBPD, CHD1, CHD2, CPSF3L, CREB1, CTCF, CTCFL, 

DPF2, E2F4, E2F6, EGR1, ELF1, EP300, ERG, ETS1, FLI1, FOS, GABPA, 

GATA1, GATA2, HCFC1, HDAC1, HDAC2, HEY1, HMGN3, ILF3, INTS13, IRF1, 

JMJD1C, JUN, JUND, KDM1A, KDM2B, KDM5B, KMT2A, LDB1, LMO2, LMO3, 

MAX, MAZ, MEF2C, MLLT1, MYC, MYH11, NFYA, NFYB, NR2F2, NR3C1, 

NR4A1, NRF1, PHF8, PLAG1, PML, RAD21, RBBP5, RCOR1, REST, RFX5, 

RUNX1, RUNX1T1, SAP30, SIN3A, SKI, SMAD1, SMARCA4, SMC1A, SP2, 

SPI1, STAG1, STAT1, SUMO2, SUPT5H, TAF1, TAF7, TAL1, TBP, TCF3, 

TEAD4, TRIM24, TRIM28, TRP47, UBTF, YY1, ZBTB33, ZBTB7A, ZFP64, 

ZNF143, ZNF263 
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Figure 2-3 Subcellular localization of PPM1D in HL-60 

(A) Untreated control (undifferentiated) and 1 µM ATRA-treated cells for 6 days were 

fixed and stained with the antibody which epitope is in common region in N-terminal 

catalytic domain (B) antibody recognized PPM1D430. Neutrophil-like cells were decided 

by nuclear shapes. 
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These results suggest that PPM1D regulation was different before and after 

differentiation, and that PPM1D dephosphorylated different targets. Furthermore, I 

revealed that PPM1D430 and PPM1D605 were localized to different regions in cells. 

 

2.4.2. PPM1D inhibition induces morphological changes, and TAP-4PH can visualize 

the nuclear shape in HL-60. 

SL-176 is a PPM1D-specific inhibitor that was developed in collaboration with 

the Laboratory of Organic Chemistry II. PPM1D inhibition of HL-60 cells was performed 

to study its effects on morphology. HL-60 morphology was analyzed by a novel 

fluorescent probe TAP-4PH, a 1, 3a, 6a-triazapentalene derivative. Although TAP-4PH 

can be used to visualize nuclear segmentation, this low-toxicity and easy-to-use probe 

that showed high fluorescence in the cytoplasmic area. TAP-4PH can also visualize 

nuclear segmentation, I used this probe. TAP-4PH demonstrated ATRA-induced HL-60 

had lobbed and segmented nuclei. Next, HL-60 were treated with the PPM1D inhibitor 

SL-176. HL-60 displayed a neutrophil-like morphology, but they are not adherents and 

had no axon (Figure 2-4). This suggests that PPM1D inhibition induced neutrophil 

differentiation but not monocytic differentiation and that TAP-4PH is a useful compound 

for differentiation induction. Furthermore, PPM1D inhibition significantly increased the 

number of neutrophil-like cells (Figure 2-5, Table 2-2) and in combination with ATRA, 

it increased the efficiency of differentiation compared with single treatment. In contrast, 

an inactive PPM1D inhibitor analog SL-104 did not show to induce the differentiation. 

 

2.4.3. PPM1D inhibition induces myeloid differentiation into neutrophils. 

Analysis of the expression of surface differentiation marker CD11b on single 

neutrophils was performed ［64］. PPM1D inhibition increased the number of CD11b+ 

cells whereas the inactive analog SL-104 had no effect (Figure 2-6). A combination of  
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Figure 2-4  TAP-4PH staining visualized cellular shape and nuclear 

segmentation. 

Each cell treated with the indicated agents (1 µM ATRA and/or 7.5 µM SL-176) for 6 

days. The cells were incubated 30 minutes with 50 µM TAP-4PH before obtained. 
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Figure 2-5  PPM1D inhibitor induces the morphological change in HL-60 cells. 

Percentages of cells with banded and segmented nuclei among HL-60 cells. Each cell 

treated with the indicated agents (1 µM ATRA and/or 7.5 µM SL-176) for 6 days. The 

cells were incubated 30 minutes with 50 µM TAP-4PH before obtained. ***p<0.001 
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Table 2-2  PPM1D inhibitor induces the morphology of HL-60 cells 

 

Compounds %differentiated (morphology) 
Control 5.8 ±1.3% 
ATRA 61.5 ±1.3% 
SL-176 44.1 ±1.6% 
ATRA + SL-176 74.9 ±0.7% 

The percentage of cells with banded and segmented nuclei among HL-60 cells 
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ATRA and SL-176 increased myeloid differentiation more than ATRA alone, and SL-

104 had no effect. 

In the clinic, an NBT reduction test is performed to measure the neutrophil count 

in peripheral blood. PPM1D inhibition also increased NBT reduction activity (Figure 2-

7). Moreover, differentiated cells were increased with culture time (Table 2-3). These 

results demonstrate that PPM1D inhibition induces myeloid differentiation into 

neutrophils, and that is combined treatment with ATRA is more efficient than that with 

ATRA alone. 

 

2.4.4. Cell cycle analysis after PPM1D inhibition 

Terminally differentiated neutrophils have an arrested cell cycle ［65］. Therefore, 

cell cycle analysis was performed to reveal whether SL-176 arrested HL-60 cell growth 

similar to ATRA-treated HL-60 ［ 66 ］ . PI stained HL-60 were measured by flow 

cytometry (Figure 2-8, Table 2-4). SL-176 treatment increased the ratio of G1/G0 cells 

by 5.9%. Our group previously reported that SL-176 specifically inhibited the 

proliferation of PPM1D overexpressing cells, but not cells expressing a normal level of 

PPM1D ［45］. In undifferentiated HL-60, the expression of PPM1D protein was not 

high; thus, cell cycle arrest was caused by the induction of myeloid differentiation. 
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Figure 2-6  The expression of surface marker protein CD11b for myeloid 

differentiation 

Flow cytometric analysis was performed with an anti-CD11b antibody labeled with FITC. 

HL-60 cells were treated with the indicated agents (1 µM ATRA, 7.5 µM SL-176 and/or 

7.5 µM SL-104) for 6 days. Apoptotic cells were removed by gating by forward and side 

scatter patterns and fluorescence of Live/Dead fixable Dead Cell Stain kit. Gate for 

CD11b positive cells was decided by comparing with isotype-matched control.  

Control
5.24%

ATRA
48.0%

SL-176
25.0%

SL-104
13.2%

SL-176
+ATRA
67.0%

SL-104
+ATRA
45.3%

Fo
rw

ar
d 

Sc
at

te
r

CD11b expression level



 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7  PPM1D inhibition increases NBT reduction Positive cells in HL-60 at 

day 4. 

HL-60 cells were treated with the indicated agents (1 µM ATRA, 7.5 µM SL-176, and/or 

7.5 µM SL-104) for 4 days and then NBT reduction test was performed. Here is shown 

the percentage of NBT-positive cells.  
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Table 2-3  PPM1D inhibitor increased NBT reduction activity in HL-60 cells. 

 

Compounds %differentiated (NBT reduction test) 

 Day 4 Day 6 

Control 14.3 ±0.8% 14.3 ±0.9% 

ATRA 31.3 ±2.6% 37.8 ±0.9% 

SL-176 23.0 ±1.5% 26.9 ±3.7% 

ATRA + SL-176 37.4 ±0.9% 51.0 ±0.8% 
The percentage of NBT-positive cells was analyzed manually with a counter. 

Data represent the mean ± SD of three independent experiments. **p<0.01, 

***p<0.001, t-test  

  

*** 

** 

*** 
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Figure 2-8  Cell cycle analysis of HL-60 cells 

HL-60 cells were treated with the agents (1 µM ATRA, 7.5 µM SL-176 and/or 7.5 µM 

SL-104) for 2 days. The cells were fixed with 70% ethanol and stained with PI/RNase 

staining buffer. DNA cell cycle analysis was performed by flow cytometry.   

Control SL-176

ATRA ATRA+
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Table 2-4  Cell cycle analysis of HL-60 cells 

 

ATRA - + - - + + 
SL-176 - - + - + - 
SL-104 - - - + - + 
G1/G0 55.7 76.1 61.6 60.2 65.8 70.2 
S 34.3 15.8 27.6 29.8 21.1 19.1 
G2/M 10.0 8.1 10.8 10.0 13.1 10.8 
For the fitting of cell cycle, Watson pragmatic algorithm was used.  
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2.5. Discussion 

The first chapter demonstrated PPM1D was increased during myeloid 

differentiation. Zhao et al. showed that PPM1D expression levels were increased from 

HSC to mature neutrophils. The current study results are in accordant with this report. 

Interestingly, the subcellular localization of PPM1D was different between total PPM1D 

and PPM1D430. Our group found that PPM1D430 lacking a C-terminal domain NLS 

535KRTLEESNSGPLMKKHRR552 and PPM1D430 localized to the nucleus, cytoplasm 

and plasma membrane in the T47D cell line. However, PPM1D was localized to the 

nucleus only in a PPM1D overexpressing breast cancer cell line MCF7. These results 

suggest that PPM1D localization is regulated in a context-dependent manner. 

Next, PPM1D inhibition was performed and the differentiation status was 

determined. TAP-4PH morphological analysis revealed that PPM1D inhibition induced 

myeloid differentiation but not macrophage differentiation. Furthermore, it demonstrated 

that TAP-4PH can be used to visualize the shapes of nuclei and determine the 

differentiation state. TAP-4PH staining is a rapid method with low cytotoxicity, and it is 

easily removed from cells. Stained cells can be used for other assays. Our group recently 

reported that PPM1D has an essential role in the maintenance of the undifferentiated state 

［52］. Moreover, Zhao et al. reported that Ppm1d knockout mice had neutrophilia, the 

abnormal increase of peripheral neutrophils. Consistent with these reports, these results 

demonstrated that PPM1D negatively regulates myeloid differentiation into neutrophils 

(Figure 2-9).  

Lastly, the effect of the SL-176 on the cell cycle was analyzed. SL-176 increased cell 

cycle arrest in cells. The HL-60 cell line has a p53-null status and basal PPM1D 

expression. Therefore, this cell cycle arrest resulted from cellular differentiation. 

Recently, PPM1D truncated mutations in the C-terminal regulatory region were reported 

for several tumors. Some PPM1D truncated mutants are hyperstabilized suggesting that 
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PPM1D truncated mutants promote tumorigenesis by a p53-dependent mechanism. 

However, PPM1D truncated mutations in therapy-related MDS are not a complete 

phenocopy of TP53 mutations ［42］. From the current results, PPM1D hyperactivity in 

clonal hematopoiesis may disrupt the p53 pathway to induce abnormalities in myeloid 

differentiation. Therefore, PPM1D inhibition is a promising target for chemotherapy 

against PPM1D mutations in AML and MDS. 
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Figure 2-9  PPM1D function in myeloid differentiation 

PPM1D may repressed myeloid differentiation into neutrophils, because PPM1D 

inhibition induced it. On the other hand, PPM1D expression level was increased during 

differentiation. These results suggest PPM1D has another role and target after 

differentiation.  
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3. Immunosuppressive activity of PPM1D inhibited neutrophils  

 

3.1. Abstract 

Neutrophils are critical effector cells in the early phase of host defense, and they 

remove pathogens by engulfing the bacteria via phagocytosis, expressing anti-bacterial 

molecules, and activating other immune cells by secreting cytokines. Recently, it was 

reported that neutrophils with different properties can be categorized into subsets. Protein 

phosphatase PPM1D is a negative regulator of p53 in the DNA damage response pathway. 

Phenotypic analysis revealed that Ppm1d KO mice had abnormal hematopoiesis and 

neutrophilia. Previously, we reported that PPM1D has two alternative splice variants, 

ubiquitously expressed PPM1D605 and PPM1D430, which is specifically expressed in 

leukocytes. This suggested that PPM1D has novel functions in leukocytes. In chapter 2, 

the function of PPM1D in myelocytes and neutrophils was analyzed using the acute 

myeloid leukemia cell line HL-60. We developed a PPM1D specific inhibitor, SL-176, 

which induced the differentiation of HL-60 into neutrophils.  

In this chapter, the phagocytotic activity and cytotoxicity of HL-60 were analyzed. 

The results showed that phagocytotic activity was markedly decreased by PPM1D 

inhibition. Furthermore, PPM1D-inhibited repressed T cell proliferation in HL-60 and 

the inhibition of PPM1D catalytic activity repressed HL-60 cytotoxicity against tumor 

cells. To clarify the mechanism of cell polarization, lipid mediator secretion and lipid 

body formation in neutrophils were investigated. PPM1D inhibition induced polarization 

into PMN-MDSC-like cells via the promotion of PGE2 production. 

Next, RNA-seq transcriptome analysis of HL-60 was performed in the presence or 

absence of SL-176. Interestingly, the addition of SL-176 changed the gene expression 

profiles, especially those related to phagocytosis or cytotoxicity. Of note, COX-2 and 

mPGES-1, PGE2 synthesis cascade genes from arachidonic acid, were increased. Thus, 
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this study suggested that PPM1D regulates myeloid differentiation and neutrophil 

functional maturation, and that this is partly caused by a change in the transcriptome. This 

study is the first report of the essential requirement for protein phosphatases to maintain 

the functionality of innate myeloid immunity. 
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3.2. Introduction 

Neutrophils are the leukocytes that have import roles in innate immunity. 

Neutrophils migrate into sites of infection or damaged tissues, engulf targets by 

phagocytosis, secrete ROS or oxygen-independent molecules, and produce inflammatory 

cytokines, which help remove the pathogens ［67］. Recently, the anti-tumor effects of 

neutrophils have attracted significant attention ［21,68,69］, although pro- and anti-tumor 

effects of neutrophils have been reported ［31,33］.  

Neutrophils are not a uniform cell type and they have heterogeneous functions, 

especially those polarized into low-density neutrophils, PMN-MDSC, tumor-associated 

neutrophils, or N2 type neutrophils, which exhibit immunosuppressive activity and pro-

tumorigenic phenotypes ［ 22,32 ］ . Veglia F. et al. reported that the deletion of 

immunosuppressive activity in PMN-MDSC strongly repressed tumor growth, which was 

clearly reversed by neutralizing antibodies against CD8+ T cells ［70］. Therefore, it is 

critical to clarify the molecular mechanism of polarization for the establishment of more 

effective cancer immunotherapies. 

Prostaglandin E2 is proinflammatory lipid mediator. PGE2 has a predominant role 

in tumorigenesis and is the most abundant prostaglandin present in various tumors. PGE2 

induces proliferation by activating Ras-ERK and GSK3b-catenin signals in colon and 

lung cancer. In this way, PGE2 canonically promotes tumorigenesis by the inhibition of 

apoptosis, and enhancement of proliferation and angiogenesis. Interestingly, Prima et al. 

(2017) reported that the COX2/mPGES1/PGE2 cascade was increased in BM-derived 

CD11b myeloid cells by tumor cells and that PGE2 promoted the expression of PD-L1 in 

myeloid cells ［71］ . PGE2 also promoted tumorigenesis via the downregulation of 

immune myeloid responses and inflammatory responses against tumor. 

Protein phosphatase PPM1D was originally considered as just a negative feedback 

protein in the tumor suppressor p53 pathway against cellular stress. However, the 
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knockout experiment revealed that PPM1D has other functions including hematopoiesis. 

Zhao et al. reported that Ppm1d knockout mice show neutrophilia and increased 

inflammation. Furthermore, Dr. Appella’s group reported that these mice exhibited 

defective T cell maturation and impaired antigen-independent B-cell development. 

However, PPM1D has functions in the crosstalk between innate immunity and adaptive 

immunity. 

In this chapter, I analyzed the neutrophils functions of differentiated HL-60, 

inflammatory response, phagocytosis, T cell proliferation, and cellular cytotoxicity were 

analyzed. The results showed that PPM1D inhibition induced the polarization into 

immunosuppressive neutrophils via the enhancement of the COX-2/mPGES-1/PGE2 

cascade and lipid droplet formation. 
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3.3. Experimental procedures 

 

3.3.1. Cell culture and induction of differentiation to neutrophil-like cells 

HL-60, Jurkat and A549 cells obtained from the American Type Culture 

Collection (Manassas, VA, USA) were cultured at 37 degree in a 5% CO2 incubator in 

RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) 

heat-inactivated fetal bovin serum (FBS), 100 U/mL penicillin and 100 µg/mL 

streptomycin (ThermoFisher SCIENTIFIC, CA, USA). HL-60 cells were induced to 

differentiation by the treatment of various agents to cell culture a day after seeding: 1 µM 

ATRA (Sigma-Aldrich, St. Louis, MO, USA) and 7.5 µM PPM1D-specific inhibitor SL-

176. And then, added 200 µL of media containing agent every 2 days.  

 

3.3.2. Quantitative Real-time PCR 

For RNA preparation, HL-60 cells were harvested by TRIzol reagent 

(ThermoFisher SCIENTIFC), and then total RNA on each sample were purified 

according to manufacturer’s protocol. Purified RNA was reverse transcription by using 

PrimeScript II 1st strand cDNA Synthesis Kit (Takara, Kyoto Japan) with random 

hexamer primer according to manufacturer’s instruction. For quantitative PCR, I used 

iTaq Universal SYBR Green Supermix (Bio-rad, CA, USA). And used primer sequences 

were described in Table 3-1. I used CFX96 Touch real-time PCR detection system (Bio-

rad). In this thesis, all results were shown as a relative expression against Hypoxanthine-

guanine phospho- ribosyltransferase (HPRT) to normalize a loading cDNA amount. The 

expression was calculated by the Ct method. 
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Table 2-1  Primer list used in Chapter 2 
 

Primer Sequence 

IL1B-forward ATGATGGCTTATTACAGTGGCAA 

IL1B-reverse GTCGGAGATTCGTAGCTGGA 

IL6-forward ACTCACCTCTTCAGAACGAATTG 

IL6-reverse CCATCTTTGGAAGGTTCAGGTTG 

IL8-forward TCTGTGTGAAGGTGCAGTTTTG 

IL8-reverse AATTTCTGTGTTGGCGCAGT 

TNF-forward CAATGGCGTGGAGCTGAGAG 

TNF-reverse GTCTGGTAGGAGACGGCGAT 

PTGS1-forward CGCCAGTGAATCCCTGTTGTT 

PTGS1-reverse AAGGTGGCATTGACAAACTCC 

PTGS2-forward CTGGCGCTCAGCCATACAG 

PTGS2-reverse CGCACTTATACTGGTCAAATCCC 

PGES1-forward TCCTAACCCTTTTGTCGCCTG 

PGES1-reverse CGCTTCCCAGAGGATCTGC 

PGES2-forward GTGACCGAGTTCGGCAATAAG 

PGES2-reverse CGGACAATGTAGTCAAAGGACG 

PPARG-forward GGGATCAGCTCCGTGGATCT 

PPARG-reverse TGCACTTTGGTACTCTTGAAGTT 

(Continued on next page) 
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(Continued)  

Table 2-1  Primer list used in Chapter 2 
 

Primer Sequence 

PLIN3-forward TATGCCTCCACCAAGGAGAG 

PLIN3-reverse ATTCGCTGGCTGATGCAATCT 

FCGR1A-forward ACAGAGGCTGGCTACTACTG 

FCGR1A-reverse GACAGATATTCCTGCTGATGTG 

FCGR2B-forward CCACTAATCCTGATGAGGCTGACA 

FCGR2B-reverse CTCAAATCCCAATGCAAGACAATG 

DEFA1, 3-forward ATGAGGACCCTCGCCATCCTTGCT 

DEFA1, 3-reverse TCAGCAGCAGAATGCCCAGCGTCTTCCC 

DEFA4-forward GTCTGCTCTTGCAGATTAGTATTCTG 

DEFA4-reverse TTAATCGACACGCGTGCAGCAGTAT 

HPRT-forward CCTGGCGTCGTGATTAGTGAT 

HPRT-reverse AGACGTTCAGTCCTGTCCATAA 
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3.3.3. Phagocytosis assay 

Differentiated HL-60 cells were counted and normalized into 1×106 live HL-60 

cells / 1 mL media in 24 well plate. 10 µL of Latex Beads-Rabbit IgG-PE Complex 

(Cayman Chemical, MI, USA) were added into each well. The cells with fluorescent 

beads were incubated for 4 hours at 37 degree in a 5% CO2 incubator, and then they were 

wash out free beads from HL-60. Fluorescent analysis was performed by flow cytometer. 

Data were analyzed by FlowJo software. 

 

3.3.4. T cell proliferation assay 

Jurkat cells were stained by CellTrace CFSE Cell Proliferation Kit (ThermoFisher 

SCIENTIFIC, CA, USA) according to manufacturer’s protocol. As a difference to the 

protocol, the stained cell number was two-fold. Stained Jurkat cells were co-cultured with 

differentiated HL-60. Their cell number on one well is Jurkat: 5×105 cells/well HL-60: 

1.25×105 or 6.25×104 cells/well. Co-cultured media contained 50% conditional media, 

and 30 unit/mL recombinant IL-2 (PEPROTECH, NJ, USA) and Dynabeads Human T-

activator CD3/CD28 were added. The cells were harvested 1, 3, 5 days after co-culture. 

Fluorescent analysis was performed by flow cytometer. Data were analyzed by FlowJo 

software. 

 

3.3.5. Antibody-independent Cellular cytotoxicity assay 

A549 cells were seeding at 3×104 cells/well on 96 well plate. 24 hours after 

seeding, differentiated HL-60 cells were add 6×105 cells/well (Killer:Target = 20:1). Each 

wells were washed twice by PBS 12 hours after co-culture, and the trypsinized. Live A549 

cell number were decided manually by using trypan blue staining.  
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3.3.6. RNA-seq Library Construction 

To construct libraries, the cells were induced to differentiate, and then 1-day and 

6-days inducted cells were harvested by TRIzol reagent (ThermoFisher SCIENTIFIC). 

Library was constructed by 1µg of total RNA to follow Truseq Stranded mRNA Sample 

preparation Guide by Illumina (San Diego, CA, USA). As a difference, reaction scale was 

reduced to half. Two paired-end sequencing and a single sequencing run were performed 

on the illumine Hiseq1500 or Hiseq2500.  

 

3.3.7. Differential expression analysis 

Quality check for read data was performed by fastqc v0.11.5. The program HISAT2 

(v2.1.0 ［72］) was used to align sequencing reads to the reference genome GRCh37. 

Annotated reference gene abundances were counted using StringTie (v1.3.3b; ［73］). 

Statistical analysis of differential gene expression was conducted with edgeR ［74］. 

Normalization of expression values was performed by TMM method. And fold change 

was calculated by using generalized linear model for the correction of replicate bias. 

Differentially expression genes (DEGs) were filtered by False Discovery Rate (FDR) < 

0.05 and log2(Fold-change) > 1. 

DEGs were analyzed by Venn diagram calculated by “Calculate and draw custom 

Venn diagram” (http://bioinformatics.psb.ugent.be/webtools/Venn/). And also, Gene 

Ontology annotation of DEGs and gene-set Enrichment for pathway analysis were 

performed by Enrichr (https://amp.pharm.mssm.edu/Enrichr/). 
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3.4. Results 

 

3.4.1. PPM1D inhibition enhances neutrophil inflammatory response but suppresses the 

phagocytotic activity 

Neutrophils express and secrete the inflammatory cytokines following LPS 

stimulation, including IL-1b, IL-6, IL-8, TNF-a. The cytokine expression in PPM1D-

inhibited HL-60 was analyzed. Differentiated cells —HL-60 cells differentiated by 

ATRA— expressed IL1B, IL6, IL8, ad TNF (Figure 3-1). However, PPM1D-inhibited 

cells —HL-60 differentiated by ATRA and SL-176— expressed higher levels of 

cytokines compared with differentiated HL-60. This indicated that PPM1D inhibition 

enhanced the expression of cytokines. 

Activated neutrophils rapidly induce apoptosis. Numbers of apoptotic cells after 

LPS stimulation were analyzed. Increased numbers of apoptotic cells in differentiated 

cells were increased by LPS stimulation (Figure 3-2). Interestingly, PPM1D-inhibited 

cells showed a small ratio of apoptotic cells before LPS stimulation, which was not 

increased by LPS stimulation. These results are similar to delayed neutrophil apoptosis, 

which is seen in tumors or severe chronic inflammation such as sepsis［75］. 

Next, IgG-dependent phagocytotic activity, the primary function of neutrophils 

was analyzed (Figure 3-3). Fluorescent beads conjugated with IgG were added into the 

cell culture, and the amounts of fluorescent beads engulfed by the HL-60 was measured 

by fluorescent microscopy (Figure 3-3). Interestingly, fluorescence in PPM1D-inhibited 

cells was decreased and flow cytometry analysis showed a decrease in phagocytosis. As 

discussed in chapter 2, PPM1D inhibition increased the efficiency of myeloid 

differentiation but repressed. phagocytotic activity and delayed apoptosis. This suggests 

that PPM1D has biphasic functions on myeloid differentiation and maturation. 
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Figure 3-1  Inflammatory cytokine expression 
HL-60 cells were treated with 1 µM ATRA with or without for 6 days, and then 1 µg/mL 

LPS was added. The cells were harvested 12 hours after stimulation. The mRNA levels, 

IL1B, IL6, IL8, TNF and HPRT were quantitatively analyzed by RT-PCR, and 

normalized to HPRT mRNA expression. *p<0.05, **p<0.01, ***p<0.001, t-test 
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Figure 3-2  PPM1D inhibited HL-60 shows delayed neutrophil apoptosis 

HL-60 cells were treated with 1 µM ATRA with or without for 6 days, and then 1 µg/mL 

LPS was added. The cells were harvested 12 hours after stimulation. The cells were 

harvested and stained by Annexin V conjugated with FITC. They were analyzed by Flow 

cytometer. (A) is shown representative data. 
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(Continued)  

Figure 3-2  PPM1D inhibited HL-60 shows delayed neutrophil apoptosis 
(B) is shown the average value on N=3. *p<0.05, **p<0.01, t-test 

  

0.0

10.0

20.0

30.0

40.0

50.0

60.0

LPS- LPS+

*** ATRA

ATRA
+SL-176

Ap
op

to
tic

 c
el

ls
B



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3  Phagocytic capacity of differentiated HL-60 cells with SL-176 
HL-60 cells were treated with 1 µM ATRA with or without for 6 days, and then 

normalized cell number, and IgG-latex beads conjugated PE were added. The cells were 

harvested 4 hours after. (A) fluorescent image (Cyan: DAPI, Magenta: PE, and bright 

field images were merged), (B) Fluorescent intensities on single cell were analyzed by 

flow cytometer. On the histogram, undifferentiated HL-60 was indicated by gray. 
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3.4.2. PPM1D-inhibited neutrophils suppress T cell growth and cellular cytotoxicity  

PPM1D-inhibited cells had increased inflammatory cytokine production, delayed 

neutrophils apoptosis, and the decreased phagocytotic activity. From these results, it was 

hypothesized that PPM1D inhibition polarized HL-60 to PMN-MDSC. 

Next, I checked the function of PPM1D-inhibited cells on T-cell proliferation, 

which is the primary function of PMN-MDSC, was analyzed. Antigen is presented to T 

cells by APC, T cells produce autocrine IL-2, which promotes T cell clonal selection and 

proliferation. However, MDSC inhibits T cell proliferation and represses immune 

responses ［71］. The Jurkat cell line, a lymphoblast derived from acute T cell leukemia, 

was used as a model for T cells. Jurkat cells and HL-60 cells were co-cultured in the 

presence of IL-2, and anti-CD3 and anti-CD28 monoclonal antibodies (Figure 3-4). 

Differentiated cells did not affect Jurkat cell growth. However, Jurkat cells co-cultured 

with PPM1D-inhibited cells showed repressed proliferation. Thus, PPM1D-inhibited 

cells acquired T cell proliferation suppressive activity. 

Fridlender Z. G. et al. (2009) reported that neutrophils killed the non-small cell 

lung cancer cells ［76］ . Therefore, human lung cancer A549 cells were used for 

experiments to investigate whether neutrophils affect other types of cancer cells. 

Differentiated cells or PPM1D-inhibited cells were added into A549 culture dishes 24 

hours after seeding. The members of A549 cells in each well were counted after 12 hours 

(Figure 3-5). Differentiated cells killed approximately 45% of A549 cells, but PPM1D-

inhibited cells were only decreased by approximately 10%. Therefore, PPM1D-inhibited 

cells acquired a phenotype similar to PMN-MDSC. 

 

3.4.3. PPM1D inhibition strongly promotes the production of prostaglandin E2 

Veglia F. et al. found that PMN-MDSC contained more PGE2 compared with 

neutrophils. Moreover, they reported that the treatment of neutrophils with arachidonic  
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Figure 3-4  T cell proliferation assay 
HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were washed cells and co-cultured with Jurkat cells on the indicated ratio. Jurkat 

cells were labeled by CFSE. Each day, the cells were harvested and analyzed by flow 

cytometer. Green line shows Jurkat cells incubated with Differentiated cells. Red line 

shows Jurkat cells incubated with PPM1D-inhibited cells.  
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Figure 3-5  Analysis of HL-60’s Cellular Cytotoxicity against human lung cancer 

cell line A549 

HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were washed and co-cultured with A549 cells in the ration of 1:20. The cells 

were trypsinized and counted 12 hours after. No-treat condition is to culture A549 only. 

The y-axis indicated the average value of three experiments, ns: not significant, **p<0.01, 

t-test. 
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acid, a PGE2 precursor, enhanced their immunosuppressive activity. Next, the regulation 

of LPS-induced PGE2 was assessed. Differentiated cells or PPM1D-inhibited cells were 

incubated for 12 hours in fresh media with 1 mg/mL LPS. Supernatant from each group 

was harvested and quantified by ELISA (Figure 3-6). PPM1D-inhibited cells produced 

15 times more PGE2 than differentiated cells. qPCR analysis revealed that COX-2 and 

mPGES-1 expression levels were increased (Figure 3-7). Of note, COX-2 and mPGES-

1 were reported to be upregulated in several tumors and therefore might be promising 

drug targets for chronic inflammation similar to those for Celecoxib ［77］.  

Next, the amount of lipid in HL-60 cells was assessed by oil red O staining. 

Prostaglandin is synthesized from arachidonic acid (AA), a carboxylic acid with a 20-

carbon long chain and four cis-double bonds. AA is prepared from linoleic acid (18:2(D9, 

12)) and DAG. Oil red O staining showed that PPM1D-inhibited cells contained more 

lipid than differentiated cells (Figure 3-7). Furthermore, PPAR-g and perilipin-3, a 

transcriptional factor and lipid droplet-associated protein, respectively, were increased in 

PPM1D-inhibited cells (Figure 3-8). This suggested that lipid droplet formation in HL-

60 was enhanced by PPM1D inhibition. 

Taken together, these results indicate that PPM1D regulates PMN-MDSC 

polarization via eicosanoid metabolism. PPM1D inhibition induced PGE2 production by 

increasing of COX-2/mPGES-1 and enhancing of lipid droplet formation, which may 

polarize neutrophils into PMN-MDSC by an autocrine pathway 

 

3.4.4. The transcriptional basis of PMN-MDSC-like cell formation by PPM1D 

repression 

Next, transcriptome analysis for PMN-MDSC-like HL-60 cells were performed. 

Total RNA was extracted from HL-60 cells treated with differentiation stimuli for 1 or 6 

days, and poly A tailed mRNA were purified and analyzed by RNA-seq (Illumine).  
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Figure 3-6  Quantification of Prostaglandin E2 by ELISA 

HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were washed and cultured in flesh media without serum. The supernatants were 

collected 12 hours after. **p<0.01, t-test 
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Figure 3-7  mRNA transcription on Prostaglandin synthesis in HL-60 

HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were harvested. The mRNA levels of PTGS1, PTGS2, PGES1, PGES2 and 

HPRT were quantitatively analyzed by RT-PCR and normalized to HPRT mRNA 

expression. **p<0.01, t-test All data were shown the average of three independent 

experiments. 
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Figure 3-8  Measurement of cellular lipid amount by Oil red O staining for HL-60 

HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

oil red O staining was performed. The extract from stained HL-60 was measured on 510 

nm. Data represent the mean±SD of three independent experiments. **p<0.01, t-test 
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Figure 3-9  mRNA transcription on lipid metabolism in PPM1D-inhibited HL-60 
HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were harvested. The mRNA levels of PPARG, PLIN3, and HPRT were 

quantitatively analyzed by RT-PCR and normalized to HPRT mRNA expression. 

**p<0.01, t-test All data were shown the average of three independent experiments. 
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Figure 3-10  MA plots for each sample against control HL-60 
Inset labels “A vs B” indicates two comparing groups, x-axis indicates the average of two 

logarithm to the base 2 of two comparing group, and y-axis indicates a logarithm to the 

base 2 of fold change. The plots show one gene. Every groups are the average of three 

independent experiments. Genes indicated red point are False discovery rate < 0.05.  
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Figure 3-10 shows MA plots for each sample. Red dots indicate genes in which the FDR 

is under 0.05. Differential expression analysis was performed and compared between 

each condition (Figure 3-11). Differential expression genes (DEGs) were analyzed in 

PMN-MDSC-like HL-60 and compared with differentiated cells every day and followed 

by GO analysis or pathway analysis (Table 3-2, 3, 4, 5, 6, 7). Gene sets related to 

phagocytosis, inflammation, and lipid metabolism such as PPAR signals were enriched 

in PMN-MDSC-like cells. PMN-MDSC-like cells may change their phenotypes at the 

transcriptional level.  

Moreover, gene sets related to IgG-dependent phagocytosis and cellular 

cytotoxicity were different between differentiated cells and PMN-MDSC-like cells on 

day 6 (Figure 3-12, Figure 3-13). IgG-dependent phagocytosis is mediated by FCGR. 

FCGR1A has an ITAM motif and promotes phagocytosis whereas FCGR2B has an ITIM 

motif and inhibits phagocytosis. Quantitative RT-PCR revealed gene expressions were 

changed when phagocytosis was repressed (Figure 3-14). Regarding cellular cytotoxicity, 

anti-biotic peptide alpha-defensin disturbs the cellular membrane and kills bacteria or 

damaged tissues. PMN-MDSC cells had decreased its DEFA1, 3 and DEFA4 expression 

levels (Figure 3-15). Taken together, PPM1D inhibition induced changes in neutrophils 

at the transcriptional level, suggesting PPM1D maintain the functions of neutrophil 

subtypes. 
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Figure 3-11  Venn diagram for DEGs in HL-60 

Differential expression genes (DEGs) were calculated by False discovery rate 

(FDR)<0.05 and the logarithm to the base 2 of fold change (log2FC) >1.  
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Table 3-2 Gene ontology analysis in comparison between ATRA and ATRA+SL-

176 at Day 1 
rank Term P-value 

1 regulation of cellular macromolecule  
biosynthetic process (GO:2000112) 1.29E-06 

2 regulation of nucleic acid-templated  
transcription (GO:1903506) 9.23E-06 

3 regulation of gene expression (GO:0010468) 2.36E-05 
4 peptidyl-serine phosphorylation (GO:0018105) 5.68E-05 
5 ERBB signaling pathway (GO:0038127) 1.70E-04 
6 protein phosphorylation (GO:0006468) 3.25E-04 
7 amino sugar metabolic process (GO:0006040) 5.79E-04 

8 N-acetylneuraminate metabolic process 
 (GO:0006054) 5.79E-04 

9 phosphorylation (GO:0016310) 6.98E-04 

10 epidermal growth factor receptor signaling 
 pathway (GO:0007173) 7.72E-04 

11 peptidyl-serine modification (GO:0018209) 1.15E-03 

12 regulation of actomyosin structure organization 
 (GO:0110020) 1.27E-03 

13 ERBB2 signaling pathway (GO:0038128) 1.43E-03 
14 JNK cascade (GO:0007254) 2.20E-03 
15 microvillus organization (GO:0032528) 0.00377 
16 microvillus assembly (GO:0030033) 0.00377 

17 deadenylation-dependent decapping of nuclear-
transcribed mRNA (GO:0000290) 0.00377 

18 protein autophosphorylation (GO:0046777) 0.00391 

(Continued on next page) 
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(Continued)  

Table 3-2 Gene ontology analysis in comparison between ATRA and ATRA+SL-

176 at Day 1 
rank Term P-value 
19 internal peptidyl-lysine acetylation (GO:0018393) 0.00533 

20 type B pancreatic cell differentiation  
(GO:0003309) 0.00547 

21 inositol metabolic process (GO:0006020) 0.00547 
22 anion transmembrane transport (GO:0098656) 0.00641 

23 plasma membrane bounded cell projection 
morphogenesis (GO:0120039) 0.00729 

24 tryptophan metabolic process (GO:0006568) 0.00757 

25 regulation of neuroblast proliferation 
(GO:1902692) 0.00757 

26 MyD88-dependent toll-like receptor signaling  
pathway (GO:0002755) 0.00846 

27 plasma membrane bounded cell projection  
assembly (GO:0120031) 0.00863 

28 cellular response to DNA damage stimulus  
(GO:0006974) 0.00874 

29 regulation of cell development (GO:0060284) 0.00948 

30 regulation of transcription, DNA-templated  
(GO:0006355) 0.00967 

Gene ontology analysis was performed for the DEGs in the comparison of 

transcriptome between differentiated cells and PPM1D-inhibited cells, 1-day 

treatment. For the analysis, I performed GO annotation on Enrichr web site. 

［78］, arrangement in the order of p-value, and Top 30 were shown.  
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Table 3-3 Gene ontology analysis in comparison between ATRA and ATRA+SL-

176 at Day 6 
rank Term P-value 

1 phospholipid translocation (GO:0045332) 5.55E-05 
2 lipid translocation (GO:0034204) 7.06E-05 
3 phospholipid transport (GO:0015914) 2.00E-04 

4 cytoskeletal anchoring at nuclear membrane  
(GO:0090286) 4.47E-04 

5 interleukin-1 beta secretion (GO:0050702) 4.47E-04 
6 regulation of cell development (GO:0060284) 6.56E-04 
7 nuclear migration (GO:0007097) 6.60E-04 
8 interleukin-1 beta production (GO:0032611) 6.60E-04 
9 interleukin-1 secretion (GO:0050701) 6.60E-04 

10 plasma membrane bounded cell projection  
morphogenesis (GO:0120039) 7.37E-04 

11 positive regulation of ERBB signaling pathway  
(GO:1901186) 0.00114 

12 ERBB2 signaling pathway (GO:0038128) 0.00130 
13 entry of bacterium into host cell (GO:0035635) 0.00165 

14 positive regulation of cholesterol efflux  
(GO:0010875) 0.00211 

15 cellular response to low-density lipoprotein  
particle stimulus (GO:0071404) 0.00211 

16 negative regulation of type I interferon production 
 (GO:0032480) 0.00222 

17 protein targeting to vacuole (GO:0006623) 0.00243 

(Continued on next page) 
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(Continued)  

Table 3-3 Gene ontology analysis in comparison between ATRA and ATRA+SL-

176 at Day 6 
rank Term P-value 

18 positive regulation of Wnt signaling pathway  
(GO:0030177) 0.002583 

19 lytic vacuole organization (GO:0080171) 0.00277 
20 vacuolar transport (GO:0007034) 0.00315 

21 positive regulation of epidermal growth factor  
receptor signaling pathway (GO:0045742) 0.00315 

22 MyD88-dependent toll-like receptor signaling  
pathway (GO:0002755) 0.00315 

23 stress-activated protein kinase signaling cascade  
(GO:0031098) 0.00337 

24 regulation of interferon-alpha production  
(GO:0032647) 0.00395 

25 lysosome organization (GO:0007040) 0.00400 

26 positive regulation of cholesterol transport  
(GO:0032376) 0.00472 

27 negative regulation of cell development  
(GO:0010721) 0.00472 

28 regulation of lipid metabolic process  
(GO:0019216) 0.00483 

29 protein acetylation (GO:0006473) 0.00500 
30 entry into host cell (GO:0030260) 0.00500 

Gene ontology analysis was performed for the DEGs in the comparison of 

transcriptome between differentiated cells and PPM1D-inhibited cells, 6-

days treatment. For the analysis, I performed GO annotation on Enrichr 

web site., arrangement in the order of p-value, and Top 30 were shown.  



 70 

 

 

Table 3-4 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 1 by using NCATS BioPlanet 
rank Term P-value 

1 Generic transcription pathway 1.76E-08 
2 RORA activates circadian expression 1.12E-06 

3 BMAL1-CLOCK/NPAS2 activates circadian  
expression 3.24E-06 

4 Signaling by constitutively active EGFR 8.49E-06 
5 Circadian rhythm 1.10E-05 

6 PPAR-gamma coactivator role in obesity and  
thermogenesis 1.58E-05 

7 YAP1- and WWTR1 (TAZ)-stimulated gene  
expression 8.51E-05 

8 Non-small cell lung cancer 8.78E-05 
9 Control of gene expression by vitamin D receptor 1.11E-04 

10 Lipid metabolism regulation by peroxisome  
proliferator-activated receptor alpha (PPAR-alpha) 3.19E-04 

11 EGFR transactivation by gastrin 3.60E-04 

12 Transcriptional regulation of white adipocyte  
differentiation 4.35E-04 

13 Mechanism of gene regulation by peroxisome  
proliferators via PPAR-alpha 6.78E-04 

14 Estrogen receptor transcription factor targets 6.83E-04 
15 Retinoic acid receptor-mediated signaling 0.00152 
16 ERBB1 internalization pathway 0.00165 

17 Gene expression 0.00181 

(Continued on next page) 
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(Continued)  

Table 3-4 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 1 by using NCATS BioPlanet 

rank Term P-value 

18 ERBB1 downstream pathway 0.00199 
19 Fanconi anemia pathway 0.00207 
20 T cell receptor/Ras pathway 0.00240 
21 TRAF3-dependent IRF activation pathway 0.00240 
22 T cell signal transduction 0.00291 
23 Signaling by EGFR in cancer 0.00294 
24 Renal cell carcinoma 0.00298 
25 TRAF6-mediated induction of TAK1 complex 0.00316 
26 TrkA receptor signaling pathway 0.00316 
27 PDGFB signaling pathway 0.00372 
28 Cellular response to hypoxia 0.00376 
29 Downregulation of ERBB4 signaling 0.00377 
30 Transport of nucleotide sugars 0.00377 

Pathway analysis was performed for the DEGs which were described in 

the NOTE of Table 3-1, arrangement in the order of p-value, and Top 30 

were shown. 
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Table 3-5 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 6 by using NCATS BioPlanet 

rank Term P-value 

1 Signaling by constitutively active EGFR 3.28E-05 
2 Circadian rhythm 2.73E-04 

3 Lipid metabolism regulation by peroxisome  
proliferator-activated receptor alpha (PPAR-alpha) 5.10E-04 

4 Transcriptional regulation of white adipocyte  
differentiation 0.00102 

5 BMAL1-CLOCK/NPAS2 activates circadian  
expression 0.00102 

6 Signaling by ERBB2 0.00121 
7 Signaling by EGFR in cancer 0.00208 
8 RORA activates circadian expression 0.00212 

9 Initiation of the second proteolytic cleavage of  
Notch receptor by receptor-ligand binding 0.00264 

10 Statin pathway 0.00277 

11 Activation of IRF3/IRF7 mediated by 
TBK1/IKK epsilon 0.00326 

12 Association of licensing factors with the pre- 
replicative complex 0.00326 

13 TRAF6-mediated induction of TAK1 complex 0.00326 
14 HDL-mediated lipid transport 0.00326 
15 Sprouty regulation of FGF signaling 0.00395 
16 KIT signaling regulation 0.00395 
17 Negative regulators of RIG-I/MDA5 signaling 0.00448 

(Continued on next page) 
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(Continued) 

Table 3-5 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 6 by using NCATS BioPlanet 

rank Term P-value 

18 Signaling by FGFR in disease 0.00499 

19 Fatty acid, triacylglycerol, and ketone body  
metabolism 0.00969 

20 Downregulation of ERBB4 signaling 0.0108 
21 HIF-1 transcriptional activity in hypoxia 0.0114 
22 Generic transcription pathway 0.0117 
23 Signaling by the B cell receptor (BCR) 0.0129 
24 EGFR transactivation by gastrin 0.0137 

25 Mitochondrial pathway of apoptosis: multidomain 
Bcl-2 family 0.0153 

26 YAP1- and WWTR1 (TAZ)-stimulated gene  
expression 0.0157 

27 Fanconi anemia pathway regulation 0.0169 
28 IKK complex recruitment by IRAK1 0.0169 
29 IRAK2-mediated activation of TAK1 complex 0.0169 

30 EGFR downregulation 0.0174 

Pathway analysis was performed for the DEGs which were described in 

the NOTE of Table 3-2. Arrange in the order of p-value, and Top 30 

were shown. 
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Table 3-6 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 1 by using KEGG pathway 

rank Term P-value 

1 Herpes simplex virus 1 infection 1.99E-05 
2 Thyroid hormone signaling pathway 3.68E-05 
3 Non-small cell lung cancer 4.87E-04 
4 Choline metabolism in cancer 0.00110 
5 Renal cell carcinoma 0.00270 
6 Human cytomegalovirus infection 0.00866 
7 Apoptosis 0.00879 
8 Phosphatidylinositol signaling system 0.0101 
9 ErbB signaling pathway 0.0107 
10 Hepatitis B 0.0108 
11 FoxO signaling pathway 0.0115 
12 Axon guidance 0.0116 
13 mTOR signaling pathway 0.0141 
14 Glioma 0.0150 
15 Pancreatic cancer 0.0150 
16 Chronic myeloid leukemia 0.0162 
17 N-Glycan biosynthesis 0.0197 
18 Prostate cancer 0.0237 
19 Long-term potentiation 0.0246 
20 Breast cancer 0.0249 
21 Fc epsilon RI signaling pathway 0.0264 
22 B cell receptor signaling pathway 0.0325 
23 Endometrial cancer 0.0377 

(Continued on next page) 
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(Continued)  

Table 3-6 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 1 by using KEGG pathway 

rank Term P-value 

24 VEGF signaling pathway 0.0405 
25 Cellular senescence 0.0436 
26 Kaposi sarcoma-associated herpesvirus infection 0.0586 
27 Acute myeloid leukemia 0.0638 
28 T cell receptor signaling pathway 0.0693 
29 Insulin signaling pathway 0.0714 
30 Aldosterone-regulated sodium reabsorption 0.0731 

Pathway analysis was performed for the DEGs which were described in 

the NOTE of Table 3-1. Arrange in the order of p-value, and Top 30 

were shown. 
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Table 3-7 Pathway analysis in comparison between ATRA and ATRA +SL-176  

at Day 6 by using KEGG pathway 

rank Term P-value 

1 Cholesterol metabolism 0.00354 
2 Sulfur metabolism 0.0137 
3 Parkinson disease 0.0275 
4 Phagosome 0.0378 
5 Huntington disease 0.0464 
6 Estrogen signaling pathway 0.0637 
7 Inositol phosphate metabolism 0.0659 
8 PPAR signaling pathway 0.0659 
9 Nucleotide excision repair 0.0719 
10 Malaria 0.0794 
11 N-Glycan biosynthesis 0.0832 
12 Thyroid hormone signaling pathway 0.0911 
13 Colorectal cancer 0.101 
14 Legionellosis 0.103 
15 Gap junction 0.107 
16 Salivary secretion 0.114 
17 Hepatitis B 0.120 
18 GnRH signaling pathway 0.124 
19 Circadian rhythm 0.132 
20 Oxidative phosphorylation 0.139 
21 Cytosolic DNA-sensing pathway 0.139 
22 Alzheimer disease 0.141 
23 Choline metabolism in cancer 0.146 

(Continued on next page) 
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(Continued) Table 3-7 Pathway analysis in comparison between ATRA and ATRA 

+SL-176 at Day 6 by using KEGG pathway 

rank Term P-value 

24 Phosphatidylinositol signaling system 0.146 
25 Cortisol synthesis and secretion 0.149 
26 Mitophagy 0.149 
27 Regulation of actin cytoskeleton 0.152 
28 Sulfur relay system 0.153 
29 SNARE interactions in vesicular transport 0.154 
30 Acute myeloid leukemia 0.154 

Pathway analysis was performed for the DEGs which were described in 

the NOTE of Table 3-2. Arrange in the order of p-value, and Top 30 

were shown. 
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Figure 3-12 Heat map of the expression profile of gene set “FcgR-mediated 
Phagocytosis” 

Each row indicates one gene and gene name is written in right column. Genes was derived 

from Hsa04666, KEGG pathway. Arrangement in order of expression level on ATRA-

treated cells.  
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Figure 3-13  Expression profile of Gene set “cell killing” 
Each row indicates one gene and gene name is written in right column. Genes was 

derived from 0001906, Gene ontology consortium. Arrangement in order of expression 

levels on ATRA-treated cells. 
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Figure 3-14  Receptor gene expression related with Phagocytic ability of 

differentiated HL-60 cells with PMN-MDSC like cells 
HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were harvested. The mRNA levels of FCGR1, FCGR2B, and HPRT were 

quantitatively analyzed by RT-PCR and normalized to HPRT mRNA expression. 

*p<0.05, **p<0.01, t-test. All data were shown the average of three independent 

experiments.  
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Figure 3-15  Anti-bacterial peptide gene expression related with cellular 

cytotoxicity of differentiated HL-60 cells with PMN-MDSC like cells 
HL-60 cells were treated with 1 µM ATRA with or without SL-176 for 6 days, and then 

the cells were harvested. The mRNA levels of DEFA1, 3, DEFA4, and HPRT were 

quantitatively analyzed by RT-PCR and normalized to HPRT mRNA expression. 

*p<0.05, t-test All data were shown the average of three independent experiments. 
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3.5. Discussion 

In chapter 2, it was demonstrated that PPM1D inhibition induced myeloid 

differentiation and enhanced ATRA-induced differentiation. In this chapter, the PPM1D 

function in differentiated HL-60 was analyzed. LPS stimulation, a model of sepsis shock, 

induced inflammatory cytokine expression in HL-60, and PPM1D inhibition enhanced 

their expressions. However, numbers of apoptotic cells were decreased after LPS 

stimulation suggesting PPM1D inhibition induced a severe and chronic inflammatory 

response from neutrophils. Furthermore, cytokines, especially IL-6, are inducers of 

chronic inflammation in cancer patients ［79］.  

Phagocytosis is a critical function of neutrophils. IgG-dependent phagocytosis is 

also critical for immune therapies. Dr. Appella’s group reported that T cell and B cell 

functions were reduced in Ppm1d knockout mice. Taken together, PPM1D may act as a 

positive regulator of the crosstalk between innate and adaptive immunity. 

T cell proliferation is an essential mechanism for adaptive immunity. PMN-MDSCs 

inhibit proliferation, and tumorigenesis may bypass T cell responses by inducing PMN-

MDSC. Veglia et al. reported that tumor size growth was strongly repressed by the 

depletion of PMN-MDSC and rescued by T cell depletion using the anti-CD8 antibodies. 

In this chapter, PPM1D-inhibited cells repressed T cell proliferation but promoted cancer 

cell growth. These results indicate PPM1D specifically inhibits T cell growth and induces 

a PMN-MDSC-like phenotypes. 

Veglia et al. reported that FATP2, a transporter that uptakes long-chain fatty acids, 

was overexpressed in PMN-MDSC, and increased the intracellular amount of PGE2 to 

generate immunosuppressive neutrophils. Moreover, Cuartero’s group reported a PPAR-

g agonist rosiglitazone induced polarization into N2 type neutrophils ［26］. This chapter 

demonstrated that PGE2 production was markedly increased in PPM1D-inhibited cells 

(Figure 3-16). Furthermore, quantitative RT-PCR analysis showed a significant increase 
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in genes involved in LD formation including PPARG and PLIN3, and the PGE2 

synthetases COX-2 and mPGES-1 significantly. Furthermore, PPM1D inhibition 

increased cellular lipids. Therefore, PPM1D may regulate polarization to PMN-MDSC 

via the lipid metabolism of eicosanoids. 

In summary, PPM1D inhibition polarized neutrophils into an immunosuppressive 

subset via the promotion of PGE2 production. It is important to clarify the PPM1D 

substrate for the immune therapies against tumors. 
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Figure 3-16  PPM1D inhibition promote myeloid differentiation, its maturation 

and the polarization into PMN-MDSC 

PPM1D inhibition changed lipid metabolism in HL-60 cells. Expression levels related to 

lipid droplet formation and eicosanoid metabolism are increased by PPM1D inhibition. 

Finally, PGE2 production was enhanced, and then induced polarization to PMN-MDSC.  
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4. Conclusion 

Neutrophils have critical roles in the early stages of innate immunity by killing 

bacteria via phagocytosis, producing anti-bacterial molecules such as ROS or defensin, 

and secreting cytokines or lipid mediators that activate or repress other immune cells. 

Recently, neutrophils were reported to have functional heterogeneity, with some subsets 

showing immunosuppressive effects. Protein phosphatase is thought to have an essential 

role in various cell types in healthy tissues. Leukocytes contain a specific alternative 

splicing variant of PPM1D. This study demonstrated that PPM1D is involved in myeloid 

differentiation and polarization into PMN-MDSC. Furthermore, results from this study 

suggest a model whereby PPM1D maintains a normal neutrophil state via the repression 

of PGE2 synthesis and secretion. 

In chapter 2, the effect of our small molecule PPM1D inhibitor, SL-176, on an acute 

myeloid leukemia cell line HL-60 was investigated. We developed a novel fluorescent 

compound TAP-4PH as a probe to visualize cellular shapes and morphologies. It was 

demonstrated that PPM1D inhibition induced myeloid differentiation but not monocytic 

differentiation. SL-176 treated cells had an increased ratio of the G1/G0 phase cells. 

These results suggest that PPM1D represses myeloid differentiation. This report is 

consistent with previous reports. Our previous report demonstrated that SL-176 repressed 

the cellular proliferation of PPM1D overexpressing cells in lung and breast cancer. HL-

60 cells express PPM1D at a normal level. Therefore, SL-176 might arrest the cell cycle 

of HL-60 by inducing myeloid differentiation. 

In chapter 3, it was found that PPM1D inhibition promoted inflammation and delayed 

apoptosis. However, it strongly repressed IgG-dependent phagocytosis, cellular 

cytotoxicity, and inhibited T cell proliferation. Moreover, PGE2 production was markedly 

increased in PPM1D-inhibited cells. Furthermore, genes related to lipid droplet formation 

and PGE2 synthesis were increased in PPM1D-inhibited cells. These results suggest that 
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PPM1D downregulates PPARG and PLIN3 in neutrophils and represses PGE2 synthesis; 

moreover, PGE2 induces to polarization into PMN-MDSC. 

Transcriptome analysis revealed PPM1D-inhibited cells differentially expressed 

inflammatory-related and lipid metabolism-related gene sets. These phenotypes indicated 

that PPM1D-inhibited cells changed into a subtype similar to that present during chronic 

inflammation, SLE or sepsis, where most neutrophils are polarized into low-density 

neutrophils ［80］. qPCR analysis demonstrated that PPM1D inhibition changed HL-60 

cells at the transcriptional level. 

In summary, this study demonstrated the effect of a PPM1D inhibitor on myeloid 

differentiation, its maturation, and the polarization into immunosuppressive neutrophils 

subsets. Little is known about the target of PPM1D. Chew et al. reported that PPM1D is 

negatively regulated NF-kB signals via the dephosphorylation of S536 in the p65 subunit

［81］. The enhancement of inflammation by PPM1D inhibition might be caused by the 

activation of NF-kB. 

The mechanism of the regulation of PPM1D expression level is poorly understood. 

Zhao’s group reported that Ppm1d-/-Trp53-/- mice had similar neutrophil counts to Ppm1d-

/- mice. This study found that several transcriptional factors might bind to the PPM1D 

promoter region. List 2-1 contains the transcriptional factors involved in myelopoiesis, 

for example, C/EBPa, C/EBPb, C/EBPd, GATA1, IRF1, and RUNX1. 

Interestingly, Ppm1d knockout male mice had reduced longevity and exhibited age-

associated phenotypes as well as insulin resistance ［82］. Besides, Chen et al. (2015) 

reported that PPM1D expression levels in mice decreased with age ［59］. Our group 

reported that PPM1D modulated adipogenesis. Diabetes and obesity accelerate aging via 

inflammation. In elderly, the phagocytotic activity was reduced ［83］.  

From these results, a hypothesis was proposed whereby the dephosphorylating 

capacity of PPM1D decreases with aging and induces immunosenescence and 
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inflammaging. Thus, understanding how PPM1D expression is controlled requires further 

study. One possible mechanism is the regulation of PPM1D expression by a humoral 

factor, pro-inflammatory cytokines, eicosanoids, or exosomes. PPM1D was reported to 

be hyperactived in tumors and that the frequency of PPM1D mutation increased with age 

［57,84］. Hyperactivation of PPM1D may results in obese adipocytes and cancer cells, 

because a deficiency in PPM1D suppressed the obesity and promoted the autophagy of 

lipid droplets ［85］. Obese cells secrete pro-inflammatory cytokines ［86］. Therefore, 

it is possible that PPM1D might have biphasic functions in aging— either as a trigger of 

inflammaging by the hyperactivation in adipocytes or cancer cells, or as a trigger of 

immunosenescence by the suppression of immune cells. 
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Figure 4-1 The model scheme of decrease of PPM1D expression in myeloid innate 

immunity 
(A) In the chapter 2, it is demonstrated that PPM1D represses myeloid differentiation. In 
AML and MDS patients, PPM1D truncation is observed high frequently. Truncation 

results in the accumulation of PPM1D, and that repressed differentiation. Furthermore, 

healthy elderly has increase of neutrophil counts. This phenotype might be caused by 

decrease of PPM1D with age. (B) In the chapter 3, it is found that PPM1D inhibition 

induces polarization to immunosuppressive neutrophils. Physiologically resolution of 

inflammation is induced by PGE2 production. (Indicated by Black arrows) In elderly 

people, decrease of PPM1D might induce immunosenescence and tumor-friendly 

environment (indicated by red arrows).  
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