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1. General introduction  

 

1.1. Ser/Thr phosphatase PPM1D 

PPM1D (protein phosphatase Mg2+/Mn2+ dependent 1D, also known as PP2Cδ or 

Wip1) is a member of the PPM1 type Ser/Thr phosphatases. PPM1D was initially 

identified as a protein phosphatase induced by the tumor suppressor protein p53 after 

ionizing radiation (1). In the cellular response to ionizing radiation, PPM1D 

dephosphorylates and regulates p53 via a negative feedback loop (2). PPM1D also 

dephosphorylates ATM, p38 MAPK and Chk1/2, which are all involved in cellular 

responses to genotoxic stresses (2-4).  

Studies in PPM1D knockout mice showed that PPM1D is involved in 

spermatogenesis and immune system. PPM1D-deficient mice show atrophy of testis and 

reduced male fertility (5). Deficiency of PPM1D impairs cellular function of T cells and 

B cells (5). In addition, PPM1D regulates differentiation of neutrophils and 

hematopoietic stem cell function (6). 

Recent reports have indicated that PPM1D is also involved in metabolism. 

PPM1D controls the cellular response toward insulin by p53 activation (7). In 

macrophages of atherosclerosis, abnormal lipid metabolism is observed. PPM1D 

regulates formation of lipid droplets by dephosphorylation of ATM (8). Furthermore, 

inhibition of PPM1D promotes liver regeneration through activation of mTor, which is a 

key regulator of metabolism (9).  

 

1.2. The PPM1D gene and its genetic mutation in human tumors 

The PPM1D gene is located at 17q23.2 (Figure 1-1). Two types of PPM1D 
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mRNAs are produced from the primary transcript of the PPM1D gene. PPM1D605 

mRNA has contains six exons, exon 1, 2, 3, 4, 5 and 6, while PPM1D430 is composed 

of exon 1, 2, 3, 4, 5, 5’ and 6. PPM1D430 is a splice variant, as reported by our group 

(10).  

The chromosomal region 17q23 on which the gene PPM1D is located is 

frequently amplified in breast cancer (11). Overexpression of PPM1D and amplification 

of the PPM1D gene have been reported in various cancers, suggesting that PPM1D 

overexpression deeply involved in carcinogenesis (12-23) (Table 1-1). Overexpression 

of PPM1D is significantly associated with poorer clinical prognosis in gastric, lung and 

colorectal cancer (19, 24-25). These reports suggested that amplification of the PPM1D 

gene and overexpression of PPM1D protein are important factors to predict clinical 

prognosis and can help guide therapeutic options. Recent reports showed that 

protein-truncated variants in PPM1D are associated with predisposition to breast cancer 

and ovarian cancer (26-27). The truncation mutations of the PPM1D C-terminal domain 

stabilized PPM1D protein level, and stabilization of PPM1D increases its phosphatase 

activity (28). Importantly, phosphatase activity is an essential factor for its oncogenic 

activities (29). Together these studies indicate that PPM1D is an attractive therapeutic 

target and that its inhibitor may be a suitable candidate for an anticancer agent. 

 

1.3. Structure of PPM1D 

Protein phosphatases are classified into 6 groups with structural similarity 

(Figure 1-2) (30-31). PPM1D is a member of the PPM1 phosphatase family, which has 

12 isoforms (Figure 1-3). The crystal structure of PPM1A was the first report in the 

PPM1 family (32). The active center of PPM1A consists of Asp, Glu and Arg with metal  
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Figure 1-1 Schematic structures of PPM1D the gene, mRNA and Protein.  

The PPM1D gene is located in 17q23.2. The PPM1D gene has 7 exons. Splice of PPM1D transcript 

produces two type of PPM1D mRNA, PPM1D605 and PPM1D430. Each splice variant of PPM1D 

has common catalytic domain and variant specific C-terminus regions. Figure 1-1 was reported 

Kamada et al. (33) and modified. 
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Table 1-1 Gene amplification, RNA overexpression and  

overexpression of PPM1D and PPM1D.  

 

 

In various tumors, Gene amplification, RNA overexpression and overexpression of PPM1D and 

PPM1D are reported. Table 1-1 was reported Kamada et al. (33) and modified. 
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Figure 1-2 .Protein phosphatase groups.  

Protein phosphatase is classified into two groups. One is Ser/Thr protein phosphatase and the other is 

Protein Tyr phosphatase. In Ser/Thr protein phosphatase, there are 7 families. PPM1D belongs to 

PPM1 family. 
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Figure 1-3 Structural scheme of PPM1 family isoforms.  

Each PPM1 family has conserved catalytic domain. In catalytic domain, there are isoform specific 

insert region. N/C-terminus domain of each isoform is also isoform specific region. These regions 

should be involved in isoform specific regulation. 
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ions. Asp and Glu chelate Mg2+/Mn2+ ion and Arg binds to phosphate (Figure 1-4). 

Structures of PPM1B and PPM1K have reported by Almo et al. (34). Comparison of the 

crystal structures of PPM1A (PDB ID: 1A6Q), PPM1B (PDB ID: 2P8E) and PPM1K 

(PDB ID: 2IQ1) revealed that the structures of the catalytic domain resemble each other. 

Alignment analysis revealed that amino acids in the active center are highly conserved 

among PPM1 family members. The sequences of the β-strand and α-helix, which are 

present in the catalytic domain, are also conserved. In addition, some isoforms have 

unique sequences between conserved regions and/or in the N/C-terminus. These specific 

regions may likely be involved in isoform-specific regulation (Figure 1-3). 

PPM1D has a Pro-rich region and basic amino residue-rich region, named as 

the P-loop and B-loop, respectively, as unique regions in the catalytic domain. The 

P-loop is composed of 15 Pro residues within the 71 amino acid residues of the P-loop 

(Figure 1-5). The Pro-rich sequence is known as a protein-protein interaction sequence 

in various proteins (35), and PxP and PxxP motifs are typical motifs for protein-protein 

interactions. We previously reported that the B-loop is involved in PPM1D localization 

(10). Homology modeling of PPM1D revealed that the P-loop is located on the opposite 

side from the active center and the B-loop is close to the active center (Figure 1-4). 

PPM1D605 and PPM1D430 have unique C-terminal regions (Figure 1-6). The 

functions of the C-terminal regions remain unknown. Recent studies suggested that the 

truncated mutation of PPM1D605 is a predisposition marker for tumors (26, 36). Ten 

residues in the C-terminal of PPM1D430 show similar sequences with p63 and p73, 

which are members of the p53 family. p73 interacts with c-Myc-binding protein MM1 

and Trp-Asp repeat protein RACK1 via similar regions with PPM1D430 (37-38). 

Therefore, these regions may regulate PPM1D via protein-protein interactions.  
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1.4. PPM1D inhibitors 

Many studies have been published on PPM1D inhibitors (Table 1-2). The 

inhibitors of PPM1D are classified into two types. One type includes the peptide 

derivative inhibitors, which are based on PPM1D substrates. Our group has reported a 

PPM1D inhibitor based on a substrate sequence of PPM1D (39). Two cyclic peptides 

are reported as PPM1D inhibitors with p38 MAPK sequences (40-42), and these 

inhibitors showed high specificity for PPM1D. However, the effects of the peptide 

analog compounds on PPM1D overexpressing tumors are unknown. The second type of 

PPM1D inhibitor includes the small molecule inhibitors. We reported a small molecule 

inhibitor SPI-001 that potently represses the proliferation of PPM1D overexpressing 

cells (43). CCT007093 and GSK2830371 are also small molecule inhibitors for PPM1D 

(44-45)  and suppress proliferation of PPM1D overexpressing cancer cells. The 

inhibitors with high inhibitory activity, such as SPI-001, have a complex structure and 

are difficult to synthesize. Molecular weight is an important factor for drug design (46), 

as smaller compounds more easily penetrate the cell membrane. For development of an 

anti-cancer chemotherapy targeting PPM1D, simplification of compound structures with 

much higher inhibitory activity is required.  

 

1.5. Nucleoli and cancer 

The nucleolus is a structure within the nucleus that is involved in ribosomal 

biosynthesis, cell cycle regulation, DNA damage response and mRNA processing 

(47-50). Normal somatic cells have one to three nucleoli (51-52). The nucleolus consists 

of a fibrillary center (FC), dense fibrillar component (DFC) and granular component 

(GC) (Figure 1-7). These regions are divided by structural density, which can be 
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Figure 1-4 Structure of catalytic domain of PPM1A and PPM1D. 

 A) Crystal structure of PPM1A catalytic domain (PDB: 1A6Q). In active center, Arg33 residue is 

located as binding residue to phosphate group. Glu and Asp residues chelate metal ion. B) 

Homology model of PPM1D catalytic domain. structure of PPM1D estimated homology modeling 

with PPM1A, PPM1B and PPM1K crystal structure. P-loop is located in opposite from active center. 

B-loop is near from active center. 
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Figure 1-5 P-loop sequence and Pro-rich motif for protein-protein interaction. 

A) P-loop has 13 Pro residues in 71 amino acids. PxP and PxxP motif are protein-protein interaction 

motif. B) A example of PxP and PxxP motif. SH3 domain binds with Pro-rich sequence which has 

PxP and PxxP motifs. 
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Figure 1-6 .Amino acid Sequence of PPM1D. 

PPM1D605 and PPM1D430 have catalytic domain and variant specific regions. A)The catalytic 

domain is conserved among PPM1 family. On the other hand, PPM1D has PPM1D specific regions, 

Pro-rich loop (P-loop) and basic amino rich loop (B-loop). B) PPM1D605 specific C-terminal 

domains C) PPM1D430 specific sequence C-terminal domains  
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Table 1-2 Summary of PPM1D inhibitors which are reported.  

Values of IC50 are toward PPM1D enzyme.   
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observed with electron microscopy (53). Nucleolus organizer regions (NORs) are 

located in the nucleolar center and are chromosomal regions coding rRNA genes. 

In many types of tumors, increases of nucleolar number have been reported 

(54-55). The number of nucleoli is an important criterion in the cytodiagnosis of tumors 

(56). Abnormal nucleolar morphologies, such as increases of number and size, are 

observed in malignant tumors. Additionally, variability of nucleolar morphologies in 

tumor tissue is also a character of malignancy. Therefore, abnormal morphology of 

nucleoli should be associated with tumorigenesis. 

 

1.6. Nucleolar protein nucleophosmin 

Nucleophosmin (NPM, also known as B23 and numatrin) is a nucleolar protein of 

294 amino acids (57) (Figure 1-8). NPM is composed of an oligomeric domain, acidic 

domain and DNA/RNA binding domain. NPM is expressed ubiquitously in human 

tissues and knockout mice of NPM are lethal (58). Hence, NPM likely has essential 

roles for cell survival. NPM regulates ribosomal biosynthesis, cell cycle regulation and 

centrosome duplication (59-60). Overexpression of NPM is frequently observed in solid 

tumors (61). In hematopoietic stem cell tumors, chimeric NPM proteins that show 

translocation of NPM are reported. Therefore, abnormal regulation of NPM should be 

associated with tumorigenesis.  

Proteomics analysis showed that NPM is highly phosphorylated (52, 62-64). Ser4 

and Thr199 of NPM are phosphorylated by PLK-1 and CDK-1 kinase, respectively (59, 

65). Our group reported that phosphorylation of NPM on Ser4 and Thr199 increases the 

nucleolar number (66). Notably, overexpression of PPM1D activates the 

CDC25C-CDK1-PLK1 pathway (Figure 1-9). PPM1D activates CDC25C via a 
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p53-independent and/or p53-dependent manner. CDC25C dephosphorylates and 

activates CDK1, and CDK1 phosphorylates Thr199 in NPM and then PLK1 

subsequently phosphorylates Ser4 of NPM. However, the molecular mechanisms 

underlying the phosphorylation of Ser4 and Thr199 and the increase of nucleolar 

number are still unknown. 

Previous studies reported that NPM forms decamers (67-68) (Figure 1-10). The 

structural analysis results led to a hypothesis that the phosphorylation state of NPM may 

affect its oligomeric formation (67). Formation of decamers is essential for the 

interaction between NPM and histone (68-69). However, the relationship of oligomeric 

formation and function of NPM has not been reported.  

 

1.7. Nucleolus formation and the cell cycle 

Nucleoli show dynamic changes in number and shape depending on the cell cycle 

progression (70) (Figure 1-11). In the mitotic phase, the nucleolus is disassembled. 

Nucleolar proteins, including NPM, translocate to the cytoplasm and/or chromatin. 

Then, the nucleolus reforms on NORs in early G1 phase. In early G1 phase, proteins 

that compose the GC and DFG start to associate into the pre-nucleolus body (PNB) 

apart from NORs (71). Throughout progression of G1 phase, NORs fuse and begin to 

increase in size, while PNBs increase in size and then disappear. PNBs do not fuse with 

NORs or each other (52). PNB-associated factors dissociate from PNBs and are 

recruited to NORs. 
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Figure 1-7 Model of the nucleolus structure.  

The nucleolus is composed with fibrillary center (FC), dense fibrillar component (DFC) and 

Granular component (GC). DFC has nucleolus organizer regions (NORs) which is chromosomal 

region coding rRNA.  
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Figure 1-8 Protein sequence and schematic structure of NPM.  

A) NPM is comsist of 294 amino acids. B) NPM has oligomer domain, acidic domain and 

DNA/RNA binding domain. 
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Figure 1-9 Increase of the nucleolar number by overexpressed PPM1D.  

NPM was phosphorylated at Ser4 and Thr 199 sequentially. PPM1D overexpression activates 

CDC25C phosphatase. CDK1-cyclineB activated by CDC25C phosphorylates NPM at Thr199. 

PLK1 recognizes phosphorylated Thr199 of NPM and phosphorylatesSer4 of NPM. Phosphorylated 

NPM increases the nucleolar number. However the molecule mechanism is still known. This figure 

was reported Kozakai et al. (66) and modified. 
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Figure 1-10 Crystal structure of NPM oligomerization domain (PDB: 2P1B).  

Oligomerization domain of NPM (15-118) forms decamer. Decamer is a dimer of pentamers. 
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Figure 1-10 The nucleolar assembly depending on cell cycle. 

The nucleolus rebuilds in early G1 phase. In the end of telophase, NORs recruit nucleolar factors. 

Pre-nucleolar body (PNB) also forms in G1 phase. GC and DFC component factors, such as NPM, 

associate in PNB. As progress of G1 phase, PNB grow up and disassembly. At the same time, 

prenucleolar bind each other with GC and DFC component factors which disassociated with PNB. 
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1.8. Aim of this study 

Many reports suggested that PPM1D is proto-oncogene and is associated with 

tumorigenesis. Inhibition of PPM1D phosphatase activity is a promising target of 

anti-cancer chemotherapy. Cytodiagnosis of tumors shows an increase of the nucleolar 

number. Our previous study demonstrated that overexpression of PPM1D increases the 

nucleolus number via phosphorylation of NPM. The CDC25-CDK1-PLK1 pathway 

activated by PPM1D phosphorylates Ser4 and Thr199 of NPM. However, the molecular 

mechanisms of nucleolar formation as regulated by PPM1D are still unknown. 

Moreover, the regulation mechanism of PPM1D itself is also unknown. In this study, I 

developed a novel PPM1D inhibitor and revealed the mechanism of nucleolar formation 

regulated by a specific region in PPM1D, the P-loop.  
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2. Development of an inhibitor specific for PPM1D phosphatase 

 

2.1. Abstract 

     PPM1D is a p53-inducible Ser/Thr phosphatase. In cellular responses to 

genotoxic stress, PPM1D regulates the p53 signaling pathway in a negative feedback 

manner by dephosphorylating p53 and related factors. Our previous study revealed that 

overexpression of PPM1D increases the nucleolar number, which is a characteristic of 

malignant tumors. Overexpression and gene amplification of PPM1D were reported in 

various cancers including breast cancer, and PPM1D phosphatase activity has been 

associated with tumorigenesis. Therefore, inhibitors targeting PPM1D may be 

promising candidates for anticancer agents.  

Our laboratory previously developed a potent PPM1D specific inhibitor, SPI-001. 

In this section, I describe the development of SL-176, a novel PPM1D-specific inhibitor.  

SL-176 is a simpler structure and size than that of SPI-001. Importantly, SL-176 

inhibited PPM1D phosphatase activity to the same degree as SPI-001 despite its smaller 

structure. SL-176 had only a modest effect on other Ser/Thr phosphatases, including 

PPM1A, PP1 and PP2A, indicating that SL-176 has high specificity for PPM1D. 

Kinetics analysis showed that the inhibition manner of SL-176 was a noncompetitive 

manner. Flow cytometry analysis and cell imaging assay showed SL-176 induced G2/M 

arrest and apoptosis in MCF7 cells. These results suggested that SL-176 inhibited 

cancer cell proliferation through specific inhibition of PPM1D. These findings indicate 

that SL-176 can be a lead compound for anti-cancer chemotherapy. Moreover, SL-176 

should be powerful tool for further investigation of the biological functions and 

mechanisms of PPM1D because of its specificity.  
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2.2. Introduction 

The Ser/Thr phosphatase PPM1D negatively regulates the genotoxic stress 

response. PPM1D dephosphorylates various proteins, including p53, p38 MAPK, ATM 

and Chk1/2 (1-3). Overexpression of PPM1D is also reported in many types of tumors 

(4-8). Next generation sequencing analysis showed that truncation of the PPM1D 

C-terminus region is a predisposition factor for breast and ovarian cancer (9). 

Moreover, some studies suggested that PPM1D is a candidate prognosis marker of 

non-small cell lung cancer, colorectal cancer and gastric cancer (10-12). Additionally, 

gene amplifications of PPM1D are frequently observed in neuroblastoma and 

medulloblastoma (13-14). Neuroblastoma and medulloblastoma are known as 

refractory tumors because of difficulty of surgical treatment. However, effective 

anti-tumor regents for neuroblastoma and medulloblastoma are not reported. Hence, 

these observations indicate that PPM1D may be an attractive target for cancer 

chemotherapy.  

Our laboratory previously developed SPI-001, which potently inhibits 

phosphatase activity of PPM1D (15). However, a simpler structure is required for use 

as a clinical compound for chemotherapy. In general, simpler inhibitors are superior in 

synthesis, solubility in water and cell membrane penetration. Thus, it is necessary to 

develop a low molecular weight compound with high inhibitory activity to improve 

synthesis. 

In this study, I have developed SL-176, a novel inhibitor specific for PPM1D. 

SL-176 potently inhibited PPM1D enzyme in a noncompetitive manner. In vitro 

analysis showed high specificity of SL-176 toward PPM1D. 
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2.3. Experimental procedures 

 

2.3.1 Expression and purification of human PPM1D catalytic domain 

     PPM1D 1-420 residues containing catalytic domain was purified as His-tag 

protein. His-PPM1D(1-420) was expressed in E.coli BL21 (DE3) pLysS cells. The cell 

pellets were lysed in lysis buffer (25 mM HEPES-NaOH pH6.8, 1 M NaCl, 1 mM 

MgCl2, 10% Glycerol, 0.2% TritionX-100 and 1 mM APMSF) by French press. Affinity 

purification was carried out with TALON (Clontech, Takara Inc.) and protein was eluted 

with elution buffer (25 mM HEPES-NaOH pH6.8, 150 mM imidazole, 200 mM NaCl, 1 

mM MgCl2, 10% Glycerol, 0.005% TritionX-100). Fractions containing PPM1D(1-420) 

were further purified, using HiTrap SP FF (GE Healthcare,. England) with ion exchange 

chromatography start buffer (25 mM HEPES-NaOH pH6.8, 100 mM NaCl, 1 mM 

MgCl2, 10% Glycerol, 0.005% TritionX-100) and ion exchange chromatography elution 

buffer (start buffer containing 1 M NaCl). Peak fractions were applied to a Superdex 75 

(GE Healthcare, England) column and eluted with size exclusion chromatography 

elution buffer (25 mM HEPES-NaOH pH6.8, 500 mM NaCl, 1 mM MgCl2, 10% 

Glycerol, 0.005% TritionX-100). His-PPM1A purified similarly. Protein concentration 

was measured with image analysis of SDS-PAGE gel. 

 

2.3.2. Synthesis and purification of substrate peptides 

     All peptide were synthesized Fmoc chemistry using a peptide synthesizer 

(Applied Biosystems 433A, Foster City, CA). Fmoc amino acids were purchased from 

Novabiochem (San Diego, CA).The peptides were purified by Vydac C-8 HPLC column 

(Hesperia, CA) with 0.04% trifluoroacetic acid/water/acetonitrile. The mass of peptide 
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was confirmed by MALDI mass spectrometry (Applied Biosystems Voyager-DE STR-H, 

Foster City, CA). 

 

2.3.3. in vitro phosphatase assay 

     Phosphatase activity was assayed by measuring the released free phosphate by 

BIOMOL GREEN (Enzo life sciences, Farmingdale, NY). All assay carried out in 50 

mM Tris-HCl pH7.5, 50 mM NaCl, 30 mM MgCl2, 0.1 mM EGTA, 0.02% 

2-mercaptoethanol, 1% DMSO with 2 nM His-PPM1D(1-420), 5 nM His-PPM1A, 1 

U/mL PP1 or 1 U/mL PP2A. Substrate sequences were Ac-VEPPLS(P)QETFSD 

LW-NH2 (for PPM1D), Ac-TDDE(Nle)T(P)GY(P)VAT -NH2 (for PPM1A and PP2A) 

and Ac-WGAKAKKT(P)PKAKK-NH2 (for PP1). IC50 values were calculated by fitting 

data points with KaleidaGraph4.0 (HULINKS, Japan).PP1 and PP2A were purchased 

from Biolads (Berkeley, CA) and Promega (Madison, WI) respectively. 

 

2.3.4. Steady-state kinetics assay 

     Kinetics analysis was performed to analyze inhibition manner of PPM1D 

inhibitor. Reaction condition was the same with in vitro phosphatase assay. Data were 

fitted to following equation. 

v = (Vmax / α') [S] / (α/α' Km + [S]), α = α' = 1 + [1]/Ki 

Global fitting was performed with Prism software (Graphpad, CA). 

 

2.3.5. Apoptotic analysis 

     MCF7 breast cancer cell was obtained from ATCC (Rockville, MD). Cell line was 

cultured in Dulbecco’s modified medium with 10% fetal bovine containing 100 unit/ml 
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penicillin and 100 μg/ml of streptomycin in humidified atmosphere of 5% CO2. 2 x 104 

MCF7 cells were plated onto 3.5 cm cell culture dish and incubated for 24 h and then 

treated with SL-176. After 24 h from drug treatment, the cells were trypsinized. 

Trypsinized cells were fixed with 70 % ethanol and stained with PI/RNase Staining 

Buffer (BD, NJ). Samples were analyzed by Gallios (Beckman coulter, Inc., CA). The 

data were analyzed with Flowjo (Flowjo, LLC, OR). 

 

2.3.6. The cell cycle analysis 

MCF7 cells were plated onto 35 mm dish with 2 ml of medium and incubated for 

24 h before drug treatment. After 7 h from drug treatment, the cells were stained with 

Annexin-V-FLUOS Staining Kit (Roche, Inc.). Samples were analyzed by Biorevo 

BZ-9000 (Keyence, Inc.). Both Annexin V positive cells and PI negative cells were 

counted in the images. 
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2.4. Results 

 

2.4.1 Inhibitory activity of SL-176 toward PPM1D phosphatase 

I developed a novel PPM1D inhibitor, namely SL-176, which is an analog of 

SPI-001 and targets PPM1D phosphatase activity (Figure 2-1). SPI-001 has a 

perhydrophenanthrene ring and two hydrophobic moieties. The molecular weight of 

SPI-001 is 541.0 and its synthesis requires 24 steps. SL-176 has a 

decahydronaphthalene ring, two hydrophobic moieties and carboxyl group. The 

molecular weight of SL-176 is 456.8 and its synthesis requires only 10 steps. Inhibitory 

activities toward PPM1D were measured by in vitro phosphatase assays using 

His-PPM1D(1-420) and phosphopeptide substrate. SL-176 showed strong PPM1D 

inhibitory activity at the same level as SPI-001 and GSK2830371, another PPM1D 

inhibitor, even though its structure is simpler than SPI-001. The IC50 value of SL-176 

was 110 ± 12.9 nM (Figure 2-2, Table 2-1). 

 

2.4.2 Inhibition manner of SL-176 

I next analyzed the inhibition manner of SL-176 with kinetics analysis (Figure 

2-3). Lineweaver-Burk plot analysis was performed with 0, 50, 100 and 150 nM of 

SL-176. The kinetics analysis data demonstrated that the inhibition manner of SL-176 is 

via a noncompetitive manner. The Ki value of SL-176 was 228 ± 25 nM. 

Noncompetitive inhibition means that SL-176 can bind both enzyme and 

enzyme-substrate complexes, suggesting that inhibition activity of SL-176 does not 

affect substrate concentrations of PPM1D.  
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2.4.3. Specificity of SL-176 for PPM1D phosphatase 

     The specificity of SL-176 inhibition of PPM1D was next analyzed using PPM1A, 

PP1 and PP2A (Figure 2-4). PPM1A is a member of the PPM1 phosphatase family, 

which has a PPM1 catalytic domain, while PP1 and PP2A belong to different 

phosphatase families. The catalytic domains of PP1 and PP2A do not show structural 

similarity with the PPM1 catalytic domain. At 1 μM, the inhibitory activity of SL-176 

toward PPM1A was only 11.5%, and SL-176 did not affect PP1 and PP2A phosphatase 

activity. These results suggest that SL-176 has high specificity toward PPM1D. 

 

2.4.4. Induction of apoptosis by SL-176 in PPM1D overexpressing cells 

     Our laboratory reported that SL-176 potently represses proliferation of the MCF7 

breast cancer cell line in which PPM1D is overexpressed, with an IC50 of SL-176 of 7.4 

± 0.72 μM (16). I next analyzed the mechanism of cell proliferation repression by 

SL-176. At high concentrations of SL-176 (20 μM), SL-176 increased the G2/M 

fraction of the cell cycle and induced apoptosis in MCF7 cells (Figure 2-5 and 2-6). 

These results suggest that SL-176 represses cell cycle proliferation via induction of 

G2/M cell cycle arrest and apoptosis. 
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Figure 2-1 Chemical structure of SL-176. 
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Figure 2-2 Inhibitory activity of SL-176. 

Inhibitory activities of SL-176 (circle), SPI-001 (triangle) and GSK2830371 (Rhombus) 

were analyzed with His-PPM1D(1-420) enzyme. Data represent the mean ± S.D. of 9 

points, respectively, from independent experiments. 

  



 36

 

 

 

 

 

 

 

 

 

 

Table 2-1 IC50 value of PPM1D inhibitors.  

 

 

 

 

 

 

 

 

 

 

Data were calculated by data of figure 2-2. Values of ± were fitting errors. 
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Figure 2-3 Inhibitory manner of SL-176. 

Inhibitory manner of SL-176 was analyzed at 0 (circle), 50 (squre), 100 (triangle) and 

150 (inverted triangle) nM of SL-176. The Ki value of SL-176 was 228 ± 25 nM. Data 

represent the mean ± S.D. of 9 points, respectively, from independent experiments. 
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Figure 2-4 Specificity of Sl-176 toward phosphatases.  

In 1 μM of SL-176, inhibitory activities were analyzed using PPM1A, PP1 and PP2A 

phosphatase. Data represent the mean ± S.D. of 3 points, respectively, from independent 

experiments. 
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Figure 2-5 Effect of SL-176 on MCF7 cell cycle.  

MCF7 was incubated with 20μM SL-176. Representative data were shown in 

independent 3 experiments. 
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Figure 2-6 Effect of SL-176 on apoptosis.  

MCF7 was incubated with 20μM SL-176 in 7 hours. Apoptotic celle were counted by 

Annexin-V staining. Data represent the mean ± S.D. of 3 points, respectively, from 

independent experiments. 
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2.5. Discussion 

In this study, I report the development of SL-176 as a PPM1D specific inhibitor. 

SL-176 showed high specificity toward PPM1D. Our group previously reported SL-176 

repression of proliferation of MCF7 human breast cancer cells, in which PPM1D is 

overexpressed (16). SL-176 was more effective than SPI-001 and GSK2830371 on 

repression of MCF7 cell proliferation. SL-176 activated p53 via inhibition of 

dephosphorylation on Ser15 of p53, which is a PPM1D target site. The current study 

also showed that SL-176 induces G2/M arrest and apoptosis, suggesting that SL-176 

represses proliferation of MCF7 via G2/M arrest and apoptosis, which are induced by 

activated p53. Together these results indicate that SL-176 is useful as a lead compound 

for chemotherapy.  

Thus far, two PPM1D inhibitors, CCT007093 and GSK2830371, have been 

reported as commercially available PPM1D inhibitors (17-18). CCT007093 and 

GSK2830371 have completely different structures from SL-176. Therefore, binding 

sites of the three inhibitors to PPM1D should be different from each other. Different 

binding sites suggest that each inhibitor has specific characteristics, such as inhibition 

mechanisms and conditions. The structural variety of inhibitors provides a diversity of 

strategies for inhibitor development. Therefore, SL-176 can contribute to the 

development of more effective PPM1D inhibitors. 
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3. Increased micronucleolus formation by PPM1D correlated  

with nucleolar number 

 

3.1. Abstract 

     The nucleolus is a structure within the nucleus. The nucleolus regulates ribosomal 

biosynthesis, cell cycle regulation, DNA damage response and mRNA processing. In 

various tumors, abnormal nucleolar morphology is reported. Previous our study 

revealed that overexpression of PPM1D, a PPM1 type Ser/ Thr phosphatase, induces the 

nucleolar number via nucleolar protein NPM which is involved in ribosomal 

biosynthesis and histone. The CDC25C-CDK1-PLK1 pathway is activated by PPM1D, 

and activated CDK1 and PLK1 phosphorylate Thr199 and Ser4 in NPM, respectively. 

Structural analysis revealed that NPM forms decamers, and decamer formation is 

required for DNA and histone interaction. However, the relationship of oligomerization 

and biological function of NPM is unclear. 

     In this study, I found a NPM foci, which is named as micronucleolus, in the 

nucleus of PPM1D overexpressed cell. PPM1D inhibitor SL-176 demonstrated that 

activity of PPM1D increased micronucleolar formation. I showed that phosphorylation 

of Ser4 and Thr199 in NPM, which are regulated by PPM1D, affected NPM oligomer 

formation. Phosphomimic mutants of NPM demonstrated that phosphorylation of Ser4 

and Thr 199 destabilizes NPM decamers. These results suggest that PPM1D destabilizes 

NPM via induced phosphorylation of Ser4 and Thr 199 of NPM by CDK1 and PLK1 

kinase. The destabilization of NPM decamer  
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3.2. Introduction 

     The nucleolus is a structure in the nucleus that regulates ribosomal synthesis. In 

many types of tumors, increases of nucleolar number, nucleolar hypertrophy and 

abnormal shape are observed (1-2). Morphology of the nucleolus is one of 

cytodiagnostic criteria in tumor malignancy (3). Previous studies reported that the 

nucleolar assembly and disassembly are cell cycle-dependent (4). However, the 

molecular mechanism underlying the increase of nucleolar number in cancer has 

remained unclear. Our laboratory has reported that protein phosphatase PPM1D 

increases nucleolar number via phosphorylation of the nucleolar protein NPM (5). 

Overexpressed PPM1D induces activation of CDC25C-CDK1-PLK1 pathway. 

Activated CDK1-cyclin B and PLK1 phosphorylate Ser4 and Thr199 of NPM, 

respectively. As a result, phosphorylated NPM increases nucleolar number in cancer 

cells.  

The nucleolus is disassembled in the mitotic phase. Nucleolar proteins, including 

NPM, translocate to the cytoplasm and/or chromatin. The nucleoli are then formed 

centering on nucleolus organizer regions (NORs) in early G1 phase, and proteins that 

compose the granular component (GC) and dense fibrillar component (DFG) associate 

into pre-nucleolus body (PNB) apart from NORs (6). During the progression of G1 

phase, NORs fuse and increase in size, while PNBs increase in size and then disappear. 

PNB do not fuse with NORs or each other (4). PNB-associated factors then dissociate 

from PNB and are recruited to NORs. 

     In this study, I showed that phosphorylation of Ser4 and Thr199 in NPM by 

PPM1D destabilizes decamer formation of NPM. The destabilization of NPM decamer 

induced formation of micornucleolus and increase of the nucleolar number. 
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3.3. Experimental procedures 

 

3.3.1. Cell culture 

     MCF7 breast cancer cell and H1299 carcinoma non-small cell were obtained from 

ATCC (Rockville, MD). Cell line was cultured in Dulbecco’s modified medium with 

10% fetal bovine containing 100 unit/ml penicillin and 100 μg/ml of streptomycin in 

humidified atmosphere of 5% CO2. For knock down of endogenous PPM1D and NPM, 

siRNA was transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). siRNA 

sequence for PPM1D and NPM are followed: 5’-GAAGUGGACAAUCAGGGAA 

ACUUUA-3’ and 5’-AUAUAUAGACCCUGAAGAUCUCGCG-3’, respectively. The 

target specific siRNA duplexes were designed with Invitorgen BLOCK-iTTM RNAi 

Designer. PMD-9, PMD-12 and PMD-F4 which are PPM1D expressed stable cell line 

are derived from H1299. HA-tagged NPM mutants are prepared as previously described 

(5).  

 

3.3.2. Antibodies 

     Rabbit poly clonal antibody specific for PPM1D are generated as previously 

described (7). Other antibodies are followed: Mouse monoclonal anti-NPM (FC-61991, 

Invitrogen), a rabbit polyclonal anti-HA (Y-11, Santa Cruz Biotechnology), a mouse 

monoclonal anti-actin (Ab-1, Calbiochem), an anti-mouse IgG HRP-linked antibody 

(GE healthcare, England), an anti-rabbit IgG HRP-linked antibody (Cell signaling), an 

anti-mouse IgG Alexa Fluor488 goat anti-mouse IgG (Invitrogen) and anti-rabbit IgG 

Alexa Fluor568 goat IgG (Invitrogen). 
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3.3.3. Western blotting analysis 

     Cells were harvested with 1x sample buffer (50 mM Tris-HCl, pH6.8, 10% 

Glycerol, 2% SDS, 6% 2-mercaptoethanol). Equivalent amount of total cellular protein 

were separated with SDS-PAGE. Proteins were transferred to polyvinylidene difluoride 

membranes from SDS-PAGE gel. Proteins were detected with antibody descried above 

by enhanced chemiluminescence. 

 

3.3.4. Immunofluorescence studies and quantification 

     Cell was fixed with 3.5% formalin/PBS at 15 min. After washing, cell was treated 

with 0.2% TritonX-100/PBS. In order to block non-specific signal, cell was incubated   

with 10% FBS/PBS. Immunostaining was performed following antibodies: mouse 

polyclonal anti-HA (Roche, Basel, Switzerland) and Alexa Fluor568 goat anti-Rabbit 

IgG (Invitrogen, Carlsbad, CA). Nucleus of cell was detected with DAPI. For 

quantification of nucleolus number, samples were analyzed by Biorevo BZ-9000 

(Keyence, Japan). Nucleolus number was counted manually. 

 

3.3.5. Expression and purification of NPM mutants 

     NPM mutants were purified as His-tag protein. NPM mutants were expressed in 

E.coli BL21 (DE3) pLysS cells with pCold I vector (Takara, Japan). Protein expression 

was induced with 16oC and 1 mM IPTG. The cell pellets were lysed in lysis buffer (50 

mM Na phosphate buffer pH7.5, 500 mM NaCl, 1 mM 2-mercaptoethanol, 10% 

Glycerol, 0.2% TritionX-100) by French press. Affinity purification was carried out 

with TALON (Clontech, Takara, Japan) and protein was eluted with elution buffer (50 

mM Na phosphate buffer pH7.5, 500 mM NaCl, 150 mM imidazole, 1 mM 
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2-mercaptoethanol, 10% Glycerol,). Fractions containing NPM were dialyzed with 

dialysis buffer (50 mM Na phosphate buffer pH7.5, 500 mM NaCl). The concentration 

of NPM is calculated with ε = 16960 at 280 nm. 

 

3.3.6. Size exclusion chromatography analysis 

     NPM mutants were analyzed with TOSOH TSK-GEL G3000SWXL (TOSOH, 

Japan). Elution buffer NPM was 50 mM Na phosphate buffer pH7.5 containing 500 mM 

NaCl.  

 

3.3.7. Circular dichroism spectrum analysis 

     NPM mutants were analyzed with J-805 circular dichroism spectrum meter 

(JASCO, Japan). Buffer condition was 50 mM Na phosphate buffer pH7.5 containing 

500 mM NaCl at 4 oC. Sample concentration was 2 μM. 

 

3.3.8. Cell cycle analysis 

     Cells were plated onto 3.5 cm cell culture dish and incubated for 48 h. After 48 h 

from plating, the cells were trypsinized. Trypsinized cells were fixed with 70 % ethanol 

and stained with PI/RNase Staining Buffer (BD, NJ). Samples were analyzed by Gallios 

(Beckman coulter, Inc., CA). The data were analyzed with Flowjo (Flowjo, LLC, OR) 
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3.4. Results 

 

3.4.1. Formation of the micronucleolus in PPM1D overexpressing cells 

     NPM is a nucleolar protein localized in the nucleus and the nucleolus. In early G1 

phase, NPM is located in PNBs and NORs. PNB-like NPM foci are observed in the 

nucleus of the MCF7 cell line in which PPM1D is overexpressing cell (Figure 3-1, 

Table 3-1). Our laboratory named PNB-like NPM foci “the micronucleoli”, and we 

found that 3.9% of MCF7 cells contain these micronucleoli. PNBs are observed in early 

G1 cells. After mitotic phase, the cells which have PNB are pair. Unlike PNB, the cells 

which have the micronucleoli are not pair. Notably, we found that MCF7 cells 

transfected with PPM1D siRNA results in only 1.1% of MCF7 cells with micronucleoli. 

(Figure 3-2, Table 3-2). I next generated H1299 PMD-9 and PMD-12 clones that stably 

express HA-tagged PPM1D and PMD-F4 clones that stably express Flag5-tagged 

PPM1D (Figure 3-3, Table 3-2). Comparing PPM1D expression levels and percentages 

of micronucleoli, I found that PPM1D expression level showed a positive correlation 

with the percentage of micronucleoli. In addition, the cell cycle changes of each stable 

line did not relate to the increase of the nucleolar number and formation of 

micronucleoli (Figure 3-4). 

 

3.4.2. Repression of micronucleoli and nucleoli number by SL-176 

SL-176 treatment reduced the percentages of micronucleoli in PPM1D 

overexpressing stable cell lines but not in H1299 parental cells (Table 3-3). This 

suggests that PPM1D phosphatase activity is associated with micronucleoli formation. 
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3.4.3. Effects of NPM Ser4 and Thr199 phosphorylation on micronucleoli 

formation 

We next generated a panel of mutants, including HA-NPM S4A, S4D, T199A and 

T199E. Ala mutants were used as a non-phosphorylated mutant, and Asp and Glu 

residues were mimics of phosphorylated Ser and Thr. HA-tagged NPM and its mutant 

were expressed in MCF7 cells in which PPM1D overexpressed and that were 

transfected with siRNA for knockdown of endogenous NPM. In our previous study, the 

nucleolar numbers of MCF7 cells that expressed HA-NPM S4A and HA-NPM T199A 

were decreased compared with MCF7 cells that expressed HA-NPM (5). In cells in 

which HA-mutant highly expressed, micronucleoli were increased comparing with 

intact MCF7 cell (Figure 3-5, Table 3-3). The percentages of cells with micronucleoli 

were the same among HA-NPM WT, S4A, S4D and T199E expressing cells. 

Interestingly, only the HA-T199A mutant showed a decreased percentage of cells with 

micronucleoli, to 46.7%. These findings suggest that PPM1D and phosphorylation of 

Thr199 affect micronucleoli formation and that PPM1D activity may be involve in 

micronucleoli formation. 

 

3.4.4. Effects of NPM Ser4 and Thr199 phosphorylation on its oligomerization 

Structural analysis showed that NPM forms pentamers and decamers in water. 

Formation of decamers, which are dimers of pentamers, is required for the interaction of 

NPM family and histone (8). To analyze the effects of phosphorylation of Ser4 and 

Thr199 in NPM on oligomerization, size exclusion analysis was performed. His-NPM 

WT, S4D, T199D and S4D/T199E mutants were expressed in E. coli and purified with 

His-affinity chromatography. SDS-PAGE analysis showed that purified NPM mutants 
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were highly pure (Figure 3-6). The results confirmed that His-NPM WT strongly 

formed decamers (Figure 3-7). Only decamer and pentamer peaks with His-NPM WT 

were observed but not monomer peaks. Surprisingly, S4D and T199E mutants showed 

weak decamer peaks, compared with WT. The S4D/T199E mutant mainly formed 

pentamers.  

Next, circular dichroism spectra analysis was performed. WT, S4D and T199E 

mutants showed almost the same spectra (Figure 3-8). However the spectrum of the 

S4D/T199E mutant was different from WT. The spectra change suggested that the 

random coil structure of the S4D/T199E mutant was increased. These results strongly 

suggest that phosphorylation of Ser4 and Thr199 destabilizes decamers of NPM, 

especially dual phosphorylation. 
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Figure 3-1 the micronucleolus of MCF7 

A) Knock down of endogenous PPM1D in MCF7 cell. Actin was used for loading control. B) the 

micronucleolus in MCF7 cell. White arrow head is the cell which has micronucleolus.  
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Table 3-1 Percentages of cells which have micronucleolus.  

 

 

 

Data were analyzed by counting the cells which have the micronucleolus. Total cell numbers were 

698 and 714 in MCF7 treated with control siRNA and siRNA specific for PPM1D, respectively. 

Error were SE.  
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Figure 3-2 Expression level of PPM1D in stable clones 

Flag5 tagged PPM1D was expressed in H1299 PMD-F4. H1299 PMD-9 and H1299 PMD-12 

expressed HA tagged PPM1D. Actin was used for loading control.  
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Table 3-2 Percentages of cells which have micronucleolus 

 

 

 

Data were analyzed by counting the cells which have the micronucleolus. Total cell numbers were 

319, 253, 717 and 801 in H1299, H1299 PMD-F4, H1299 PMD-9 and H1299 PMD-12, respectively. 

Error of the nucleolar numbers were SE.* Data are referred from Kozakai. et.al (5). 
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Figure 3-3 Cell cycle of H1299 and PPM1D expressed stable clones 

The cell cycle of H1299 PMD-SubP1-F10 and H1299 PMD-SubP2-F12 was analyzed with flow 

cytometry. Data represent the mean ± S.D. of 3 independent experiments. 
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Table 3-3 Repression of micronucleolus in H1299 clones by SL-176 

 

 

 

Data were analyzed by counting the cells which have the micronucleolus. Total cell numbers were 

shown on table. Concentration of SL-176 was 2 μM. 
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Figure 3-4 Localization of NPM mutants and the micronucleolus in MCF7 

The micronucleolus in MCF7 expressed NPM mutant. HA-NPM WT was shown as sexample. In 

cell which is high expression level of NPM mutant, the micronucleoli were frequently observed. 
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Table 3-4 Percentages of cells which have micronucleolus in MCF7 expressed NPM mutants 

 

 

 

Data were analyzed by counting the cells which have the micronucleolus. Total cell numbers were 

595, 416, 395, 703 and 499. 

  



 60

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 SDS-PAGE of His-NPM WT, S4D, T199E and S4D/T199E  

Protein was detected with CBB staining. 
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Figure 3-6 SEC analysis of His-NPM WT, S4D, T199E and S4D/T199E  

It was reported NPM forms pentamer and decamer. Therefore SEC peaks were deconvoluted as two 

peaks. Each panel is A)HA-NPM WT, B)HA-NPM S4D, C)HA-NPM T199E, D)HA-NPM 

S4D/T199E. 
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Figure 3-7 CD spectra of His-NPM WT, S4D, T199E and S4D/T199E 

CD Spectra were performed at 4oC.  
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3.5. Discussion 

     Our previous report showed that knockdown of PPM1D induced a decrease of 

nucleolar number in MCF7 cells (5). Moreover, we demonstrated that PPM1D activity 

was associated with nucleolar number. In this study, the micronucleolar formation was 

also decreased by PPM1D knockdown. The PNB forms only during early G1 phase (4). 

Our previous study showed that PPM1D knockdown does not affect cell cycle 

progression (5). In addition, I also demonstrated that the cell cycle does not correlate 

with the nucleolar number and the micronucleoli formation in this study. Hence, the 

micronucleoli are qualitatively different from PNB, which is dependent on the cell cycle 

status. Moreover, PPM1D siRNA treatment and SL-176 demonstrated that PPM1D 

activity is associated with micronucleolar formation.  

The phosphorylation mimic mutant of NPM demonstrated that Ser4 and Thr199 

phosphorylation sites affect NPM oligomerization. The NPM phosphomimic showed 

decreased stability of decamers. Formation of decamer is required for the interaction of 

histone and DNA with NPM (6, 8). However, the relationship between decamer 

formation and function of NPM are still unclear.  

In this study, I examined also micronucleoli. The micronucleoli share a similar 

structure with PNBs. I propose a hypothesis by which phosphorylated NPM on Ser4 and 

Thr199 prevents formation of the nucleolus and PNBs. PNBs are formed in early G1 

phase (Figure 3-8). After the mitotic phase, DG-associated factors, including NPM, are 

recruited at pre-rRNA, which is maintained from G2 phase. pre-rRNA does not mature 

in M phase. The main function of PNB is to mature pre-rRNA in early G1 in which 

nucleolar function is still not recover (9). PNB assumes a maturation process of 

pre-rRNA in early G1 instead of the nucleolus. After maturation of pre-rRNA, PNB 
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disassembles and incorporates into the nucleolus (9). Importantly, PNBs do not fuse 

with each other during the PNB growth process (6). Additionally, PNB also do not fuse 

into the pre-nucleolus (4). PPM1D overexpression enhances Ser4 and Thr199 

phosphorylation of NPM and increases the micronucleolar formation. MCF7 cells that 

stably express HA-NPM T199A demonstrated that phosphorylation of Thr199 positively 

affects micronucleolar formation. In vitro analysis showed that non-phosphorylated 

NPM forms stable decamers. In addition, phosphorylation of NPM Thr199 decreased 

ribosomal biosynthesis and inhibited the binding between NPM and histone (10). Taken 

together, destabilization of NPM decamers by phosphorylation, which is regulated by 

PPM1D, should affect formation of the nucleolus and induce micornucleolus and 

increase of nucleolar number. 
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Figure 3-8 Formation of pre-nucleolar body and the nucleolus 

Savino T.M. et al showed that pre-nucleolar body does not fuse in its grown process (6). In the 

nucleolar formation, pre-nucleolar body and pre-matured nucleolus also do not fuse (4).  
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4. Regulation of PPM1D by its specific region P-loop 

 

4.1. Abstract 

     PPM1D, a PPM1 type Ser/ Thr phosphatase, is overexpressed in various tumors 

and is likely involved in tumorigenesis. Our laboratory has proposed a novel 

tumorigenesis mechanism by overexpression of PPM1D via NPM. Overexpression of 

PPM1D induces the nucleolar number. Increase of nucleolar number is observed in 

malignant tumors. It is suggested that abnormal regulation of PPM1D involved in 

tumorigenesis. The catalytic domain of PPM1D is conserved among PPM1 family 

members. However regulation mechanisms of PPM1D are still unclear. Each family 

member also contains unique regions, which should be involved in isoform-specific 

regulation. PPM1D contains a Pro-rich loop (P-loop) as a specific region. These specific 

regions should be involved in isoform specific regulation.  

     In this study, I identified the P-loop in PPM1D as a regulatory region for the 

nucleolar number. Substitution of the P-loop increased the nucleolar number. The effects 

of P-loop substitution were repressed by SL-176, which is a PPM1D specific inhibitor. 

In vitro analysis suggested that PPM1D forms oligomers. Oligomerization of PPM1D 

decreased PPM1D phosphatase activity. Those data proposed a novel regulation 

mechanism of PPM1D that P-loop negatively regulates PPM1D phosphatase activity via 

oligomerization.  
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4.2. Introduction 

     PPM1D (also known as PP2Cδ and Wip1) is a PPM1 type Ser/Thr phosphatase. 

Overexpression of PPM1D and amplification of PPM1D gene are reported in various 

types of tumors (1-5). Previous reports suggested that abnormal upregulation of PPM1D 

is related to tumorigenesis (6). PPM1D belong to the PPM1 family of phosphatases, 

which share a conserved catalytic domain structure (7). However, each isoform also 

contains unique regions between conserved regions and/or in the N/C terminus (8). 

PPM1D has Pro-rich region, named the P-loop, as a unique region in the catalytic 

domain. Pro-rich sequences are protein-interaction sequences in various proteins (9-10). 

These unique regions should have a function for isoform specific regulation. 

     Our group have demonstrated that overexpression of PPM1D induces increase of 

the nucleolar number. In formation of nucleolus, pre-mature nucleolus is formed in early 

G1 phase. Maturation process of the nucleolus should be regulated for normal 

morphology of the nucleolus. Regulation factors of formation of the nucleolus are not 

still clarified.  

     In this study, I showed that the P-loop of PPM1D serves as a regulatory region for 

NPM decamer formation. Substitution of P-loop increases the nucleolar number and the 

micronucleolar formation, suggesting P-loop negatively regulates PPM1D.  
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4.3. Experimental procedures 

 

4.3.1. Plasmid construction 

     Substitution mutant of P-loop are generated with followed strategy. Frist PCR 

was performed with forward primer (5’-CTTTCCTGCGTTATCCCCTG-3’, 

5’-GAACCGAGTGGATCCTCCGTGGCCTTT-3’, 5’-GAACCGAGTGGATGCTGCC 

GCCGCCGT-3’) and reverse primer (5’-TCCACTCGGTTCGGGCTCCACAAC-3’, 

5’-GAGGTTTTCACCGTCATC-3’). Second PCR was carried out with first PCR 

fragments. Using primers of first PCR, third PCR was performed. Expression vectors 

were used with phCMV2 (Gene Therapy Systems, Inc., San Diego, CA) and pCold I 

(Takara, Japan) for human cell and E.coli, respectively. 

 

4.3.2. Expression and purification of human PPM1D catalytic domain 

     Purification methods of His-PPM1D(1-420) are described in chapter 2. For 

purification of SubP1 mutant, I modified followed buffer: lysis buffer (25 mM 

HEPES-NaOH pH7.5, 1 M NaCl, 1 mM MgCl2, 10% Glycerol, 0.2% TritionX-100 and 

1 mM APMSF), elution buffer (25 mM HEPES-NaOH pH7.5, 150 mM imidazole, 200 

mM NaCl, 1 mM MgCl2, 10% Glycerol, 0.005% TritionX-100), ion exchange 

chromatography start buffer (25 mM HEPES-NaOH pH7.5, 100 mM NaCl, 1 mM 

MgCl2, 10% Glycerol, 0.005% TritionX-100) and ion exchange chromatography elution 

buffer (start buffer containing 1 M NaCl). 

 

4.3.3. Kinetic analysis of enzymatic activity 

     Kinetic analysis was carried out in 50 mM Tris-HCl pH7.5, 50 mM NaCl, 30 mM 
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MgCl2, 0.1 mM EGTA, 0.02% 2-mercaptoethanol, with 2 nM His-PPM1D(1-420). 

Substrate sequences were Ac-VEPPLS(P)QETFSDLW-NH2. Parameters of 

Michaelis-Menten equation were calculated by fitting data points with KaleidaGraph4.0 

(HULINKS, Japan). Michaelis-Menten equation is followed.  

v = (Vmax) [S] / (Km + [S]) 

 

4.3.4. Size exclusion chromatography analysis 

     PPM1D were analyzed with Superdex 200 (GE healthcare, England) with SEC 

elution buffer (25 mM HEPES-NaOH pH6.8, 500 mM NaCl, 1 mM MgCl2, 10% 

Glycerol, 0.005% TritionX-100)  
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4.4. Results 

 

4.4.1. Effect of the PPM1D specific P-loop on micronucleoli formation 

     To analyze the contribution of the PPM1D specific P-loop on the nucleolus and 

the micronucleoli formation, the P-loop was replaced with the corresponding sequence 

of PPM1A, another PPM1 family isoform, and this substitution mutant was named as 

Sub-P1 and SubP2, respectively (Figure 4-1). Prediction of second structure of P-loop 

indicated a turn structure in P-loop. Sub-P2 has the estimated turn but not SubP-1. 

Stably expressing PPM1D mutants were established using the H1299 cell line, which is 

a human non-small lung cancer cell line. Western blotting analysis confirmed PPM1D 

protein level of each stable cell line (Figure 4-2, Table 4-1). I next analyzed the 

numbers of nucleoli in a nucleus, and the relation between PPM1D level and nucleoli 

number is shown in Table 4-1. Percentages of cell with micronucleoli were also 

analyzed. Nucleoli number and percentages of cell with micronucleoli were increased in 

PPM1D overexpressing cell line whereas percentages of cell cycle stages are almost the 

same among each cell line (Figure 4-3). Interestingly, the nucleolar numbers were 

increased in SubP1 and Sub2 stable cell lines compared with PPM1D WT. Notably, 

SL-176 treatment decreased the effects of P-loop substitution on the nucleolar number 

and micronucleolar formation, indicating that the P-loop may regulate PPMD activity 

(Table 4-1). 

 

4.4.2. Regulation of PPM1D specific P-loop on phosphatase activity of PPM1D 

Pro-rich regions are important regions for protein-protein interactions. I next 

analyzed PPM1D oligomerization by size exclusion chromatography. The His-tag fused 
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PPM1D catalytic domain was expressed in E. coli. Proteins purified with His-affinity 

and ion exchange chromatography were then analyzed by gel filtration chromatography. 

Purities of purified samples were confirmed with SDS-PAGE analysis (Figure 4-4). The 

elution peak of His-PPM1D(1-420) contained oligomer and monomer peaks (Figure 

4-5). However His-PPM1D(1-420) SubP1 scarcely formed oligomers. Kinetics analysis 

of each peak was also performed. The Km value of oligomers and monomers were 

almost the same toward substrate peptides (Figure 4-6, Table 4-3). The Km value of 

oligomers and monomers suggested that the affinity of protein and substrate did not 

change, meaning that structure of the substrate binding site of His-PPM1D(1-420) is the 

same as His-PPM1D SubP1. On the other hand, the kcat value of oligomer decreased to 

26%. These data suggest that PPM1D may be regulated negatively via homo-oligomer 

formation. 
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Figure 4-1 Sequence comparison of PPM1D P-loop with PPM1A 

A) Sequence of PPM1D P-loop. Line is sequence whish forms β-sheet in crystal structure of PM1A. 

Broken and wave line are estimated β-sheet and turn region, respectively. B) Sequence of Sub-P1 

and SubP2. 
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Figure 4-2 Expression level of PPM1D in stable clones 

Flag5 tagged PPM1D SubP1/2 were expressed in H1299 PMD-SubP1-F6, H1299 PMD-SubP1-F10 

and H1299 PMD-SubP2-F12. Actin was used for loading control. 
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Table 4-1 Repression of micro-nucleolus in H1299 clones by SL-176  

 

Data were analyzed by counting the cells which have the micro-nucleolus. Total cell numbers were 

shown on table. Concentration of Sl-176 was 2 μM. 
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Figure 4-3 Cell cycle of H1299 and PPM1D SubP1/2 stable clones 

Cell cycle of H1299 PMD-9, H1299 PMD-12, H1299 PMD-F4, PMD-SubP1-F6, H1299 

PMD-SubP1-F10 and H1299 PMD-SubP2-F12 was analyzed with flow cytometory. Data represent 

the mean ± S.D. of 3 independent experiments. 
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Figure 4-4 SDS-PAGE of His-PPM1D(1-420) WT and His-PPM1D(1-420) SubP1 

Protein was detected with CBB staining. 
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Figure 4-5 Oligomer formation of His-PPM1D(1-420) 

A) Analysis of oligomerization of PPM1D by SEC. Fractions were collected as oligomer peak and 

monomer peak. Analysis was performed at 4oC. B) SDS-PAGE of fractions of oligomer peak and 

monomer peak. Protein was detected with CBB staining. 
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Figure 4-6 Kinetic analysis of oligomer and monomer peak of His-PPM1D(1-420) 

 Kinetic analysis was performed toward Ac-VEPPLS(P)QETFSDLW-NH2 peptide which is PPM1D 

target sequence derived from p53. Enzyme concentrations were 2 nM. Data represent the mean ± 

S.D. of 3 points, respectively, from independent experiments. 
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Table 4-2 Parameter of kinetic analysis of PPM1D oligomer and monomer  

 

 

Data were calculated by data of figure 3-5. Values of ± were fitting errors. 
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4.5. Discussion 

This study demonstrated that PPM1D regulates the nucleolar number and 

micronucleolar formation. I also identified P-loop as a regulation region of PPM1D. In 

vitro analysis showed oligomer formation of PPM1D via the P-loop. Kinetic analysis of 

phosphatase activity suggested that oligomerization negatively regulates PPM1D 

turnover but not affinity to substrate. A previous study reported the dimerization of 

cyanobacterial PPM1 phosphatase (11). This indicates that homo-interaction of PPM1 

family members is conserved among PPM1 orthologs. Ser4 and Thr199 of NPM affect 

micronucleolar formation. Ser4 and Thr199 are phosphorylated by CDK1 and PLK1 

kinase, which are activated by PPM1D and dependent on PPM1D phosphatase activity 

(12). P-loop substitution mutants enhanced the nucleolar number and micronucleolar 

formation, and the enhanced effects were inhibited by the SL-176 PPM1D inhibitor. 

Therefore, substitution effects of P-loop were associated with upregulation of PPM1D 

phosphatase activity.  

The P-loop contains four phosphorylation sites (13) (Table 4-3). Two sites, Ser54 

and Ser96, have been characterized as destabilization factors of PPM1D (13). In 

addition, phosphorylation prediction based on kinase motifs proposed six 

phosphorylated sites in the P-loop (14). Taken together, 7 sites in the P-loop, which 

comprise 9.9% (7/71) of amino acid residues of the P-loop, could be phosphorylated. In 

a mutation database of tumors, 7 mutations in the P-loop residue have been reported 

(15) (Table 4-4). These reports suggested the P-loop is an important regulation region 

of PPM1D. Taken together, these findings suggest that PPM1D is negatively regulated 

by oligomerization via the P-loop. Further study is required to clarify the mechanism of 

PPM1D oligomerization via posttranslational modifications of the P-loop.  
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Table 4-3. Phosphorylation site of P-loop  

 

 

Ser54 and Ser85 were reported as HIKP2 kinase target. Proteomics analysis showed Ser40, Ser46 

and Ser85 were phosphorylated. Prediction based kinase motif proposed that 6 sites are 

phosphorylated by p38 MAPK, GSK3, PKA, ATM and/or PKC kinase. In sequences, green, red and 

blue letter are hydrophilic, acidic and basic amino residue, respectively. 
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Table 4-4. Missense mutations of P-loop in tumors  

 

Reference: Gao et al. (15)         
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5. Conclusions 

 

5.1. Conclusions 

     Morphologies of the nucleolus are important cytodiagnostic criteria for tumor 

malignancy. Increase of the nucleolar number is observed in malignant tumors. In 

various tumors, protein overexpression and gene amplification of the proto-oncogene 

PPM1D have been reported. As with nucleolar number, overexpression of PPM1D is 

also a poor clinical prognosis marker of gastric, lung and colorectal cancer (1-3). 

PPM1D was identified as a regulation factor of the nucleolar number in our previous 

study (4). Overexpression of PPM1D increases the nucleolar number via 

phosphorylation of NPM. The CDC25C-CDK1-PLK1 pathway activated by PPM1D 

phosphorylates NPM at Ser4 and Thr199. Our study suggested a relationship between 

nucleolar regulation and function and PPM1D and indicated that PPM1D is an attractive 

target for anti-cancer chemotherapy.  

The findings from this study propose a regulation mechanism of NPM 

oligomerization state by PPM1D. Phosphorylation of Ser4 and Thr199 NPM, which are 

regulated by PPM1D, destabilize decamer formation of NPM. Destabilization of NPM 

decamers induced an increase of the nucleolar number and formation of micronucleoli, 

named by our group as NPM foci in the nucleus. PNB is a structure in nucleus that is 

formed in early G1 phase (5). PNB is observed as NPM foci, and resembles 

micronucleoli. Phosphorylation of Thr199 in NPM decreases ribosome biosynthesis (6), 

and the main functions of the nucleolus and PNB are ribosomal biosynthesis (7). Taken 

together, I propose a hypothesis by which phosphorylated NPM on Ser4 and Thr199 

prevents formation of the nucleolus and PNBs.  
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     The P-loop was identified as a regulation region of the nucleolar number. 

Oligomer formation of PPM1D via P-loop could regulate its phosphatase activity, 

negatively. Regulation mechanisms of PPM1D are not clarified. This study proposed a 

novel regulation mechanism of PPM1D phosphatase activity. Additionally, Ser54 and 

Ser96 on P-loop were reported as posttranslational modification sites (8) The P-loop 

contains phosphorylation sites as reported by proteomics analysis (9-14), and PPM1D 

oligomer formation may be regulated by these phosphorylation sites. SL-176 repressed 

the increase of nucleoli number regardless of P-loop substitution. This indicates that 

SL-176 can inhibit PPM1D even if PPM1D is activated by oligomer destabilization. 

SL-176 effectively decreased the nucleolar number. This study suggested that SL-176 is 

a hopeful lead compound for chemotherapy targeting the increase of the nucleolar 

number. 

Taken together, I propose a regulation model of the nucleolar formation via 

PPM1D (Figure 6-1). Overexpressed PPM1D increases NPM phosphorylation on Ser4 

and Thr199 via activation of CDK1 and PLK1. Phosphorylated NPM is destabilized for 

decamer formation, suggesting that interaction of NPM to binding factors should be 

weakened. As a result, PPM1D induces the micronucleolus and nucleolar number. 

P-loop also negatively regulates PPM1D activity, and the P-loop contains 

phosphorylated sites. Modifications at the P-loop could affect the nucleolar number via 

PPM1D regulation. These results suggest that the P-loop of PPM1D can be a target for 

anti-cancer therapy. Both the nucleolar number and PPM1D overexpression are 

prognosis markers of malignant tumors. The model proposes a relationship between 

PPM1D and nucleolar number without the tumor suppressor protein p53. SL-176 

inhibits PPM1D activity and represses the nucleolar number, suggesting that SL-176 
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can be used as a lead compound of chemotherapy for p53-negative tumors. 

 

     In summary, this study proposes a model by which PPM1D regulates the 

nucleolus via NPM oligomerization. The P-loop is a regulation region of PPM1D and 

affects nucleolus formation. SL-176 is a PPM1D specific inhibitor that represses 

proliferation of PPM1D overexpressing cells. SL-176 also decreases the nucleolar 

number. SL-176 is useful as a lead compound for anti-cancer chemotherapy. To develop 

a novel cancer chemotherapy strategy, a relationship between the increase of the 

nucleolar number, which is regulated by PPM1D, and tumor prognosis should be 

examined. 
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Figure 5-1 Model of increase of the nucleolus by PPM1D 

PPM1D inhibits maturation of the nucleolus via destabilization of NPM decamer. Destabilization of 

NPM by PPM1D. PPM1D is negativity regulated by its P-loop though oligomerization. 
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