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5-ABFDA S-aminobutylfluorescein diacetate

5-CFDA 5-carboxyfluorescein diacetate

AP Alkaline phosphatase

ATM Ataxia telangiectasia-mutated protein kinase
ATR ATM and Rad3-related protein kinase
BRCAI1 Breast cancer growth suppressor protein 1
Chk1/2 Checkpoint kinase

ERK-1/2 Extracellular signal-regulated kinase
FBS Fetal bovine serum

H2AX H2A histone family, member X

HAT Histone acetylase

HDAC Histone deacetylase

IR Ionizing radiation

LIF Leukemia inhibitory factor

MAPK Mitogen-activated protein kinase
MCF7 Michigan cancer foundation 7

MEF Mouse embryonic fibroblast

MSK1 Mitogen-and stress-activated kinase 1
mTOR Mammalian target of rapamycin
NCOA Nuclear receptor co-activators
NCOR Nuclear receptor co-repressor

NLS Nuclear localization sequence
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PAX6 Paired box 6
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PI3K Phosphoinositide 3 kinase

PPIA Peptidylprolyl isomerase A
PPM1D Protein phosphatase 1D

RA Retinoic acid

RAR Retinoic acid receptor

RXR Retinoid X receptor

SAR Structure activity relationships
STAT Signal transducer and activator of transcription
TGF-B Transforming growth factor

uv Ultraviolet



1. General introduction

1.1. Wild-type p53-induced phosphatase 1, PPM1D

Protein phosphatase 1D (PPMI1D, also known as Wipl and PP2C9) is a member
of the PPMI type serine/threonine phosphatases. PPM1D was originally identified as a
tumor suppressor protein p53 target product, which is induced by ionizing radiation (7).
PPMI1D dephosphorylates and inactivates various critical factors, including activated p53,
p38, mitogen-activated protein kinase (MAPK), ATM, Chk1/2, and H2AX, in response
to DNA damage (2-7). PPMI1D plays a critical role in modulating the cell cycle by
negatively regulating the p5S3 pathway and DNA damage checkpoints (Figure 1-1).

The PPM1 family has 12 isoforms. The amino residues in the active center and
the sequences in the catalytic domain are highly conserved among PPM1 family members
(Figure 1-2). PPM1D possesses two unique loop regions in the catalytic domain (§). The
proline-rich loop, or P-loop, is located at the opposite side of the active center, and the
basic amino acid-rich loop, or B-loop, is located near the active center. Both loops are
considered to exert specificity for substrates and regulate the phosphatase activity
(Figure 1-3).

The PPMID gene is located at 17q23.2, and PPM1D605 comprises six exons.
Our group has reported an alternative splice variant PPM1D430, which shares the
catalytic domain (1-420 aa) and an additional 10 residues (Figure 1-4, 1-5). Real-time
polymerase chain reaction analysis using a human tissue cDNA panel showed that
PPMI1D605 is ubiquitously expressed in all tissues, and PPM1D430 is especially

expressed in testes and leukocytes ().



Genotoxic stress

%ation e
G

@éa@

®
Cos8)

Pa
©
B
B
©,

®
B
B
®

Ee

Figure 1-1. The main function of PPM1D phosphatase in normal cells. In response to
genotoxic stress such as IR and UV, p53 is activated by DNA damage response proteins
such as ATM/ATR, p38 MAPK and Chk1/2. PPM1D is transcriptionally upregulated by
p53 and dephosphorylates these proteins. This negative feedback mechanism is necessary

for recovery after DNA damage and some stresses.
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Figure 1-2. Domain structure of PPM1 family isoforms. Each isoform has a highly
conserved catalytic domain. The inherent region of each isoform exerts the specific

regulation and the substrate preference.
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Figure 1-3. Schematic structure (A) and structure model of PPM1D catalytic domain (B).
PPMID consists of two domains: catalytic domain (1-420) and regulatory domain (421-
605). There are two unique loop region, P-loop and B-loop, in catalytic domain.
Homology modeling of PPM1D(5-385) was estimated based on the crystal structure of
PPMI1A, and PPM1B and PPM1K.
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Figure 1-4. Schematic structures of alternative splicing of PPM1D gene. PPM1D605 and
PPM1D430 mRNAs are generated by alternative spicing. The major transcript is
contained six exons, exon 1, 2, 3, 4, 5 and 6, and translated to PPM1D605. The minor
transcript is spliced with inserted exon 5’ between 5 and 6, result in translation to

PPM1D430.
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Common sequence

1 MAGLYSLGVSVFSDQGGRKYMEDVTQIVVEPEPTAEEKPSPRRSLSQPLP
PRPSPAALPGGEVSGKGPAVAAREARDPLPDAGASPAPSRCCRRRSSVAF
FAVCDGHGGREAAQFAREHLWGF IKKQKGFTSSEPAKVCAAIRKGFLACH
LAMWKKLAEWPKTMTGLPSTSGTTASVVIIRGMKMYVAHVGDSGVVLGIQ
DDPKDDFVRAVEVTQDHKPELPKERERIEGLGGSVMNKSGVNRVVWKRPR
LTHNGPVRRSTVIDQIPFLAVARALGDLWSYDFFSGEFVVSPEPDTSVHT
LDPQKHKYIILGSDGLWNMIPPQDAISMCQDQEEKKYLMGEHGQSCAKML
VNRALGRWRQRMLRADNTSAIVICISPEVDNQGNFTNEDELYLNLTDSPS
YNSQETCVMTPSPCSTPPVK 420

PPM1D605(421-605)

421 SLEEDPWPRVNSKDHIPALVRSNAFSENFLEVSAEIARENVQGVVIPSKD
PEPLEENCAKALTLRIHDSLNNSLPIGLVPTNSTNTVMDQKNLKMSTPGQ
MKAQEIERTPPTNFKRTLEESNSGPLMKKHRRNGLSRSSGAQPASLPTTS
QRKNSVKLTMRRRLRGQKKIGNPLLHQHRKTVCVC 605

PPM1D430(421-430)

421 DFGFELDSRK 430

Figure 1-5. Schematic domain of PPM1D variants (A) and amino acid sequence (B).
PPM1D605 and PPM1D430 share the catalytic domain (1-420) which has P-loop (red)

and B-loop (blue) and possess individual sequence in C-terminal.



1.2. PPM1D aberration in tumors

Our group demonstrated that PPM1D overexpression induces an increase in
nucleolar number, which is a marker of cancer prognosis, via the CDC25C-CDK1-PLK1
pathway (9). The amplification and overexpression of PPM1D have been reported for
various tumors, including breast cancer, ovarian cancer and neuroblastoma (Table 1-1)
(10-35). Truncation and gain-of-function mutations have been found in cancers (24). It
has been also reported that C-terminal truncation of PPM1D leads to increases in protein
stability and phosphatase activity. Aberrant PPM1D has been associated with poor
prognosis for patients in several cancers (23, 36). Therefore, PPM1D is considered as a

potential oncogene, and it is a promising target protein in cancer therapy.

1.3. PPM1D inhibitors

Inhibitors that have high affinity and specificity to the PPM1D protein would
generate a molecular target therapy (Table 1-2). A first specific inhibitor was designed
based on the PPMID substrate sequence. The thioether cyclic phosphopeptides
c(MpSIpYVA) and c(FpSIpYDD) inhibited PPM 1D phosphatase activity in vitro (37, 38).
CCTO007093 was identified by screening a small molecule library (39). Although
CCTO007093 was assayed for the inhibitory activity against cells with high expression of
PPMI1D and it was used in many studies, currently it is considered as a non-specific
inhibitor. The novel orally available inhibitor GSK2830371 potently inhibited PPM1D

activity in vitro and in vivo (40).



Table 1-1. Gene amplification and overexpression of PPM1D. In many tumors, gene
amplification and overexpression of PPM1D are reported. Table 1-1 was reported by

several papers and modified by our laboratory.

Gene MmRNA/ *Protein

Tumors e - Mutation Reference
Amplification Overexpression
371326 (11%) Bulavin etal. [10]
26/164 (16%) Li et al. [11]
13/117 (11%) Rauta et al. [12]
Breast cancer 7120 (35%) Yu et al. [13]
8/95 (8%) Natrajan et al. [14]
10/181 (6%) Lambros et al. [15]
18/6912 (0.3%) Ruark et al. [16]
8/20 (40%) Hirasawa et al. [17]
Ovarian clearcell  g/g9 (1005 Tan et al. [18]
carcinoma

1211121 (1%) Ruark et al. [16]
Neuroblastoma 23/25 (92%) 9/32 (28%) Saito et al. [19]
24/47 (51%) 148/168 (88%) Mendrzyk et al. [20]
6/16 (37%) 311 (27%) Ehrbrecht et al. [21]

Medulloblastoma )
7/11 (64%) 16/33 (48%) Castellino st al. [22]
. 45/81 (55%) Liang et al. [23]

Gliomas

4/14 (29%) Zhang etal.  [24]
52/75 (69%) Fu et al. [25]

Lung cancer o
5/543 (1%) Zajkowicz et al. [26]
252/368 (68%) Peng et al. [27]
Colorectal cancer *102/120 (85%) Lietal [28]
4/304 (1%) Kleiblova et al. [29]
*48/81 (59%) Xu et al. [30]

Hepatocellular cancer )

56/86 (65%) Li et al. [31]
Kidney cancer *53/78 (68%) Sun et al. [32]
Pharyngeal cancer 58/85 (69%) Sun et al. [33]
Thyroid cancer 5/402 (1%) Agrawal etal. [34]
Prostate cancer 3/3 (100%) Jiao et al. [35]
Pancreatic cancer 8/13 (11%) 311 (27%) Ehrbrecht et al. [21]




Table 1-2. List of representative PPM1D inhibitors. Structure and inhibitory activity

toward PPM 1D enzyme were shown.

compound structure ICs
) i o< S (NH, .
CyClIC peptlde Met—pSer—Ile-pTyr-VaI-AIa—H (¢} 3.7 }JM [16]
) ) o< S« /NH,
cyclic peptide Phe-pSer—lle—pTyr~Glu-Glu-N" "0 0.1 uM* [17]
AP4-3E-A Ac-VEPPL(AP4)QEEEEDLW-NH, 7.8 UM ** [11]
i
CCT007093 —~ O 8.4 UM *** [18]
& £
i\ Y
GSK2830371 Ol o p oy 294 nM ** [19]
IR RV RS
\Elsfo g7
H é
SPI1-001 7Y 0.48 uM ** [29
H/, OH “ [ ]
)
_/Si'O \\S{/j
SL-176 0 110 nM ** [30]
H Yoo

in vitro phosphatase assay; Substrates
*; p38(pT180, pY182) peptide, **; p5S3(pS15) peptide, ***; full length recombinant p38



We have developed a PPM1D inhibitor, SPI-001 (47), which potently inhibited
phosphatase activity in vitro. SPI-001 also suppressed cell proliferation in a PPM1D-
overexpressing human breast cancer cell line. Based on SPI-001 and a structure-activity
relationship analysis, we have found a novel inhibitor, SL-176 (42). The molecular weight
of SL-176 was reduced, and its inhibitory effect on cell viability was enhanced. Although
SL-176 is used as a powerful tool for studying PPMI1D in vitro, it is also of interest to

optimize SL-176 and improve its inhibitory activity, specificity, and bioavailability.

1.4. Functions of PPM1D in physiological processes

Several studies have revealed the physiological functions of PPMI1D such as
regulation of cell senescence, autophagy, neurogenesis, spermatogenesis, immune
response, maintenance of stem cells, and functional maturation of hematopoietic cells
(43—49). In mesenchymal, neural, and hematopoietic stem cells, PPM1D maintains
stemness through suppression of the p53 pathway, and PPM1D deficiency induces cell
differentiation, cell death, and senescence (47—-49). Recent evidence has supported the
idea that PPM1D is a candidate gene for intellectual disability (50). Excess stem cell death
was reported in Ppm d knockout mice testes. Moreover, Ppm[d-deficient germ cells have
a condensed chromatin structure, indicating the formation of a heterochromatin structure.
PPMID also directly suppresses ATM-BRCAIl-dependent DNA methylation and

heterochromatin formation (57).

10



1.5. Cell differentiation and retinoic acid signaling

Cell differentiation is an important process that generates multiple specialized cell
lineages from unspecialized cells in response to appropriate stimuli (Figure 1-6). This
phenomenon is mainly controlled by transcriptional factors under intrinsic and extrinsic
signals, as well as the epigenetic status of cells and the microenvironment (52, 53). Many
intracellular signaling pathways, such as LIF/STAT, TGF-B, WNT/B-catenin, Notch,
Hedgehog, and retinoic acid (RA) pathways, are known as regulators of both pluripotency
and differentiation (54-57). Studying developmental cell biology will not only further our
understanding of cell development and differentiation, but also may contribute to the
development of therapeutic strategies for diseases caused by dysregulation of cell
differentiation (58—60).

RA, the active metabolite of vitamin A, plays key roles in various biological
processes, such as embryonic development and cell differentiation. RA is also a promising
agent for cancer therapy (61, 62). RA binds to a nuclear RA receptor (RAR) that
comprises three subtypes (a, p and y). RARs form a heterodimer complex with the
retinoid X receptor (RXR). According to the classical model, the RAR-RXR complex
binds to a RA response element in RA target genes. A ligand-dependent conformational
change of RAR upon binding and the coregulator exchange occur, resulting in the
activation of transcription (Figure 1-7) (63). Several studies have demonstrated non-
genomic effects of RA on functions that activate the MAPK pathways in several cell lines
(64—69). RA rapidly and transiently induces the activation of MAPKs, and they then

translocate to the nucleus, where they phosphorylate several proteins. This process would

11
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Figure 1-6. Scheme of stem cell differentiation. Stem cells can differentiate into multiple

cell types of human tissue.
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RA-mediated gene activation

Figure 1-7. The canonical model of regulation of RA-mediated gene activation by RAR-
RXR heterodimers. RAR and RXR form heterodimer and bound to RA response elements.
In the absence of RA, co-repressors such as nuclear receptor co-repressor (NCOR) and
histone deacetylase (HDAC) bind to RAR. In presence of RA, co-repressors are released
and co-activators such as nuclear receptor co-activator (NCOA) and histone acetylase

(HAT) are recruited. This complex activates transcription of target genes.

13



facilitate the exchange of coregulators and gene expression (Figure 1-8).

1.6. Aims of this study

It has been shown that PPM 1D maintains stemness, as described above. However,
the precise mechanism for regulating cell stemness and its function in differentiation
induction signaling still remain obscure. To understand the function of PPMI1D in cell
differentiation, a biochemical approach using inhibitors is important. It is also essential
to clarify the identity of PPMI1D target proteins and the control mechanism in the
differentiation induction process. In this study, I (1) developed PPM1D inhibitors and (2)
elucidate the function of PPM1D in RA differentiation induction in the human embryonic

carcinoma cell line NT2/D1.

14



RA-mediated MAPKSs activation
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Figure 1-8. The non-canonical model of RA-mediated activation of kinase cascades. RA
rapidly and transiently several kinase cascades. Activated MAPKs phosphorylate

downstream proteins such as MSK1 and co-factors.
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2. Development of novel PPM1D inhibitors

2.1. Abstract

PPM1D phosphatase is frequently amplified and overexpressed in human tumors.
It has been reported that truncation mutations in tumors increase phosphatase activity via
stabilization. Thus, PPM1D is implicated as a potential oncogene, and inhibitors targeting
PPM1D would be promising candidate anticancer agents. Our group previously reported
that the PPM 1D inhibitor SL-176 effectively prevented cancer cell viability. In this study,
I conducted structure-activity relationship (SAR) studies of SL-176 to further understand
and characterize the inhibitory activity mechanism of SL-176 and its analogs.

To identify the important moieties of SL-176 against PPMID inhibition, I
examined in vitro phosphatase assay and MCF7 cell viability assay against a series of
substituted compounds of two hydrophobic moieties. Replacement of two hydrophobic
moieties with hydrogen or other less bulky groups substantially decreased the inhibitory
activity. Substitution to a planar bulky molecule moderately decreased inhibitory activity.
These results suggested that the presence of a hydrophobic group is required to inhibit
PPM1D phosphatase activity and decrease cell viability and that the sterically demanding
groups with high lipophilicity are more suitable for inhibition.

Next, to examine the effect of carboxylic acid on SL-176, a series of compounds
with substituted hydrophilic groups was tested. The amine form, SL-177, had a lower
inhibitory activity than the primary alcohol form SL-175 in in vitro phosphatase assay,

while SL-177 suppressed MCF7 cell viability more strongly than SL-175. Next, I
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designed new compounds that have an amino alkyl-ester band, namely SL-180 and SL-
183. Both compounds showed modest inhibitory activity toward PPMI1D; in contrast,
they inhibited MCF7 cell viability more potently. Moreover, I examined the intracellular
uptake rate using different modified fluorescein diacetates. The amine fluorescein showed
a faster incorporation rate than did the carboxylic acid fluorescein. The intracellular
metabolism analysis by LC-MS/MS revealed that SL-183 was converted into SL-176 in
the cells. Furthermore, I analyzed the PPMI1D specificity of SL-183 and SL-176 at the
cellular level. SL-183 preferentially inhibited PPMI1D-overexpressed cell viability.
Overall, SL-183 was effectively incorporated into the cells. SL-183 was converted to SL-
176 and strongly reduced cell viability depending on the PPM1D expression level.
These results suggested that SL-176 effectively inhibited PPM1D phosphatase
activity via interaction with the hydrophobic moieties and the amine-esterified the
carboxylic acid of SL-176 to improve its inhibitory activity. This study provided an

effective strategy for developing new PPM1D inhibitors.
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2.2. Introduction

The wild-type p53-induced phosphatase PPM1D plays a homeostatic role by
inactivating DNA damage responses following genotoxic stress (/—3). The increased
PPMI1D levels result in downregulation of p53 and stress response pathway, implying that
PPMID is a potential oncogene. PPMID has been found to be amplified and
overexpressed in several tumors, such as human primary breast, ovarian, and
neuroblastoma tumors (4-9). Thus, PPM1D is a potential therapeutic target in tumors. It
is necessary to develop a novel compound having potent and specific inhibitory activity
to obtain an effective outcome.

Our laboratory has developed PPMID inhibitors. SPI-001 was identified by
screening a chemical library for PPM 1D phosphatase activity (10). SPI-001 showed very
strong inhibition against PPM1D with a sub-micromolar ICso value. A SAR analysis
indicated that two hydrophobic moieties are responsible for the inhibitory activity of SPI-
001 against PPM1D. However, SPI-001 required 33 steps in synthesis. SPI-001 also has
a molecular weight over 500 and calculated distribution coefficient (ClogD) over 5.0.
Generally, the rule of 5 predicts that poor absorption or permeation is likely when the
molecular weight is greater than 500 and the ClogD is greater than 5 (1/—13). Therefore,
our group developed smaller analogs of SPI-001, including SL-176 to overcome its poor
solubility and high lipophilicity (/4). SL-176 has two hydrophobic moieties and a
carboxyl group. SL-176 more potently suppressed MCF7 cell viability than did SPI-001,
and it specifically inhibited PPM1D phosphatase activity. Treatment with SL-176

increased the phosphorylation level of p53 in cells and induced apoptosis.
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In this study, I studied the SAR of SL-176 against hydrophobic and hydrophilic
moieties to identify important moieties for PPM1D inhibition and to develop new

compounds that have inhibition more potent than that of SL-176.
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2.3. Experimental procedures

2.3.1. Chemicals
SL-175, SL-176, SL-177, SL-180, SL-183, SL-188, SL-189, SL-194, SL-195, SL-
196, 5-carboxyfluorescein diacetate and S-aminobutylfluorescein diacetate were obtained

from Laboratory of Organic Chemistry II (Faculty of Science, Hokkaido University).

2.3.2. Invitro phosphatase assay

PPM1D(1-420) was purified as His-Tag protein as preciously described (14). All
peptides were manually synthesized using the Fmoc protection strategy of solid phase
peptide synthesis. Fmoc amino acids were obtained from Novabiochem. The peptide
fractions were purified manually by reverse-phase HPLC using Vydac C 8 (22x 250 mm).
The HPLC peaks were analyzed by MALDI-TOF-MS. Phosphatase activity assays by
measuring the released free phosphate using the BIOMOL GREEN Reagent (Enzo life
sciences). All assays were carried out in 50 mM Tris-HCI pH7.5, 50 mM NaCl, 30 mM
MgCl, 0.1 mM EGTA, 0.02% 2-mercaptoethanol, 0.5% DMSO with 2 nM His-
PPM1D(1-420) for 6 min at 30 °C. Substrate sequence was Ac-VEPPLS(P)QETFSDLW-

NH: (p53(pS15)).

2.3.3.  Cell viability assay
MCF7 human breast cancer cell line and H1299 human non-small-cell lung cancer

cell line were obtained from ATCC (Rockville, MD). H1299(PMD-9) was established as
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previous described (74). 1x10* cells were plated onto 96-well flat-bottomed plates and
incubated for 24 h. After 24 h, the cells were treated with a range of indicated
concentration. Cell viability was measured by MTS assay in Figure 2-4 and by Burker-
turk line (Erma, Japan) in Figure 2-8 and 2-10 after 3 days. Data fitting was carried out

by KaleidaGraph4.0 (HUKINKS).

2.3.4. Uptake rate assay using fluorescent prove
MCEF7 cells were plated onto 35 mm dish and incubated for 24 h. After 24 h, the
cells were treated with 0.1 uM 5-CFDA or 5-ABFDA. Cell were observed by

fluorescence microscopy (BZ-9000, KEYENCE).

2.3.5. Analysis of SL-183 metabolism

Metabolite extracts were prepared from MCF7 cells at 90% confluency in 10 cm
dish using 10 ml ice-cold acetone containing 10% PBS after SL-183 treatment for 6 hours.
Cell suspension was incubated O/N at room temperature. The supernatant was dried at
Laboratory of Organic Chemistry I (Faculty of Science, Hokkaido University). The dried
extract was reconstituted in 100 pl acetone and ultra-sonicated, and insoluble fraction was
spun down at 15,000 rpm for 5 min. Evaporative concentrated supernatant injected onto
the LC-MS/MS system (Global Facility Center, Hokkaido University). Chromatography
was performed on InertSustainSwift C18 (100 x 1 mm, 3 pm) with 10 x 1 mm guard
column. FT-MS and FT-MS/MS were operated in negative ESI mode by LTQ-Orbitrap

XL at scanning between 300-1,200 m/z.
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2.4. Results and Discussion

2.4.1. Structure-activity relationship studies of hydrophobic groups of SL-176
2.4.1.1. Compounds

To identify the important moieties of SL-176 against PPMI1D inhibition, I
designed a series of compounds in which two hydrophobic moieties were substituted with
small hydrophobic or comparable moieties (Figure 2-1). These compounds hare a trans

decalin framework and a carboxylic acid group.

2.4.1.2. Effect of analogs on in vitro phosphatase activity and MCF7 cell viability

The inhibition against PPM1D phosphatase activity was measured using
recombinant His-PPM1D(1-420) and a phosphorylated peptide derived from p53. SL-188,
which does not have a hydrophobic group, and SL-189, which is substituted to Bu,
reduced its inhibitory activity by 23% and 50%, respectively, at 1 uM (Figure 2-2, 2-3).
The substitution of TBS with the benzyl group (SL-194) or benzoyl group (SL-195)
moderately decreased inhibitory activity. The conversion of TES to TBS (SL-196) had no
effect on its inhibitory activity.

Next, I evaluated the effect on cell viability in PPM 1D overexpressed MCF7 cells
by MTS assay. SL-188 and SL-189 had little effect on cell viability (Figure 2-4). SL-194
and SL-195 did not decrease the viability completely, even at high concentrations. SL-

196 reduced cell viability with a potency similar to that of SL-176.
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Figure 2-1. Structure of SL-176 and its analogs
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Figure 2-2. Inhibitory activity of SL-176 and analogs. In vitro phosphatase assay was
carried out using His-PPM1D(1-420) enzyme and p53(10-21: pS15) peptide substrate.
The black circle; SL-176, the red square; SL-188, the blue triangle; SL-189, the open
black circle; SL-194, the open red square; SL-195 and the open blue triangle; SL-196.

Data represent the mean + S.D., n=3.
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Figure 2-3. Inhibitory activity of SL-188 and SL-189. In vitro phosphatase assay was
carried out using His-PPM1D(1-420) enzyme and p53(10-21: pS15) peptide substrate.

Data represent the mean + S.D., n=3.
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Figure 2-4. Cell viability of MCF7 cells under the treatment with a range of concentration
of SL-175, SL-176 and SL-177. Cell viability was measured after treatment for 3 days.
The black circle; SL-176, the red square; SL-188, the blue triangle; SL-189, the open
black circle; SL-194, the open red square; SL-195 and the open blue triangle; SL-196.

Data represent the mean + S.D., n=3.
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2.4.1.3. Discussion

Data for the compounds discussed here are listed in Table 2-1. A plot of ICso
values against cell viability versus ICso values against in vitro phosphatase assay clearly
showed that there is a correlation between inhibitory activity in vitro and in cells [Figure
2-5 (A)]. It has been reported that inhibition of high-level PPM1D expression arrests cell
growth. These data indicated that the major target of these compounds is PPMID. A
shared framework and a carboxyl group contributed to the exertion of PPM1D specificity.

Substitution of two hydrophobic groups with hydrogen (SL-188) or a less bulky
group (SL-189) substantially reduced inhibitory activity against PPM1D. These results
indicated that hydrophobicity in this position is important for PPM 1D inhibition in vitro.
It has been reported that decreased molecular lipophilicity impairs affinity for the target
protein (15). ClogD is the most commonly used measurement parameter for lipophilicity.
Although a shared molecule showed slight inhibitory activity and it might be responsible
for PPM1D specificity, SL-188 and SL-189 may have lipophilicity too low to fully
interact with PPM1D in their current structure. A strong negative correlation exists
between lipophilicity and anti-proliferative activity (R? = 0.94) [Figure 2-5 (B)]. This
result showed that compound lipophilicity is important for cell growth inhibition.
However, there is a negative correlation (R> = 0.83) when in vitro inhibition activity is
plotted against ClogD [Figure 2-5 (C)], and it can be divided into a sterically bulky
group and planar bulky group. The three-dimensionality and the presence of chiral centers
correlate with success as drugs (76). These results suggested that sterically demanding

hydrophobic groups, such as TES and TBS but not planar molecules, are suitable for
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Table 2-1. Data list of SL compounds.

in vitro

MCF7 cell

Compound R? R2 ICs, (M)  ICqo (WM) ClogD MW
SL-176 (C,Hs),Si  tBu(CH,),Si 027 +0.02 139+ 0.15 3.89 4568
SL-188 H H >1 >40 -2.08 228.3
SL-189 tBu tBu >1 > 40 1.60 340.5
SL-194 (C,H5),Si CsHsCH, 0.78 = 0.03 279+ 067 3.30 432.7
SL-195 (C,Hs)sSi CgHsC(=O) 0.72 +£ 020 256 + 091 347 4467
SL-196  tBU(CH,),Si BU(CH,),Si 0.20 +0.01 158 =108 370  456.8

Structure indicates the replaced moiety in this study.

ClogD value is measured using ChemAxon and chemicalize.com.
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Figure 2-5. (A) A plot of ICso value of cell viability versus ICso value of in vitro
phosphatase assay. SL-188 and SL-189 are plotted at highest tested concentration. (B) A
plot of ICso value of cell viability assay versus ClogD. R? = 0.94. (C) A plot of ICso value
of in vitro phosphatase assay versus ClogD. R? = 0.83. The black circle; SL-176, the red
square; SL-188, the blue triangle; SL-189, the open black circle; SL-194, the open red
square; SL-195 and the open blue triangle; SL-196.
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interaction with the surface or hydrophobic pocket of the PPM1D protein. Studies of the
stereoisomers of SL-176 may allow more appropriate inhibitors to be developed.

In summary, SAR studies revealed that two sterically demanding hydrophobic
groups of SL-176 are necessary to inhibit PPM1D. A common structure is part of this

functionality in that it exerts PPM1D specificity.

2.4.2. Structure-activity relationship studies of hydrophilic group of SL-176
2.4.2.1. Effect of SL-175 and SL-177 on in vitro phosphatase activity and MCF7 cell
viability

To examine the effect of carboxylic acid on SL-176, I focused on the simple SARs
of the carboxylic acid moiety of SL-176. SL-175 and SL-177 share a trans-decalin
framework and two hydrophobic moieties (Figure 2-6). The reduction of the carboxylic
acid to a primary alcohol (SL-175) or an amine (SL-177) was designed. The inhibitory
activity of these compounds against PPM 1D phosphatase was examined. I carried out in
vitro PPMI1D phosphatase assays and cell viability assays using the PPMI1D-
overexpressing MCF7 breast cancer cell line (Figure 2-7 and 2-8). SL-175 inhibited
PPMI1D at twice the ICso of SL-176 in in vitro phosphatase assay. Despite having a potent
inhibitory effect on the phosphatase activity in vitro, SL-175 showed a lower inhibitory
effect on MCF7 cell viability. SL-177 could strongly suppress MCF7 cell viability though

SL-177 had little effect on inhibiting the phosphatase activity in vitro.
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Figure 2-6. Structure of SL-175, SL-176 and SL-177
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Figure 2-7. Inhibitory activity of SL-175, SL-176 and SL-177. In vitro phosphatase assay
was carried out using His-PPM1D(1-420) enzyme and p53(10-21: pS15) peptide
substrate. The blue triangle, the black circle and the red square indicate SL-175, SL-176
and SL-177, respectively. Data represent the mean = S.D., n=9.
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Figure 2-8. Cell viability of MCF7 cells under the treatment with a range of concentration
of SL-175, SL-176 and SL-177. Cell viability was measured after treatment for 3 days.
The blue triangle, the black circle and the red square indicate SL-175, SL-176 and SL-

177, respectively. Data represent the mean + S.E., n=9.
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2.4.2.2. Effect of SL-180 and SL-183 on in vitro phosphatase activity and MCF7 cell
viability

The simple SAR studies also raised the possibility that the amine would promote
the cell viability inhibition of compounds that have the same structure as SL-176. These
results prompted me to examine the effect of the amine form further. Based on the
relationship between the different assays, I hypothesized that the amine allowed SL-177
to be better incorporated into the cell and accumulate to an effective concentration.

Next, I designed SL-180, the 2-aminoethyl-ester form of SL-176, and SL-183, the
4-aminobuthyl-ester form of SL-176 (Figure 2-9). The carboxylic acid could cause
metabolic instability and limit passive diffusion across biological membranes (77). Thus,
the carboxylic acid was masked by an ester band. I also expected that an amine promoted
the inhibition of cell viability. In vitro phosphatase assays showed that SL-180 and SL-
183 had little effect on PPMI1D (Figure 2-10). In contrast, SL-180 and SL-183 clearly

showed a more potent inhibition with a steep slope than that of SL-176 (Figure 2-11).

2.4.2.3. Effect of amine on intracellular uptake rate

I focused on the examination of SL-183 due to its potent inhibitory activity in
cells. To verify the hypothesis that the compound having an amine group is more easily
incorporated into cells, I analyzed the intracellular uptake rate using fluorescein. MCF7
cells were treated with 5-carboxyfluorescein diacetate (5-CFDA) or 5-
aminobutylfluorescein diacetate (5-ABFDA), and I observed fluorescence imaging at the

indicated times (Figure 2-12). 5-ABFDA was incorporated into cells immediately after
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Figure 2-9. Structure of SI-180 and SL-183.
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Figure 2-10. Inhibitory activity of SL-180 and SL-183. /n vitro phosphatase assay was
carried out using His-PPM1D(1-420) enzyme and p53(10-21: pS15) peptide substrate.

Data represent the mean + S.D., n=9.
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Figure 2-11. Cell viability of MCF7 cells under the treatment with a range of
concentration of SL-180 and SL-183. Cell viability was measured after treatment for 3
days. The black circle, blue triangle and the red square indicate SL-176, SL-180 and SL-

183, respectively. Data represent the mean + S.E., n=6 or 9.
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Figure 2-12. Structure of 5-CFDA and 5-ABFDA.
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treatment and 5-ABFDA was incorporated approximately 100 times faster than 5-CFDA
(Figure 2-13). This result showed that the difference between a carboxylic acid and an
amine in the same intramolecular system affected the intracellular uptake of compounds.

Thus, the 4-aminobuthyl-ester moiety provided an advantage for incorporation into cells.

2.4.2.4. Intracellular metabolite analysis of SL.-183

I conducted intracellular metabolite studies. MCF7 cells were treated with SL-183
for 6 h and the cell suspension was added to acetone. This crude cell extract was directly
analyzed by LC-MS/MS. I observed the same MS fragment that corresponded to SL-176
with a molecular ion at m/z 455.30 in MS and at m/z 131.08 and 209.11 in MS/MS (Figure
2-14 and 2-15). These results showed that SL-183 was converted into SL-176 and

functioned as a form of active SL-176 in the cells.

2.4.2.5. PPM1D specificity of SL-183

I analyzed the PPM1D specificity of SL-183 at the cellular level. I used H1299,
which expresses normal levels of PPM 1D, and a PPM1D-overexpressed cell line, namely
H1299(PMD-9), which our laboratory established by transgenic HA-PPM1D (74). The
anticancer agent etoposide suppressed H1299 cell viability significantly more than
H1299(PMD-9) (Figure 2-16). SL-176 showed a much more potent inhibition of cell
proliferation against H1299(PMD-9) cells than the H1299 cells (Figure 2-16). SL-183
inhibited H1299(PMD-9) cell viability significantly more than it inhibited H1299 cell

viability. This result indicated that SL-183 exerted PPM 1D specificity at a cellular level,
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Figure 2-13. The time-dependent change of fluorescent compound in MCF7 cells. MCF7
cell was added with 0.1 uM 5-CFDA or 5-ABFDA. Fluorescence images were obtained
at indicated times by fluorescence microscopy (A). Kinetic modeling was fitted using
GraphPad Prism 5 software (B).
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Figure 2-14. LC-MS/MS chromatograms of pure SL-176. The retention time is 19.66.
MS spectra show a mass of m/z 455. In the MS/MS spectra, two ions were detected: m/z

131 and 209. TIC, Total ion current chromatogram; MC, mass chromatogram.
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Figure 2-16. Cell viability of HI1299 and H1299(PMD-9) cells. Cell viability was
measured after treatment for 3 days. The concentration of etoposide is 10 mg/ ml (A) and
SL-176 and SL-183 is 10 uM (B), respectively. Data represent the mean + S.D., n=3.
**%*<(0.001, z-test.
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whereas its inhibitory activity was moderate.

2.4.3. Discussion

In this study, SAR showed that the replacement of the carboxylic acid into the
amino alkyl-ester promoted inhibitory activity against MCF7 cell viability. The
carboxylic acid group is an important pharmacophore due to establishment of relatively
strong electrostatic interactions and hydrogen bonds (/7). However, the presence of
carboxylic acid can decrease the passive diffusion across membranes and increase drug
toxicities due to the metabolism of the carboxylic acid moiety. Thus, the replacement of
the carboxylic acid group and masking of this moiety as an ester are effective strategies.
Moreover, one of the key parameters for defining lipophilicity is logD. It is well known
that high-permeability compounds had logD values of between 0 and 3, and low-
permeability compounds had logD values < —1.5 or > 4.5 (13). The ClogD of these
compounds is a relatively good value (Table 2-2).

Treatment with SL-183 for identical cell lines expressing different PPM 1D protein
levels significantly decreased cell viability, depending on the PPM1D expression level.
Etoposide, a commonly used anticancer agent, is less effective in H1299(PMD-9) cells,
suggesting that the PPM1D-overexpressed cancer has a high malignancy. In contrast, SL-
176 and SL-183 effectively decreased cell viability. This result indicated that these
inhibitors are attractive molecule-targeting drugs against cancer cells in which PPM1D is
overexpressed.

Treatment with etoposide also showed that the drug sensitivity of HI299(PMD-
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9) did not increase due to transformation. This result supported that SL-183 decreased the
cell viability via a specific inhibition of PPM1D at the cellular level.

From the sigmoidal proliferation inhibition curve in Figure 2-11, one can see that
the Hill coefficient >>1, indicating that SL-180 and SL-183 act via a positive cooperative
mechanism. This positive effect can be explained by an increase in potential interaction
sites between PPMI1D and these compounds, and the alteration of intracellular
concentrations of the compound. The C-terminal domain of PPM1D was not expressed
in in vitro phosphatase assay. Because the Hill coefficient reflects interaction, there is a
possibility that these compounds also interact with the C-terminal domain (/8). Although
general passive transport depends entirely on local concentration gradients, the driving
force of membrane transport cannot be simplified as a concentration gradient when
solubility is altered by decreased permeability (19). Metabolite analysis revealed that SL-
183 was converted to SL-176 in the cells. Given that the 4-aminobutylester promoted the
intracellular uptake rate, an unequilibrated concentration change of the active compound
in cells might confer positive cooperation for PPM1D inhibition.

An overall model for the mechanism of intracellular activation of SL-183 is shown
in Figure 2-17. SL-183, having 4-aminobutylester, was immediately incorporated into
cells and converted into SL-176. SL-176 accumulated due to the lower cell membrane
permeability of its carboxylic acid. SL-176 effectively decreased cell viability, depending
on PPM1D expression level.

Our group has previously demonstrated that two hydrophobic moieties are

responsible for the inhibitory activity of SPI-001 (70). In this study, I showed that the
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Table 2-2. Data list of SL compounds. Structure indicates the replaced moiety in this

study.
Compound Structure invitro — MCF7cell cioqp mw
ICs0 (NM)  1C5p (UM)
SL-175 CH,OH 216 £37 413 36 6.07 4426
SL-176 COOH 110 =15 74 £0.8 3.89 456.8
SL-177 CH,NH, >1000 13.5+£06 3.56 441.8
SL-180  C(=0)O-(C,H,)NH, >1000 6.2 +01 4.02 499.9
SL-183  C(=0)O-(C4Hg)NH,  >1000 46 +02 3.63 527.9

ClogD value is measured using ChemAxon and chemicalize.com.
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Figure 2-17. Mechanism model of intracellular activation of SL-183. SL-183 effectively
incorporated into cells and converted into SL-176. SL-176 was accumulated and

decreased cell viability.
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opposite side moiety also affects inhibitory activity. The molecular weight >500 is poor
for passive passage. Further studies are needed to decrease the lipophilicity while
maintaining the inhibitory character by advanced SAR studies of these moieties. In
conclusion, the introduction of an amino alkyl-ester into SL-176 improved its inhibitory

activity and provided an effective strategy for development of new inhibitors for PPM1D.
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3.Role of PPM1D in differentiation induction on NT2/D1 cells

3.1. Abstract

The Ser/Thr protein PPM1D (Wipl and PP2C9) is induced by p53 in response to
stress. Activation of PPM1D through various mechanisms promotes the tumorigenic
potential of various cancers by suppressing p53 and other DNA damage response proteins.
Recent studies have revealed the functions of PPM 1D in various cellular physiology and
pathological conditions other than DNA damage response. Although PPMI1D is receiving
increasingly great attention, the involvement of PPMID in any process, such as
differentiation induction, is still unclear.

In this study, I examined the role of PPM1D in the RA signaling pathway using
the human embryonic carcinoma cell line NT2/D1. The RA signaling pathway is involved
in processes such as cell development and differentiation. PPM1D knockdown decreased
alkaline phosphatase activity in NT2/D1 cells, suggesting that cell differentiation was
induced. PPM1D knockdown decreased levels of the stem cell marker Oct-4 protein.
These results suggested that PPMI1D is an important factor that maintains an
undifferentiated state in NT2/D1 cells. The treatment of the RA decreased POUSFI (Oct-
4) after 3 days, whereas PPM1D mRNA levels gradually increased immediately after
treatment. Treatment with the PPM 1D inhibitor SL-176 decreased Oct-4 protein levels.
Moreover, SL-176 promoted the decrease in expression of the POUSFI gene by RA
treatment. The PPMI1D mutant was expressed as enhanced RA-induced cell

differentiation. Overall, these results indicated that PPM1D activity was involved in
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maintaining an undifferentiated state in NT2/D1 cells, and PPM1D can upon the RA

pathway.
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3.2. Introduction

The protein phosphatase PPM1D negatively regulates the genotoxic stress
response by dephosphorylation of various proteins. Previous studies have mainly
highlighted the role of PPM1D in tumorigenesis (7, 2). It has been reported that PPM1D
is involved in the regulation of STATs, mTOR, Sonic Hedgehog, Notch, and Wnt signal
pathways other than the DNA damage response (3). Additionally, PpmId knockout mice
showed cell cycle abnormality and failure of male reproductive organs and the immune
response (4). Recently, several studies have also reported the functions of PPM1D under
in a wide range of physiological conditions, such as cell senescence, neurogenesis, obesity,
atherosclerosis, liver regeneration, and maintenance of stemness (5—§). Particularly in
stem cells, PPM1D expression suppresses senescence-like growth arrest in human
mesenchymal stem cells and maintains their differentiation potential due to inactivation
of'the stress signaling pathway (9). Moreover, overexpression of PPM 1D increased neural
stem/progenitor cell numbers in aged mice and maintained neuronal differentiation (70).
This evidence has implicated PPM1D in maintaining cellular homeostasis through cell
cycle control. Conceptually, cancer ensues upon dysregulated activation of signaling
cascades, such as the MAPKSs, PI3K/Akt, and Wnt signal pathways. Based on the critical
role of PPM1D substrates in tumorigenesis, it is rational that PPM 1D at the physiological
protein level is involved in cell differentiation, whereas the dysregulation of PPM1D
facilitates carcinogenesis.

Cell differentiation is highly regulated by intrinsic and extrinsic signaling

pathways and the subsequent activation of transcription. With the study of cell biology,
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many signaling cascades that control cell differentiation are being uncovered.

In this study, I examined the role of PPM1D in the RA signaling pathway, which
is one of the most important pathways for development and cell differentiation. I used the
human embryonic carcinoma cell line NT2/D1, which are available for the study of

cellular differentiation.
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3.3. Experimental procedures

3.3.1. Cell lines and materials

NT2/D1 (NTERA-2 cl. D1) human teratocarcinoma cells were obtained from
American type tissue culture collection (ATCC) (Rockville, MD, USA). Rabbit
polyclonal anti-PPM1D was prepared as previously described (17). Other antibodies used
include: anti-Oct-4 (C-10) (sc-5279) and anti-GAPDH (FL-335) (sc-25778) form Santa
Cruz Biotechnology; anti-rabbit IgG HRP-linked Antibody (7074) from Cell Signaling
Technology; and anti-mouse IgG HRP-linked Antibody (NA931) from GE healthcare.
Secondary antibodies for immunocytochemistry included Alexa Fluor488 goat anti-
mouse IgG and Alexa Fluor568 goat anti-rabbit IgG from Invitrogen. PPM1D inhibitor
SL-176 was obtained from Laboratory of Organic Chemistry II (Faculty of Science,

Hokkaido University).

3.3.2. Cell manipulation

NT2/D1 cells were cultured in Dulbecco’s modified Eagels medium
supplemented with 10% v/v feral bovine serum with 100 pg/ ml of streptomycin and 100
units/ ml of penicillin at 37 °C in a humidified 5% CO; incubator. NT2/D1 cells were
plated onto 35 mm dish with 1.5 ml of medium and incubated for 24 h before operation.
Transient transfection of siRNA for PPMI1D was carried out using Lipofectamine
RNAIMAX Regent (Invitrogen) following the manufacturer’s instructions. PPM1D

siRNAs are  5-GAAGUGGACAAUCAGGGAAACUUUACCA-3> and 5’-
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UAAAGUUUCCCUGAUUGUCCACUUC-3". Cells were treated with RA and inhibitor
after 24 h of transfection. Change and refresh medium containing RA every 2 days.
Plasmid transfection was conducted using Lipofectamine 2000 (Invitrogen). The
plasmids were used for transient expression of PPM1D: phCMV-mCherry-NLS-2A-

PPM1D(1-605) and phCMV-mCherry-NLS-2A-PPM1D(1-605)(D314A).

3.3.3. Alkaline phosphatase staining

NT2/D1 cells were plated onto 10 cm dish and transfected with siRNA for PPM1D
after 24 h. After 24 h, the cells were reseeded onto 24 well plate. After 36 h, the cell RA
group was treated with 10 uM RA for 3 days. Alkaline phosphatase activity was
determined using Alkaline Phosphatase Staining Kit II (Stemgent) following the

manufacturer’s instructions.

3.3.4. Western blotting

All cells were rinsed with PBS twice and lysed in 1x sample buffer (50 mM Tris-
HCI, pH 6.8, 10% Glycerol, 2% SDS). Cell lysates were normalized for total protein using
BCA Protein Assay Kit (Pierce) and then added 2-mercaptoethanol to 6%. Protein were
separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes.

Proteins were detected by enhanced chemiluminescence with the above antibodies.
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3.3.5. Immunofluorescence

NT2/D1 cells were plated on glass coverslips on 35 mm dish for 24 h. Cells were
fixed with 3.5% formaldehyde for 15 min, washed in PBS, permeabilized with 0.2%
Triton X-100/PBS for 5 min, and blocked with 10% FBS/PBS for 1 h. After incubation
with primary antibodies overnight at 4 °C, cells were stained with secondary antibodies
and 4’6-diamidino-2-phenylinodole. Cells were observed by fluorescence microscopy

(BZ-9000, KEYENCE).

3.3.6. Quantitative RT-PCR

All cells were rinsed with PBS twice and harvested in TRIzol (Life technologies)
after treatment with the compounds. Total RNA was transcribed using the PrimerScript 11
Ist strand cDNA Synthesis Kit (TaKaRa) with random hexamer primers following the
manufacturer’s instructions. qRT-PCR was performed using a CFX96 Touch real-time
PCR detection system (Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-Rad).
Primers used include. Primer for PPIA is 5’CAAATGCTGGACCCAACACA3’ and
5’TGCCATCCAACCACTCAGTC3’; for POUSF1 is
5’AGCAAAACCCGGAGGAGT3’ and 5’CCACATCGGCCTGTGTATATC3’; for
PPM1D is 5’ACCAGTCAAGTCACTGGAGG3’ and 5’
ATTGCTACGAACCAGGGCAGS3’. Transcript levels were normalized to peptidylprolyl

isomerase (PPIA) mRNA expression. Fold changes were calculated by the Ct method.
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3.4. Results

3.4.1. Effect of PPM1D knockdown on alkaline phosphatase activity in NT2/D1
cells

The NT2/D1 cells have been shown to differentiate along the neuronal lineage by

treatment with RA (72). I carried out alkaline phosphatase (AP) staining, a marker of the

undifferentiated state. Most of the control cells were positive for AP, whereas cells treated

with RA for 3 days showed negative AP activity (Figure 3-1). To examine the role of

PPMI1D in NT2/D1 cells, I performed PPM1D knockdown using siRNA. PPMI1D

knockdown also decreased in AP activity.

3.4.2. Effect of PPM1D knockdown on Oct-4 expression levels in NT2/D1 cells

Stemness factors, such as Oct-4 and NONOG, are expressed in NT2/D1 cells (13).
I confirmed the effect of treatment with RA and PPM 1D knockdown on Oct-4 expression
levels by western blot analysis. Treatment with RA decreased the expression level of Oct-
4 (Figure 3-2). I confirmed that PPM1D knockdown also induced a decrease of Oct-4
protein. These results showed that PPM 1D knockdown induced differentiation in NT2/D1
cells. This result suggested that PPM 1D maintain the undifferentiated state on NT2/D1

cells.

3.4.3. RA-induced changes in gene and protein expression
To characterize the function of PPM1D in the RA signaling pathway, I analyzed

PPMI1D mRNA and protein level. The administration of RA decreased POUSFI (which
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control RA PPM1D KD

Figure 3-1. Effect of PPM1D knockdown on alkaline phosphatase activity in NT2/D1
cell. NT2/D1 cells were transfected with PPM1D siRNA (PPM1D KD panel) or vehicle
(control and RA panels). The cells were reseeded after 24h. After 36 h, the RA cell group
was treated with 10 uM RA for 3 days. Representative images of the stained cells are

shown at x10 magnification.
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Figure 3-2. Effect of PPM 1D knockdown on Oct-4 expression levels. NT2/D1 cells were
transfected with PPM1D siRNA (KD lanes) or vehicle (RA lanes). the RA cell group was
treated with 10 uM RA for the indicated days. The cells were immunoblotted for PPM1D,
Oct-4 and GAPDH (used as a loading control). Data are representative of at least three

independent experiments.

75



encodes Oct-4) after 3 days of treatment, whereas P4X6 which is a neural marker
dramatically increased after 4 days of treatment (Figure 3-3). PPM1D mRNA levels
gradually increased after treatment with RA. Consistent with the mRNA results, Oct-4
protein levels dramatically decreased after 4 days of treatment (Figure 3-4). PPM1D
protein levels initially increased and then decreased. 1 also carried out
immunofluorescence staining to confirm the expression level and localization. Both Oct-
4 and PPM1D signals were observed in the nucleus of untreated cells, and most of cells
treated with RA lost Oct-4 expression (Figure 3-5). The PPM1D localization was not

changed by RA treatment.

3.4.4. Effect of SL-176 treatment on RA-induced differentiation induction

Next, I analyzed the function of PPM1D on RA-induced differentiation induction
by a biochemical approach. The PPM 1D inhibitor SL-176 inhibited PPM 1D phosphatase
activity in vitro. SL-176 suppressed PPM1D-overexpressed cell viability rather than
normal level expressed cell viability (74). Treatment with SL-176 slightly decreased Oct-
4 protein levels (Figure 3-6). Combined treatment with RA and SL-176 decreased
POUSF1 levels after 12 hours compared with RA treatment (Figure 3-7). This effect was
observed up to 2 days after exposure. No differences were observed between RA
treatment and combined treatment at 4 and 6 days. These results suggested that the effect
of SL-176 on the regulation of Oct-4 mRNA was exerted in the early step of the RA

signaling.
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Figure 3-3. RA-induced cell differentiation. NT2/D1 cells were treated with 10 uM RA
for the indicated days after exposure. Quantitative RT-PCR for the indicated genes and
normalized with PPIA. Fold-change was determined compare with day 0. Values are the
mean + range of duplicates. Data are representative of at least three independent

experiments.
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Figure 3-4. RA-induced cell differentiation. NT2/D1 cells were treated with 10 uM RA
for the indicated days after exposure. Immunoblot of the indicated proteins. GAPDH was

used as loading control. Data are representative of at least three independent experiments.
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Figure 3-5. RA-induced cell differentiation. NT2/D1 cells were treated with 10 uM RA
for the indicated days after exposure. The cells were fixed and stained with the indicated

proteins. Images at x40 magnification are representative of at least two experiments.
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Figure 3-6. Effect of SL-176 treatment on Oct-4 expression level. NT2/D1 cells were
treated with 10 uM RA or/and 7.5 uM RA SL-176 for the indicated days after treatment.

Data are representative of at least three independent experiments.
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Figure 3-7. Effect of SL-176 treatment on RA-induced cell differentiation. NT2/D1 cells
were treated with 10 uM RA or/and 7.5 uM RA SL-176 for the indicated days after
treatment. Values are the mean + range of duplicates. Data are representative of at least

three independent experiments.
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3.4.5. Effect of PPM1D overexpression on RA-induced differentiation induction
To analyze the effect of PPM1D overexpression on RA-induced differentiation, I
examined the Oct-4 expression level by immunocytochemistry. I constructed vectors that
contain mCherry-NLS and a wild-type PPM1D605 (PPM1D(WT)) linked by a 2A self-
processing peptide sequence. The expression level of Oct-4 in mCherry-expressed cells
was quantified by fluorescent immunostaining after transfection. The D314 residue in the
active site of PPM1D is structurally linked to its metal ion-binding site, PPM1D(D314A)
(PPM1D(DA)) is an inactive mutant. In the absence of RA, Oct-4 expression levels in
PPMID(DA)-expressing cells significantly decreased with respect to levels in the WT-
expressed cells and controls (Figure 3-8). In the presence of RA, Oct-4 levels drastically
decreased in the WT-expressed cells and controls. The mutant further reduced the Oct-4
expression in RA-treated cells. These results again suggested that PPM1D activity is
required to maintain an undifferentiated state and that decreased PPMI1D activity

enhanced RA-mediated induction of cell differentiation.

82



120 - n.s.

* %%
3: 100 A
< g0
Py
‘w60 -
S n.s.
."é‘ 40 1 * %%
<
{—5 20 - T
o | | B & el
- WT DA - WT DA
-RA +RA

Figure 3-8. Effect of PPM1D overexpression on RA-induced cell differentiation. NT2/D1
cells were transfected with a plasmid carrying mCherry-NLS, mCherry-NLS-2A-
PPM1D605(WT) and mCherry-NLS-2A-PPM1D605(D314A) (PPMI1D(DA)). After 24
h, the cells were treated with 10 uM RA. After 3 days, the cells were fixed and stained
with anti-Oct-4 antibody. A box plot of the fluorescence intensity of Oct-4 in mCherry
expressing cells regarded as expression of PPM1D protein was measured by fluorescent
microscopy. Numbers of analyzed cells; —RA, mCherry-NLS (n=167); PPM1D(WT)
(n=272); PPMID(DA) (n=119); +RA, mCherry-NLS (n=200); PPM1D(WT) (n=270);
PPM1D(DA) (n=205). ***P<0.001, n.s. P>0.01, Mann-Whitney’s U test.
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3.5. Discussion

In this study, I demonstrated that PPM 1D knockdown induced differentiation in
NT2/D1 cells. This result suggested that PPM1D plays an important role in maintaining
the undifferentiated state. Several reports indicated the relationship between the functions
of PPMID in stem cells and cell senescence. PPMI1D knockout mouse embryonic
fibroblasts showed premature senescence via activation of p53 under physiological
oxygen levels (15). In a study using human mesenchymal stem cells, premature
senescence obstructed the maintenance of constant cell growth and the ability to
differentiate. Expression of PPM 1D suppressed p1 6INK4a expression, which is one cause
of premature cell growth arrest, via p38 MAPK inactivation in mesenchymal stem cells
(9). Overexpression of PPMID rescued the functional neural stem/progenitor cell
differentiation in the aged-mice subventricular zone via Wnt signaling (70). Conversely,
PPMI1D knockout hematopoietic stem cells impaired the regenerative capacity and
showed aging-like phenotypes, whereas the markers for cell senescence did not detect
any difference compared with the wild type (16). This impaired functionality was not due
to cell senescence but rather reduced differentiation capacity. It is interesting to examine
the markers of cellular senescence in NT2/D1 cell differentiation, but further studies are
needed to identify the molecular mechanism of stemness maintenance by PPM1D.

The treatment of SL-176 affected Oct-4 mRNA levels in RA-mediated
differentiation. This result suggested that PPM1D is involved in regulation of Oct-4 to
transcriptional levels. Precise levels Oct-4 expression is one of the essential factors for

maintaining the pluripotency of embryonic stem cells. Several studies showed that
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phosphorylation of Oct-4 controlled the function of Oct-4 (17, 18). The serine 229
phosphorylation of Oct-4 sterically interferes with both its ability to bind DNA and form
a homodimer assembly (79). These results suggested that the phosphorylation level of
Oct-4 can influence its transcription. In this study, I showed that expression of PPM1D
induced a slight decrease in Oct-4 expression compared with the controls. Moreover,
expression of PPM1D(DA) dramatically decreased Oct-4 expression. The D314 residue
is expected to occupy the active site, and the mutation of these residues in the active site
cleft importantly showed a dominant negative effect (20). The expression of PPM1D
mutant may interfere with dephosphorylation activity of the endogenous PPM 1D and thus
function as a dominant negative factor. Thus, the site-specific dephosphorylation of Oct-
4 by PPM1D might influence the transcription level.

RA triggers cell differentiation and cell growth inhibition, and it is a promising
agent for cancer therapy to induce cell differentiation and cell death (27, 22). I showed
that the combined treatment with PPM 1D inhibitor and RA facilitates cell differentiation.
Our group has also demonstrated that the PPMI1D inhibitor supported the effect of
doxorubicin in cells that possess C-terminal-truncated PPM1D (23). The PPMI1D
inhibitor has a potential to enhance the therapeutic effect of RA, as well as anti-cancer

agents.
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4. Regulation of the retinoic signal pathway via dephosphorylation of

ERK-1/2

4.1. Abstract

RA classically exerts activities to regulate gene expression via binding to nuclear
RA receptors. Additionally, RA rapidly and transiently induces activation of MAPKs,
such as extracellular signal regulated kinase 1/2 (ERK-1/2) and p38 MAPK. However, it
remained unclear what kind of protein is involved and how non-classical activity is
regulated.

In this study, I found that PPM1D phosphatase is involved in RA-induced ERK
regulation. I demonstrated that RA treatment rapidly and transiently induces
phosphorylation of ERK-1/2 in NT2/D1 cells. RA acted upstream of MAP kinase/ERK
kinase (MEK). PPM1D dephosphorylated a phosphopeptide containing a sequence
derived from ERK-1/2 in in vitro phosphatase assay. Treatment with the PPM 1D inhibitor
SL-176 facilitated phosphorylation of ERK-1/2 in NT2/D1 cells. Intriguingly, treatment
of ERK inhibitor promoted RA-induced differentiation. These results suggested that
PPMI1D modulates the phosphorylation level of ERK-1/2 evoked by the RA-MEK-ERK
pathway. It is likely that the regulation of ERK-1/2 phosphorylation coordinates

appropriate RA-induced cell differentiation.
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4.2. Introduction

Vitamin A or retinol is an important compound for healthy vision, immune system
function, and reproduction. RA is the active metabolite of vitamin A, and RA signaling
plays an essential role in embryonic development. In the classical model of RA-induced
gene activation, RA binds to the RAR which forms a heterodimer complex with RXR.
RA binding induces a conformational change in the RAR-RXR complex and promotes
the replacement of co-factors, resulting in RA-meditated gene activation and repression
(1). Recent studies have revealed non-classical effects of RA, such as activation of the
MAPKSs signaling pathway (2). RA treatment activated the p38 MAPK pathway in several
cell lines, such as acute promyelocytic leukemia, breast carcinoma, and mouse embryonic
fibroblasts (3, 4). The activation of p38 induced activation of the downstream MSK1 and
its pathway facilitated RA-targeted gene expression. It was mediated by RARs localized
in lipid rafts at the plasma membrane, where it forms complexes with G protein alpha Q
(4). RA also rapidly and transiently activated ERK-1/2 (also known as p42/p44 MAPKs)
in neuroblastomas, neurons, and embryonic stem cells (5—7). It has been reported that the
activation of RARs localized in a lipid membrane and phosphatidylinositol-3-kinase are
involved. MAPKs phosphorylate several target proteins, such as MSKI, histones,
corepressors, and coactivators. These phosphorylation processes facilitate RA-induced
gene expression via effective promotion of the exchange of the co-factors (§).

Section 3 described the lack of significant changes in POUSF I levels immediately
after RA exposure. However, PPM 1D inhibition affected POU5SF I levels within 12 h after

RA treatment. These results prompted me to examine the involvement of PPM1D in the
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early phases of RA signaling. In this study, I investigated the role of PPM1D in RA non-

classical effects.

92



4.3. Experimental procedures

4.3.1. Cell lines and materials

NT2/D1 (NTERA-2 cl. D1) human teratocarcinoma cells were obtained from
American type tissue culture collection (ATCC) (Rockville, MD, USA). Rabbit
polyclonal anti-PPM1D was prepared as previously described (9). Other antibodies used
include: anti-Oct-4 (C-10) (sc-5279) and anti-GAPDH (FL-335) (sc-25778) form Santa
Cruz Biotechnology; anti-Phospho-p44/42 MAPK(Thr202/Tyr204) (197G2) (#4377),
anti-p44/42 MAPK (#9102), anti-Phospho-p38 MAPK(Thr180/Tyr182) (12F8) (#4631),
anti-p38 MAPK (#9212) and anti-rabbit IgG HRP-linked Antibody (7074) from Cell
Signaling Technology; and anti-mouse IgG HRP-linked Antibody (NA931) from GE
healthcare. PPM1D inhibitor SL-176 was obtained from Laboratory of Organic
Chemistry II (Faculty of Science, Hokkaido University). PD0325901 was obtained from

AdooQ Bioscience. SCH772984 was obtained from Cayman Chemical.

4.3.2. Cell manipulation

NT2/D1 cells were cultured in Dulbecco’s modified Eagels medium
supplemented with 10% v/v feral bovine serum with 100 pg/ ml of streptomycin and 100
units/ ml of penicillin at 37 °C in a humidified 5% CO; incubator. NT2/D1 cells were
plated onto 35 mm dish with 1.5 ml of medium and incubated for 24 h before operation.
Cells were treated with RA and inhibitors after 24 h of transfection. Change and refresh

medium containing compounds every 2 days.
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4.3.3. Western blotting

All cells were rinsed with PBS twice and lysed in 1x sample buffer (50 mM Tris-
HCI, pH 6.8, 10% Glycerol, 2% SDS). Cell lysates were normalized for total protein using
BCA Protein Assay Kit (Pierce) and then added 2-mercaptoethanol to 6%. Protein were
separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes.

Proteins were detected by enhanced chemiluminescence with the above antibodies.

4.3.4. Invitro phosphatase assay

PPM1D(1-420) was purified as His-tag protein as previously described (70). All
peptides were manually synthesized using the Fmoc protection strategy of solid phase
peptide synthesis. Fmoc amino acids were obtained from Novabiochem. The peptide
fractions were purified manually by reverse-phase HPLC using Vydac C 8 (22x 250 mm).
The HPLC peaks were analyzed by MALDI-TOF-MS. Phosphatase activity assays by
measuring the released free phosphate using the BIOMOL GREEN Reagent (Enzo life
sciences). All assays were carried out by incubation with phosphopeptides (20 and 100
uM) and His-PPM1D(1-420) (2 nM) for 3 min at 30 °C. Substrate sequences were Ac-
VEPPLS(P)QETFSDLW-NH:; (p53(pS15)) and Ac-DHTGFLT(P)EY(P)VATR-NH:

(ERK-1/2 (pT202, pY204))
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4.4. Results

4.4.1. Activation of MEK-ERK-1/2 signaling following RA treatment in NT2/D1
cells

I examined the non-genomic effects of RA in NT2/D1 cells such as
phosphorylation of MAPKs. I found that ERK-1/2 were rapidly and transiently
phosphorylated in 5 min by treatment with RA (Figure 4-1). To confirm the upstream
ERK-1/2 phosphorylation following RA treatment, I used the MEK inhibitor PD0325901
and analyzed ERK-1/2 phosphorylation levels. Before RA treatment, NT2/D1 cells were
preincubated with PD0325901 for 30 min. PD0325901 treatment impaired the RA-
induced phosphorylation of ERK-1/2 (Figure 4-2). These results indicated that the

MEK/ERK signaling pathway is stimulated by RA treatment.

4.4.2. Dephosphorylation of ERK-1/2 peptide in in vitro phosphatase assay
ERK-1/2 are phosphorylated with a highly conserved TEY motif (Thr 202 and Tyr
204 in human ERK-1, Thr 185 and Tyr 187 in human ERK-2), and dual phosphorylation
is required for full enzyme activation (17). I carried out in vitro phosphatase assays using
a double phosphorylated peptide TEY to examine whether PPM1D dephosphorylates
ERK-1/2 peptide. PPM 1D dephosphorylated ERK-1/2(pTEpY) peptide in vitro at a level
that was approximately equal to phosphatase activity towards p53(pS15), which is a well-

known target for PPM1D (Figure 4-3).
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Figure 4-1. Effect of RA treatment on rapid MAPKSs activation in NT2/D1 cell. NT2/D1
cells were treated with 10 uM RA and harvested at the indicated times. Data are

representative of three independent experiments.
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Figure 4-2. Activation of MEK-ERK pathway by RA treatment. NT2/D1 cells were pre-
incubated with 1 uM MEK inhibitor PD09325901 or DMSO for control. After 30 min,
the cells were treated with 10 uM RA for the indicated times. Data are representative of

two independent experiments.
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Figure 4-3. In vitro phosphatase assay toward ERK-1/2(pT202, pY204) peptide. In vitro
phosphatase assay of His-PPM1D(1-420) (2 nM) towards the indicated phosphopeptides
(20 and 100 pM) using BIOMOL GREEN reagent. Value are the mean + range of

duplicates. Data are representative of two independent experiments.
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4.4.3. Effect of SL-176 treatment on RA-induced ERK-1/2 activation

To examine whether PPM1D is involved in ERK-1/2 activation in response to RA
treatment, I used the PPM 1D inhibitor SL-176 and analyzed the phosphorylation level of
ERK-1/2. Combined treatment with SL-176 and RA showed markedly increased
phosphorylation of ERK-1/2 (Figure 4-4). These data indicated that PPM1D is involved
in RA-induced ERK-1/2 activation, including the possibility that PPMI1D directly

dephosphorylates ERK-1/2 in cells.
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Figure 4-4. Effect of SL-176 treatment on ERK-1/2 phosphorylation by RA treatment.
NT2/D1 cells were pretreated with 7.5 uM SL-176 for 24 h, and cells were treated with
10 uM RA for the indicated times. The ratios of signal intensity for pERK/ERK were
shown below the panel of western blotting as fold change compared with intensity at time

0. Data are representative of at least three independent experiments.
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4.5. Discussion

In this study, I demonstrated that PPM 1D mediates the phosphorylation level of
ERK-1/2 in RA-induced cell differentiation. I also showed that the activation of ERK-1/2
was evoked by the RA-MEK-ERK pathway. ERK-1/2 signaling generally controls cell
proliferation and differentiation. Some studies have shown the activation of p38 MAPK
by treatment with RA. The activated MAPK and downstream target genes also appear to
depend on the cell type (3, 4). It was previously reported that phosphorylated ERK-1/2
translocates to the nucleus and phosphorylates its target proteins (12, 13). Taken together
with my findings, PPM1D modulates and defines the RA signaling threshold via
dephosphorylation of ERK-1/2.

Although the phosphorylation levels of ERK linearly increase and decrease in
response to stimulation strength, there is a threshold level for ERK activity. In addition,
ERK activity shows pulse-like changes, and the pulse frequency, duration, and
stimulation interval are also significant factors in the regulation of cell functions (14, 15).
For example, persistent ERK activation induced cell differentiation in PC12 cells,
whereas transient activation resulted in cell proliferation (76). Therefore, these results
suggest that the temporally controlled oscillation change of ERK kinase activity during
RA signaling induces cell differentiation. The effect of PPM1D inhibition not only
changes the phosphorylation state of ERK but also promotes cell differentiation by
disturbing the frequency and timing of signal transmission to downstream proteins. Future
studies should clarify the detailed mechanism of oscillation changes and subsequent

differentiation states.
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S. Conclusions

The protein phosphatase PPM1D is an important factor for normal homeostasis
and pathogenesis of several diseases. PPM1D dephosphorylates various critical factors
and negatively regulates the p53 pathway and DNA damage checkpoints. Gene
amplification of PPM1D and protein overexpression occurred in tumors. Recent studies
revealed the physiological functions of PPMI1D in neurogenesis, immunity, and
maintenance of stemness. Cell differentiation is properly regulated by intrinsic and
extrinsic signaling pathways. However, many signaling cascades that control cell
differentiation are still incompletely understood. Many substrates of PPM 1D are involved
in several intracellular signaling pathways that regulate both pluripotency and cell
differentiation. Therefore, it is important to investigate the function of PPMID in cell
differentiation. In this study, I showed the function of PPM1D as a negative regulator in
the RA signaling pathway. I also developed PPM1D inhibitors to increase the inhibitory
activity of PPM1D.

In section 2, I described SAR studies to characterize and improve the inhibitory
activity of SL-176. Substitution of two hydrophobic moieties to hydrogen decreased
inhibitory activity against PPMI1D. This study showed that sterically demanding
hydrophobic groups, but not planar hydrophobic groups, are suited as SL-176 analogs to
inhibit PPM1D activity. A primary alcohol SL-175 had potent inhibition of phosphatase
activity in vitro, while SL-175 showed moderate inhibition of cell viability. An amine
form, SL-177, had low inhibition for PPM1D, while SL-177 strongly suppressed cell

viability. Amino alkyl-ester compounds, SL-180 and SL-183, potently inhibited cell
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viability, more so than SL-176. A fluorescein with 4-aminobutyl-ester was incorporated
into cells faster than a fluorescein with carboxyl acid. SL-183 specifically suppressed the
viability of PPM1D-overexpressed cells. These results indicated that the introduction of
an amine or amino alkyl-ester band into SL-176 improves inhibitory activity against
PPMID.

In section 3, I examined the role of PPM1D in RA-induced cell differentiation. I
showed that PPM 1D knockdown induced differentiation in NT2/D1 cells. Treatment with
SL-176 also reduced the expression level of Oct-4. SL-176 facilitated RA-induced cell
differentiation in terms of decreasing of POU5SFI mRNA level. Moreover, inactivated
PPM1D enhanced RA-induced cell differentiation. These results suggested that PPM1D
is essential for maintaining an undifferentiated state and PPM1D activity affected RA-
induced cell differentiation.

In section 4, I investigated the effect of PPM1D on non-genomic effects of RA.
Treatment with RA rapidly and transiently induced activation of the MEK-ERK pathway.
PPMID dephosphorylated ERK-1/2 and treatment with SL-176 facilitated the
phosphorylation of ERK-1/2 evoked by RA treatment. It is likely that the regulation of
ERK-1/2 phosphorylation coordinates appropriate RA-induced cell differentiation. These
results suggested that PPMID modulates non-classical effects of RA via
dephosphorylation of ERK-1/2.

In summary, I have reported novel PPM1D inhibitors by SAR studies of SL-176
against the oncogene PPM1D. I also identified new targets and regulatory pathways of

PPMID in cell differentiation. These studies provide valuable inhibitors for cancer
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therapy and for elucidation of carcinogenesis mechanisms, and contribute to clarifying

the mechanism of signal transduction that controls cell differentiation.
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