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ABSTRACT

Most standard chemotherapies act on rapidly dividing cells, including both normal and
cancerous cells. In contrast, targeted chemotherapies act on specific molecular targets involved
in the growth, progression, and spread of cancer. Many different candidate small-molecule
therapeutics have been developed for use in cancer treatment, as targeted chemotherapies
spare healthy cells due to their selectivity and efficiency. Pin1, a cis/trans isomerase, is the
only identified enzyme known to catalyze pSer/Thr-Pro motif isomerization. Pin1 deregulation
is implicated in a number of age-related diseases, including cancer and Alzheimer’s disease. In
particular, Pin1 promotes cell cycle progression and cell proliferation, acting as proto-oncogene
in cancer cells. Here, we describe the principal role of Pinl in cancer and present the various
pharmacological approaches to inhibiting Pin1 for cancer treatment. Domain-directed inhibitors
have been developed to target peptidyl-prolyl cis/trans isomerase (PPlase) activity and/or the
WW domain in Pin1.
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INTRODUCTION

During the last three decades, the paradigm in cancer treatment has shifted from the use of
nonspecific agents to selective therapeutics. Targeted therapeutics attack cancer cells specifically
while imposing less damage to healthy cells, which results in milder side effects than traditional
and standard chemotherapy drugs. Whereas most standard chemotherapeutic agents are
cytotoxic, targeted chemotherapies are often cytostatic, meaning that they block only tumor
cell proliferation with no harm to normal cells. Therefore, a current trend in drug discovery for
cancer therapy is to develop inhibitors that target proteins involved in cancer activation and
tumorigenesis. Various types of targeted therapies are currently available such as apoptosis
inducers, angiogenesis inhibitors, signal transduction modulators, and immune modulators.

Phosphorylation of proteins on serine or threonine residues preceding proline (Ser/Thr-Pro)
is a major trigger of intracellular signal transduction. The peptidyl-prolyl cis-trans isomerase
(PPIase) Pinl binds to and isomerizes this specific phosphorylated Ser-Pro or Thr-Pro (pSer-
Pro or pThr-Pro) motif in proteins, resulting in conformational changes in protein that transfer a
profound impact on the activity of protein and diverse phosphorylation signals [1-5]. These Pin1-
induced conformational changes regulate a variety of biological processes such as the cell cycle
and cell proliferation, motility, apoptosis, and survival; the altered activities of target proteins
play a pivotal role in tumorigenesis [1,2,6-9]. Pinl has two distinct domains, consisting of an
N-terminal WW domain that binds only specific pSer-Pro or pThr-Pro motifs and a C-terminal
PPlase domain that isomerizes specific pSer/Thr-Pro motifs; they affect protein function by

controlling their conformation [5, 10].

Pinl is overexpressed and/or activated in various human cancers including lung, ovary,
breast, brain, prostate, gastric, and cervical cancers [11-15]. Pin1 overexpression is correlated
with poor clinical outcomes in patients with cancer, including with disease progression in those
with oral squamous cell carcinoma and lymph node metastasis in non-small-cell lung cancer [15-
18]. Pin1 activates at least 33 oncoproteins/growth-promoting proteins and inactivates multiple
tumor suppressors/growth-inhibitory proteins [13,19]. Knockdown of Pin1 mediated by RNAi,
eliminates xenograft growth, and Pin1 knockout mice are resistant to breast cancer induced by
overexpression of Ras or ErbB2, implying that Pin1 function is required for tumor development
[13,19-22].

Here, we describe the implication of Pin1 in cancer in terms of the cell cycle and cell apoptosis
and metabolism. In addition, we describe the pharmacological inhibitors of Pin1l for cancer

therapy.
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ROLE OF PIN1 IN CANCER

Pinl is overexpressed in various types of cancers, and the dysregulation of this protein
contributes to cancer development, suggesting that Pinl is a useful and attractive target for

cancer therapy [11-15]. Pin1 acts on cancer cells cycle, apoptosis, and metabolism.
Role of Pin1 in the Cell Cycle

Pinl regulates a number of proteins implicated in cell-cycle progression, operating as a
molecular timer of the cycle. Cyclin D1 is a critical target of Pinl-mediated cell-cycle control
in cancer cells. Pin1 promotes cell-cycle progression, cell proliferation, and tumorigenesis by
inducing cyclin D1 expression [14,23,24]. It binds to phosphorylated transcription factors such
as c-Jun and B-catenin, causing them to undergo conformational changes. These fully activated
transcription factors turn on their specific target genes AP-1 and TCF1, which results in the
elevated expression of cyclin D1 (Figure 1). Under certain circumstances, Pinl inhibits the
interaction between (-catenin and the tumor suppressor APC protein, representing another
mechanism for cyclin D1 activation. Pin1 can also directly stabilize cyclin D1 protein [24]. In this
way, it has a positive role in G0-G1-S progression in addition to its originally proposed role in

mitotic progression.
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Figure 1: Pinl-mediated cyclin D1 induction. Pin1 binds phosphorylated and activated c-Jun
and B-catenin and induces conformational changes in these transcription factors. These fully
activated transcription factors, induced by conformational changes, bind to their specific cyclin
D1 promoter target sites AP-1 and TCF, respectively. In this manner, cyclin D1 expression is
elevated, which contributes to cell cycle progression.
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Pinl binds to many hyperphosphorylated proteins implicated in cell-cycle regulation such
as Myt1, Weel, and Cdc25C. Both Mytl and Weel prevent entry into mitosis by inhibiting Cdc2
through phosphorylation at Thr14 and Tyrl5 sites. In contrast, Cdc25C phosphatase triggers
entry into mitosis by dephosphorylating and activating the cyclin B-Cdc2 complex. Pin1 binds
to the C-terminal domain of phosphorylated Mytl and potentially modulates Myt1-regulated
mitosis entry, which leads to blockage of mitosis initiation [25]. In addition, Pin1 interacts with
phosphorylated Cdc25C, thereby promoting a conformational change in Cdc25C and increasing
its ability to activate and maintain cyclin B/Cdc2 activity [26,27]. However, sometimes Pin1 also
inhibits the activity of Cdc25C [25]. Thus, it functions as a double-edged mitotic regulator that
negatively regulates entry into mitosis but is required for progression through mitosis.

Role of Pin1 in Cancer Cell Apoptosis

Pin1 affects cancer cell apoptosis by directly regulating pro-apoptotic proteins such as Bax
and death-domain associated protein (Daxx) or anti-apoptotic proteins such as Bcl-2 and Mcl-
1. Although it regulates mitochondrial apoptosis by unleashing the pro-apoptotic response
triggered by p53 and its sibling p73 in response to chemotherapeutic treatments [28], it also has
anti-apoptotic activities in a variety of circumstances.

Inhibition of Daxx and promyelocytic protein (PML) contributes to the suppressive role of
Pinl in cancer cell apoptosis. Pinl binds phosphorylated Daxx and PML and facilitates their
ubiquitin-proteasome-dependent degradation, which impairs induction of apoptosis [6,29,30].
It binds to Daxx through the pSer178-Pro motif and binds to PML through phosphorylation at
Ser403, Ser505, Ser518, and Ser527 in the C-terminal half of PML [29,30].

It also binds directly to and regulates the activities of Bcl-2 family members. For example,
it supports the anti-apoptotic role of Bcl-2 by associating with phosphorylated Bcl-2 during
paclitaxel-induced arrest in the M phase in the mitochondria, where it induces a conformational
change in Bcl-2 [31]. In addition, Erk and Pin1 cooperatively regulate Mcl-1 stability [32]. Pin1
binds to and increases the stability of Mcl-1, which leads to the inhibition of apoptosis [32]. It also
has potent anti-apoptotic activity by means of its ability to amplify the oncogenic properties of
mutant p53 forms and Notch [33,34]. In this way, it leads to aberrant activation of mitochondrial
anti-apoptotic genes such as Mcl-1 and survivin, which in turn inhibit Bax-induced apoptosis.
Furthermore, it inhibits apoptosis by binding phosphorylated survivin on Thr34, supporting its
anti-apoptotic activity [35]. Thus, Pin1 promotes cancer cell survival by suppressing the function
of pro-apoptotic proteins or enhancing that of anti-apoptotic proteins.

Role of Pin1 in Cancer Metabolism

Notch signaling is critical for sustaining cell metabolism via activation of the PI3K-AKT signal.
Notch and PI3K-AKT pathways are intertwined. Notch ligand bound to the extracellular domain
of Notch induces proteolytic cleavage and release of the intracellular domain, which enters the

nucleus to modify gene expression involved in cell-cell communication for processes such as cell
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proliferation, development, and angiogenesis. Notch signaling is dysregulated in many cancers,
and faulty Notch signaling is implicated in many diseases including T-cell acute lymphoblastic
leukemia. Pin1l can induce Notchl activation in cancer by triggering Notchl cleavage by
y-secretase, leading to an increased release of the intracellular domain and ultimately enhancing
Notch1 transcriptional and tumorigenic activity [34]. There is a strong correlation between Pin1
overexpression and Notch1 activation [34].

Glucocorticoids are involved in the regulation of metabolism and inflammation. They act
by binding to the ubiquitously expressed glucocorticoid receptor (GR) that regulates energy
metabolism. Upon activation by glucocorticoids, GR translocates to the nucleus where it stimulates
or inhibits gene expression. Pinl acts through N-terminal phospho-serine residues to regulate
GR recruitment to its target sites in the genome, indicating that Pin1 can promote cancer cell

metabolism by enhancing GR transactivation [36].

NF-kB, another regulator of cancer metabolism, regulates energy homeostasis and metabolic
adaptation by controlling the balance between the utilization of glycolysis and mitochondrial
respiration. The metabolic reorganization resulting from NF-kB inhibition can cause oncogenic
transformation and impaired metabolic adaptation in cancer even in the absence of tumor
suppressor mutations [37]. The NF-kB functionisregulated by Pin1-mediated prolylisomerization.
Upon cytokine treatment, Pin1 binds to the pThr254-Pro motif in p65 and inhibits p65 binding to
inhibitor of kB-a (1kB), resulting in increased nuclear accumulation and protein stability of p65
and enhanced NF-kB activity [38].

The role of Pin1 in cancer cell metabolism includes the regulation of lipid biosynthesis. For
example, in breast cancer cells stimulated with epidermal growth factor (EGF), it enhances
the promoter activity of sterol regulatory element-binding protein 1 (SREBP1), resulting in
the increased expression of fatty acid synthase and thus an increase in intracellular fatty acid
synthesis [39].

PIN1 INHIBITORS

Numerous reports have suggested the potential utility of Pin1 inhibitors for cancer therapy,
and several groups have developed potent antagonists including small-molecule-based drugs
and peptide drugs to inhibit Pin1 function [40-43]. Pin1 has three domains: the N-terminal WW
domain (responsible for binding to pSer/Thr-Pro motifs in its specific substrate), the C-terminal
catalytic PPlase domain (which isomerizes specific pSer/Thr-Pro motifs), and a flexible linker.
The first two have been targeted for inhibitor development. These inhibitors have been tested in

growth inhibition assays in cancer cells to evaluate their potential.
PPlase Domain Inhibitors: Peptide Drugs

Liu et al. [44] screened cyclic peptide libraries and identified a potent derivative peptide

(IC,, = 32 uM) that enhanced cell permeability and inhibited the proliferation of breast cancer
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cells. BT474 peptide-treated breast cancer cells showed increased levels of a-PML and a-SMRT
proteins, and decreased intracellular levels of Pin1l [44]. Etzkorn et al. designed a substrate-
derived peptide that blocked the PPlase activity of Pin1 (IC,, = 1.5 uM) and the proliferation of
A2870 ovarian carcinoma cells (GI,, = 8 uM) [45,46].

PPlase Domain Inhibitors: Small-Molecule-Based Drugs

Juglone, a molecule produced by walnut trees and used widely as a Pin1-inhibiting compound,
inhibits cell growth in prostate cancer [47-50]. Using protease-coupled enzymatic assays to screen
compounds, Uchida et al. identified dipentamethylene thiauram monosulfide (IC;, = 4 uM) and
TME-001 (IC,, = 6.1 uM), which prevent the growth of colon cancer cells (HCT116) and cervical
cancer cells (HeLa), respectively [51,52]. Pfizer and Vernalis identified small molecules as Pin1
PPlase domain inhibitors derived via structure-based drug design (PPlase domain inhibitors).
Pfizer screened a million compounds using both fluorescence-polarization binding and enzymatic
assays to find Pinl inhibitors, and synthesized a potent Pin1 inhibitor with single digit IC_ (IC_,
= 6 nM) [53]. Unfortunately, the compound lacked activity in cell-based assays because the
phosphate group of the compound conferred poor permeability [53]. The Vernalis group utilized
the NMR-based fragment screen system with a 900-fragment library and the protease-coupled
functional assay to identify Pinl inhibitors. An elaborate compound with high potency (IC,, =
830 nM) was synthesized. Treatment with the compound decreased cyclin D1 expression in PC3
prostate cancer cells [54].

More recently, Lu’s group identified all-trans retinoic acid (ATRA), a therapeutic for acute
promyelocytic leukemia (APL), by employing applied mechanism-based high-throughput
screening for compounds that target active Pinl [41]. ATRA binds to Pin1 and inhibits PPlase
activity (IC,; = 820 nM), and eventually degrades active Pinl. ATRA-induced Pinl ablation
degrades the PML-RARA protein encoded by the fusion oncogene in APL cells and animal models,
as well as tissues from human patients. In addition, ATRA inhibits the growth of MDA-MB-231
triple-negative breast cancer cells. In animal models, ATRA acts on multiple Pinl substrate
oncogenes such as cyclin D1, AKT, PKM2, and NF-kB/p65 and tumor suppressors including SMAD
and SMRT [41].

WW Domain Inhibitors

Pinl is inactivated by phosphorylation of Ser16, which prevents the WW domain from
recruiting the Pin1 protein to its substrates. This mechanism suggests that inhibitors that compete
with Pinl substrates for WW binding might be effective inhibitors in cells [10,55]. Déprez et al.
synthesized a putative WW domain ligand that showed 15 uM K, activity and found that this lead
molecule suppressed the expression of cyclin D1 in SH-SY5Y neuroblastoma cells [56]. Urusova
and colleagues discovered the Pin1 inhibitor EGCG, a cancer chemo-preventative compound that
is the major flavonoid in green tea. X-ray crystal co-structures showed that EGCG binds to both

the WW and PPlase domains of Pin1 [42]. It suppressed Pin1 activity in a protease-coupled assay
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(IC,, =20 uM) and inhibited cyclin D1, the JNK signal, and Bcl-xL expression in ErbB2-transformed
murine embryonic fibroblasts (MEFs) [42]. Tolerable doses of EGCG also reduced the growth of

ErbB2-transformed MEF xenografts in immune-deficient mice.

PERSPECTIVES AND CONCLUSIONS

Pin1 inhibitors that act as PPlase inhibitors and/or WW domain inhibitors may act on multiple
cancer-driving pathways to block their signals and tumorigenesis (Figure 2). Thus, Pin1 might be

a useful therapeutic target for cancer treatment.

PPlase inhibitors

Inh|bitors WW domain inhibitors

Oncogenes/
Growth-promoting genes

& : /

Activation of multiple cancer signals 1

Cancer-driving pathways

Figure 2: Pin1 inhibitors inactivate multiple cancer-driving pathways. Pin1 activates a variety
of oncoproteins and growth-promoting proteins. Pharmacological Pin1 inhibitors have been
developed to suppress the catalytic activity (PPlase inhibitors) and/or binding activity (WW

domain inhibitors) of Pin1. These pharmacological Pin1 inhibitors might disrupt Pin1-mediated
cancer-driving pathways.
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