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Abstract: Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) specifically binds and isomer-
izes the phosphorylated serine/threonine-proline (pSer/Thr-Pro) motif, which leads to changes in
protein conformation and function. Pin1 is widely overexpressed in cancers and plays an important
role in tumorigenesis. Mounting evidence has revealed that targeting Pinl is a potential therapeutic
approach for various cancers by inhibiting cell proliferation, reducing metastasis, and maintaining
genome stability. In this review, we summarize the underlying mechanisms of Pinl-mediated upreg-
ulation of oncogenes and downregulation of tumor suppressors in cancer development. Furthermore,
we also discuss the multiple roles of Pinl in cancer hallmarks and examine Pinl as a desirable
pharmaceutical target for cancer therapy. We also summarize the recent progress of Pinl-targeted
small-molecule compounds for anticancer activity.
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1. Introduction

Cells respond to extracellular and intracellular stimuli and elicit various regulatory
mechanisms such as epigenetic regulations, allosteric regulations and post-translational
modifications (PTMs) to control signal transduction [1-3]. PTMs are critical and complex
regulators, which control many cellular processes by changing protein structure, thereby
causing alteration in enzyme activity, protein interaction, protein compartmentalization,
protein processing, and protein stability. Protein phosphorylation is the prevalent modifi-
cation which regulates biologic processes in eukaryotic cells [4]. Phosphorylation of serine
or threonine residues preceding a proline (pSer/Thr-Pro) is one of the most frequent PTMs
and it occurs in a wide range of proteins which are usually involved in cell cycle progres-
sion in eukaryotic cells [5,6]. This modification is catalyzed by proline-directed kinases,
which include cyclin-dependent protein kinases (CDKs), mitogen-activated protein kinases
(MAPKSs) such as extracellular signal-regulated kinases (ERKs)/c-Jun N-terminal kinases
(JNKs)/p38 mitogen-activated protein kinases (p38 MAPKs), glycogen synthase kinase-3
(GSK3) and polo-like kinases (PLKs) [7,8].

In addition to phosphorylation, the cis/trans isomerization of prolyl peptide bonds is
an aspect of conformational changes. Proline is a unique residue that can adopt a cis or trans
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configuration; the configuration switch of its peptide bonds is tightly controlled by prolyl
cis-trans isomerization and plays a critical role in multiple cellular processes [8]. These pro-
lyl cis-trans isomerizations are catalyzed by peptidyl-prolyl cis/trans isomerases (PPlases).
There are four PPlase subfamilies: cyclophilins, FK506-binding proteins (FKBPs), parvulins,
and protein phosphatase 2A phosphatase activators (PTPAs) [9,10]. Peptidyl-prolyl cis-
trans isomerase NIMA-interacting 1 (Pin1), a member of the parvulin subfamily, is a unique
enzyme that specifically binds and isomerizes phosphorylated serine-proline or phospho-
rylated threonine-proline (pSer/Thr-Pro) motifs, thereby controlling diverse biological
processes [8,10-12]. Pinl-mediated phosphorylation dependent protein isomerization is a
novel post-phosphorylation regulatory mechanism [13-15].

The Pin1 gene is localized on chromosome 19p13.2 and encodes the Pinl isomerase,
which consists of 163 amino acids of approximately 18 kDa [13,15]. Pinl consists of an
N-terminal protein-binding WW domain and a C-terminal PPlase domain. The WW
domain preferentially binds to pSer/Thr-Pro containing peptide sequences, while the
catalytic domain isomerizes the prolyl bond in the pSer/Thr-Pro motif [14,16]. Pinl was
initially identified as being involved in cell cycle progression, but mounting evidence has
shown that Pinl-mediated prolyl isomerization plays a crucial role in diverse biological
processes, including cell cycle regulation, cell growth, differentiation, immune responses,
stemness, and even tumorigenesis [8,17-19]. Moreover, Pinl is commonly overexpressed
in most cancers and high levels of Pinl expression is correlated with poor prognosis
in various cancers [10,11,20-24]. An increasing body of evidence has shown that Pinl
promotes tumor initiation, development, and resistance to cell death as well as enabling
replicative immortality by upregulating oncogenes and proliferating-promoting factors
or downregulating tumor suppressors and proliferation-suppressing factors [10-12,19].
Therefore, Pinl is regarded as an intriguing target for cancer therapy.

The current study sets out to discuss the critical role of Pinl in cancer, and summarizes
the recent findings, which show that Pinl plays multiple roles in tumorigenesis. At
present, Pinl is a desirable pharmaceutical target for cancer therapy, and the present
study summarizes the recent progress of Pinl-targeted small-molecule compounds for
cancer therapy.

2. Dysregulation of Pin1 in Cancer
2.1. Regulation of Pinl Expression at the Transcriptional, Post-Transcriptional and
Post-Translational Levels

A growing amount of evidence has shown that Pinl is highly expressed in most cancers
and is correlated with poor prognosis in human cancers. The expression of Pin1 is controlled
by multiple regulatory mechanisms. Initially, Pin1 expression is transcriptionally regulated
by CDK-retinoblastoma protein (Rb)-E2F axis [25-27]. A mechanistic investigation revealed
that Pinl transcription is activated by the E2F family, which bind to the E2F binding sites
of the PIN1 promoter [25]. It also revealed that activated HER2 and Ras signaling can
stimulate Pin1 expression in breast cancer development. However, hypo-phosphorylated
Rb binds to the E2F transcription factor and coincides with transcriptional inactivation of
Pinl expression [26,28], while CDK-mediated phosphorylation of Rb would trigger the
dissociation from the Rb-E2F complex, leading to increased E2F transcriptional activity and
Pin1 expression. Gubern et al. found that p38 MAPK-mediated Rb phosphorylation results
in Rb insensitive to CDK inactivation and increases Rb-E2F affinity to repress E2F-activated
transcription [29]. Furthermore, E2F-induced Pinl transcription is also activated by other
transcriptional factors, such as C/EBPx-p30, a mutant of transcription factor C/EBP«,
which induces Pinl expression by recruiting E2F1 to the PIN1 promoter [30]. In addition
to E2F-mediated Pinl expression, Notchl binds to the PIN1 promoter and triggers Pinl
transcription [31]. Conversely, tumor suppressors such as p53, AP4, and BRCA1 act as
transcription repressors which inhibit Pinl expression [32-34].

In addition to transcriptional regulation, Pinl expression is also regulated at the
post-transcriptional level, which primarily affects mRNA stability and protein translation.
mRNA stability is controlled by microRNAs (miRNAs), a class of small non-coding RNAs
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that reduce gene expression by suppressing translation or destabilizing target RNAs [35,36].
Some miRNAs have been identified to reduce Pinl expression and suppress tumorigenesis,
including miR-140-5p, miR200b, miR200c, miR296-5p, miR370, miR-628-5p, and miR874-
3p [37-43]. Interestingly, the total miRNA expression profile is generally downregulated in
tumors and this could lead to Pinl upregulation in cancers [44,45]. Furthermore, Pinl might
reduce miRNA biogenesis by modulating the function of exporin-5 (XPO5) in cancers [46].

Post-translational regulation, which alters protein stability, is another way to control
Pin1 expression level. PLK1 phosphorylates Pin1 at the Ser65 residue in the PPlase domain
and prevents Pinl ubiquitination, which increases its protein stability in human cancer
cells [47]. SENP1, a SUMO protease, removes SUMOylation from Pinl and increases its
stability [48]. Pinl has been previously identified as being modified by acetylation in a
large-scale proteomics screening [49]. Furthermore, GRK2-HDAC6-mediated deacetylation
of the lysine 46 residue on Pinl enhances Pin1 stability and promotes higher substrate
affinity and isomerase activity in breast cancer cells [50]. In summary, Pin1 is prevalently
upregulated in many human cancers through transcriptional, post-transcriptional, and
post-translational regulations.

2.2. Regulation of Pin1 Function

In addition to the expression level, post-translational regulation is a crucial way of con-
trolling Pin1 function. To date, post-translational modifications of Pin1 have been identified
as phosphorylation, SUMOylation, oxidation, acetylation and ubiquitination [3]. These
modifications change the Pinl structure at the corresponding sites, leading to alterations
in protein stability, cellular localization, protein interactions and enzymatic activity under
both physiological and pathological conditions. Some of the modifications mentioned
above affect the protein stability of Pinl. cAMP-dependent protein kinase A (PKA) phos-
phorylates Pin1 at Ser16 and disrupts its substrate binding activity [51]. Ser16 is a critical
amino acid residue in the WW domain, which is responsible for the binding of phosphory-
lated substrates, so this conformation change may influence the binding ability of Pin1 [51].
Aurora A also phosphorylates Pinl at Serl6 and abolishes its binding ability to Bora,
leading to increased Bora protein stability and perturbation of mitotic progression [52].
However, ribosomal protein S6 kinase 2 (RSK2) forms a complex with Pinl and phosphory-
lates its Ser16, leading to increased 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
cell transformation in JB6 CI41 cells [53]. Furthermore, MAP3K-related serine/threonine
kinase COT has been reported to phosphorylate Pinl at Ser16, which consequently stabi-
lizes cyclin D1 protein and promotes tumorigenesis in breast cancer cells [54]. Pinl plays a
crucial role in the modulation of the cell cycle [55] and it is tightly regulated during the
cell cycle to control for the presence of physiological or pathological conditions. While
the same modification may occur on the same residue, the different cellular context or
the different binding partner can drive distinct biological processes. In addition, MLK3, a
member of the MAP3K family, was found to phosphorylate Pinl at Ser138 which promotes
its catalytic function, nuclear translocation, and increased protein stability [56]. Therefore,
the MLK3-Pinl pSer138 axis promotes tumorigenesis in breast cancer through enhance-
ment of cell cycle progression and centrosome amplification. Conversely, DAPK1, a tumor
suppressor, phosphorylates Pinl at Ser7, which leads to inhibition of catalytic activity and
blockage of nuclear localization [57-59]. In addition to phosphorylation, SUMOylation at
Lys6 and Lys 63 of Pin1 inhibits its binding ability and catalytic activity [48]. In addition
to protein stability, SENP1, a SUMO protease, deSUMOylates Pinl leading to increased
Pin1 activity and promoted centrosome overduplication and cell transformation during
tumorigenesis [48]. As mentioned above, HDAC6-mediated de-acetylation of the lysine 46
residue on Pinl not only promotes Pinl stability but also enhances its substrate binding
activity and enzymatic activity [50]. Taken together, these conformational modifications,
which are induced by tumor-promoting signals or tumor-suppressive signals, regulate Pin1
functions to control diverse biological processes.
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3. Dysregulation of Pinl Signaling in Tumorigenesis

Pinl is widely overexpressed in human cancers and its reduction significantly re-
presses cancer progression. Pinl is associated with the development of various cancers and
is therefore regarded as a molecular timer of the cell cycle [55]. High levels of Pin1 are corre-
lated with a higher proliferative capacity. Current studies have shown that Pinl upregulates
dozens of proliferation-promoting factors and inhibits dozens of proliferation-suppressing
factors (Figure 1) [10-12]. However, Pinl promotes tumorigenesis not only through en-
hancement of the cell’s proliferating ability but also via other tumor-promoting processes.
Hanahan and Weinberg elaborately summarized the breakthrough in our understanding
of the hallmarks of cancer, which are composed of ten major cancer capabilities [60,61].
The ten cancer capabilities include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,
activating invasion and metastasis, genome instability and mutation, tumor-promoting
inflammation, reprogramming energy metabolism, and evading immune destruction [61].
An increasing body of evidence has indicated that Pin1 acts as a central hub in the promo-
tion of tumorigenesis by augmenting these cancer capacities (Figure 2). In this section, we
summarize the regulatory mechanisms of Pinl that contribute to these cancer capabilities.

< Pl
Activationandfor o~ — N Inactivation and/or
upregulationV Mnregulation of
57 oncogenic proteins/ 27 tumor suppressors/

proliferation-promoting proteins proliferation-inhibitory proteins

[ asn [ aaq [ ar | peaenin [ scio YRR T T

[ ros | coczs [ cepss [ cfos [ cuum ]

[ coxz [onor | emn | era [ rax NN , J_EOK10
[ ro | v | woncs | werz [ mea | DAXX

_ ||:0x04

S ST ST T

N T T T T

o | v | e | roa | RaRe

S TS T SR . (e | e

oo | e ] e | s | sewee PN
SUV39H1
\( XPO5

g
5

Figure 1. The targets of peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) involved in cell propagation and
tumorigenesis. Pinl promotes tumorigenesis via upregulation of >50 oncogenes or proliferation-promoting proteins and

downregulation of >20 tumor suppressors or proliferation-inhibitory proteins.
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illustrated in this figure where Hanahan and Weinberg proposed the hallmarks of cancer which contain ten major biological

capabilities [61]. Pin1 contributes to all of these aberrant properties by exaggerating multiple cancer-driving pathways and

regulating the function of the downstream substrates.

3.1. Pin1 Enhances Proliferative Signaling

Cell cycle progression is tightly controlled in normal cells which are under various
intracellular and extracellular signals stimuli. However, cancer cells exhibit dysregulation
of cell cycle progression and sustain proliferative activity [62]. Pinl was originally identified
as a regulator of mitosis [13] and many previous studies have indicated that it drives
multiple proliferation-promoting pathways in cancer development [55]. From observations
of Pin1 knockout mice, Pinl was identified as controlling cyclin D1 stability and driving
cell proliferation [17,24]. CDKs are known to be involved in the control of cell cycle
progression [63,64], therefore Pinl and cyclin D1 form a regulatory positive feedback loop.
Weel and Mytl have been revealed to phosphorylate CDK1 and CDK2 at Thr14 and Tyr15,
respectively, which leads to inhibition of CDKs activity and prevents cell cycle progression.
However, Pinl can interact with Myt1 and Weel, and regulate their activity to modulate
cell cycle progression [65].

[3-catenin is known to promote cell proliferation in normal cells and cancer cells [66,67].
Pinl has been found to control the stability of and subcellular localization of 3-catenin by
inhibiting its interaction with adenomatous polyposis coli protein (APC) [68]. Therefore,
upregulation of Pinl promotes prostate cancer cell proliferation and migration through
activation of Wnt/ 3-catenin signaling [69]. In breast cancer, high expression of estrogen
receptor o (ERx) is correlated with a poor prognosis due to abnormal cellular prolifer-
ation. Mechanistic investigation revealed that ERx promotes cell proliferation through
suppression of p53/p21 and upregulation of proliferating cell nuclear antigen (PCNA)
and proliferation-related Ki-67 antigen (Ki-67) in MCE-7 cells [70]. In breast cancer, Pinl
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could promote cell proliferation through increased protein stability [71], DNA binding
affinity [72] and transcriptional activity of ERx [73]. Interestingly, there is typically high
expression of both Pinl and HER2 in most breast cancers. Not only does HER2 pro-
mote Pinl expression [25], but Pinl also upregulates HER2 expression by inhibiting its
ubiquitination [74] and destabilizing its transcriptional corepressor SMRT [75].

Myc controls the expression of CDKs, cyclins and E2F transcription factors to gov-
ern cell cycle progression, especially in tumor development [76,77]. Pinl recruits Ser62-
phosphorylated Myc to its co-activators and protects its stability, thereby enhancing Myc
transcriptional activity. The Myc-activated signaling cascade is involved in cell growth and
metabolism and can enhance the proliferative activity in tumor cells [78]. Nuclear factor
(NF)-kB signaling also promotes cancer cell proliferation [79]. Pinl is known to activate the
NEF-«b signaling pathway by promoting nuclear accumulation of p65 and protecting p65
from E3 ligase SOCS-1-mediated ubiquitination and degradation [80]. Pinl-promotion of
proliferation via the NF-«B signaling pathway has been found in various cancers [81-84].
Additionally, ANp63, a potent oncogene, stimulates the expression of the Wnt receptor
Fzd7, thereby enhancing Wnt signaling and maintaining dysregulated cell proliferation for
tumorigenesis [85,86]. Pinl upregulates ANp63 expression, which enhances cancer cells
proliferation by blocking inhibition of E3 ligase WWP1-mediated ubiquitination and degra-
dation [87]. Moreover, Pinl also upregulates many proliferation-inducing factors, such as
bromodomain-containing protein 4 (BRD4), c-Jun, FoxM1, NUR77, and XBP1 [88-92].

In addition to tumor cells, Pinl also promotes the proliferation of nontumorous
cells [17,93-95]. These results suggest that Pin1 is a potential target for the treatment of
neoplastic diseases.

3.2. Pin1 Downregulates Dozens of Tumor Suppressors

The cell cycle is tightly controlled to maintain the genome stability under normal
conditions. There are negative regulatory mechanisms which control cell proliferation.
Tumor suppressor genes play critical roles in these mechanisms to prevent dysregulated
proliferation and neoplasia. However, cancer cells adopt various mechanisms to circumvent
these blockades and checks.

The two prototypical tumor suppressors, p53 protein and Rb protein, act as the
central nodes which cooperate with the complementary cellular program to control cell
fate towards proliferation, quiescence or apoptotic processes [61]. Many studies have
indicated that Pinl promotes p53 stability and functions after genotoxic insults [96-99].
Pinl is even regarded as a tumor suppressor [55]. However, p53 is often mutated (p53M)
in cancer cells. Growing evidence has shown that Pinl promotes the p53M-induced gain of
new functions (GOFs), leading to aggressive cancers [100-102]. It has also been indicated
that TP53 mutations are usually correlated with poor prognosis in human cancers [100].
Rb directly binds and inhibits the E2F transcription factor to arrest the cell cycle upon
DNA damage [103]. However, Rb is usually inactivated through downregulation and/or
hyperphosphorylation by CDKs which are activated by increased cyclin D1 in cancer
cells [24,63,64].

Additionally, promyelocytic leukemia protein (PML) is a well-known tumor sup-
pressor that is involved in various cellular processes including apoptosis, viral infection,
senescence, DNA damage repair, and cell cycle regulation but is frequently mutated in can-
cers [104]. Pin1 can destabilize PML to promote the proliferation of breast cancer cells [105].
Pinl promotes E3 ligase KLHL20-mediated degradation of PML to enhance prostate can-
cer progression [106]. Pin1 also stabilizes the oncogenic fusion protein PML-RAR« [107],
which disrupts the localization of wild-type PML from nuclear bodies to numerous micro
speckles [108] and induces a maturation arrest in promyelocytic leukemia [109]. Pin1 inhi-
bition by small molecular compounds suppresses cancer cell proliferation and increases
the protein levels of PML and SMRT [110]. Additionally, Pin1 downregulates numerous
tumor suppressor genes such as CDK10, E3 ligase FBXW?7, Kruppel-like factor 10 (KLF10),



Biomedicines 2021, 9, 359

7 of 29

runt-related transcription factor 3 (RUNX3), and suppressor of variegation 3-9 homolog 1
(SUV39H1) to drive multiple oncogenic signaling pathways [111-115].

3.3. Pinl Helps Cancer Cells Resist Cell Death Signaling

Neoplastic cells with dysregulated proliferation activity harbor high levels of DNA
damage due to replication stress. Apoptosis is the primary method of programmed cell
death, which serves as an elaborate blockade to cancer development and is a program
designed to eliminate genetically damaged cells [116,117]. However, cancer cells are able
to inhibit pro-apoptotic signals and activate anti-apoptotic signals, which allow them
to survive under various cytotoxic stress. Pinl is a critical defense against genotoxic
insult-induced apoptosis for cancer cells [118].

For one thing, Pinl can suppress various pro-apoptotic signals. Following apoptotic
stimulation, BAX and BAK-induced programmed cell death occurs via permeabilization
of the outer mitochondrial membrane (OMM) and the subsequent release of cytochrome
c [119]. Following cytokine stimulation, Pinl suppresses the mitochondrial translocation of
BAX to inhibit apoptosis in human eosinophils [120]. Furthermore, the death-associated
proteins DAXX and FADD are two critical molecules which mediate the extrinsic cell death
pathway [121,122]. Pinl inhibits DAXX-induced apoptosis by downregulation of DAXX
through the ubiquitin-proteasome pathway in glioblastoma cells. [123]. In addition, Pin1
disrupts Fas-FADD-mediated apoptosis through isomerization-facilitated dephosphory-
lation of FADD Ser194, leading to sequestration of FADD into the cytoplasmic location
of eosinophils [124]. DNA damage-induced apoptosis is also mediated by other surveil-
lance proteins, such as p53, PML, and Rb. However as mentioned above, PML and Rb
are downregulated by Pinl in various human cancers. Pinl strengthens p53-induced
apoptosis [97,98] but promotes the p53M-induced tumorigenic functions [100-102].

Pinl can also activate the anti-apoptosis signals. The B-cell lymphoma 2 (BCL-2) family
of proteins controls cell fate between either survival or commitment to mitochondria-
mediated programmed death. The pro-survival BCL-2 family proteins such as BCL-2,
BCL-XL and myeloid cell leukemia-1 (Mcl-1) reduce BAX and BAK-mediated cell death
by controlling the retro-translocation of BAX and BAK from the mitochondria into the
cytosol [125,126]. Evidence has shown that Pinl mediates dephosphorylation of BCL-2 to
enhance its stabilization and anti-apoptosis activity [127]. Interestingly, reinforcement of
BCL-2 and Myc signaling would strengthen apoptosis abrogation, as well as sustaining
proliferation for malignancy [128]. Furthermore, Pinl stabilizes Mcl-1, which promotes
chemoresistance, thereby making it positively correlated with poor survival in human
breast cancer [129]. Pinl also contributes to cisplatin resistance through upregulation
of the FoxM1 and Wnt/ 3-catenin signaling pathway in cervical cancer cells [130]. In
addition, Pinl enhances tamoxifen resistance through upregulation of LC-3, leading to the
induction of protective autophagy in breast cancer cells [131]. Pinl also inhibits apoptosis
by mediating the anti-apoptotic function of survivin, which blocks pro-caspase-9 function
in hepatocellular carcinoma [132].

3.4. Pinl Provides the Cancer with Replicative Immortality

Most normal cells are able to pass through only a limited cycles of successive cell
divisions and then enter the status of replicative senescence. After senescence bypass, cells
undergo crisis, leading to cell death by mitotic telomere deprotection [133]. These barriers
are adopted to block tumor formation, whereas the cells possess unlimited replicative
activity by sustaining telomeres protecting the ends of chromosomes and this program is
termed immortalization.

In most cancer cells, telomerase is reactivated to maintain the extending telomeric
DNA while telomeric repeat-binding factors (TRFs) limit its elongation by binding telomere
in cis [134]. Evidence shows that Pinl could sustain the extending telomeric DNA through
destabilizing TRF1 in cancer cells [135]. Furthermore, Pinl also inhibits Rb- and PML-
induced senescence in cancer cells [105,136]. In normal cells, the p53-responsive gene BTG2
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induced replicative senescence in p53 in an independent manner followed by relocalization
of Pinl thereby inhibiting its activity [137]. Ectopic expression of Pinl suppresses BTG2-
induced senescence and this indicates that the BTG2-induced replicative senescence is
through the antagonizing of the Pinl function in normal cells. Additionally, the early
mitotic inhibitor 1 (Emil) promotes S phase entry and suppresses DNA damage-induced
senescence by inhibiting APC“9"! complex [138,139]. Pinl was known to enhance the
proliferation and suppresses the senescence by stabilizing Emil in cancer cells [140]. BCL-2
cooperates with c-Myc to immortalize pre-B cells [141] and this cooperation would promote
malignancy from abrogation of apoptosis as well as sustained proliferation in cancer
cells [128].

3.5. Pinl Induces Tumor-Associated Angiogenesis

Angiogenesis is tightly controlled under physiological conditions. However, neoplasia
or cancer cells require supplementation with a myriad of nutrients and oxygen, as well
as the evacuation of metabolic waste products and carbon dioxide. Therefore, the tumor-
associated neovascularization, a type of angiogenesis, occurs to satisfy these needs and
help maintain blooming neoplastic development. Rapidly expanding cancer can induce
continuous angiogenesis to maintain the supply of nutrients and oxygen, as well as to
eliminate metabolic waste and carbon dioxide.

Mounting evidence indicates that Pinl plays a critical role in tumor-associated angio-
genesis [12,142]. Pinl is known to promote angiogenesis mainly through the regulation of
hypoxia-inducible factor 1oc (HIF-1x)-mediated or NF-kB-mediated expression of vascular
endothelial growth factor (VEGF) in cancer tissues [12,142]. Briefly, Pinl promotes the
stability and transcriptional activity of HIF-1x in human cancers or diseases [143-145].
Pinl reverses the inhibitory mechanism of PML-mediated suppression of HIF-1x-induced
angiogenesis in clear cell renal cell carcinoma and prostate cancer [106,146]. Pinl also
induces angiogenesis through stabilization of HIF-2« in colorectal cancer cells [147]. Pin1
upregulates NF-«B expression and consequently promotes angiogenesis through increased
VEGEF expression in a number of cancers [80,81,83]. Furthermore, the other VEGF promot-
ing transcriptional factors, such as 3-catenin and FoxM1, are upregulated by Pin1 to drive
angiogenesis in various cancers [148-151].

3.6. Pin1 Promotes Invasion and Metastasis

Cancer invasion and metastasis are critical cancer capacities for a primary tumor
progressing to higher malignant grades. The best characterization of a cancer cell in the
beginning is a loss of E-cadherin expression, which lets tumor cells have an anti-quiescence
ability and a higher motility [152,153]. Loss of E-cadherin drives epithelial-mesenchymal
transition (EMT), a developmental regulatory program, which promotes local invasion and
distal metastasis [154—-157]. Pinl expression is higher in metastatic cancer compared with
primary cancer [158]. Increased observations have indicated that Pin1 plays a critical role
in the promotion of invasion and metastasis in many cancers [21,159,160].

An increasing body of evidence shows that 3-catenin not only increases cell prolif-
eration but also promotes migration and invasion in cancer cells [66,157,161]. Therefore,
Pinl promotes invasion, metastasis and even other malignant tumor processes partly
through the upregulation of 3-catenin-mediated signaling cascades [19,68,150]. Transform-
ing growth factor (TGF)-f plays a critical role in tumor metastasis [162-165] and Pin1 has
been found to upregulate TGF-f3 by stabilizing its mRNA [166]. Furthermore, Pin1 directly
promotes TGF-p-induced migration and invasion in human prostate cancer cells [167].

Growing evidence has demonstrated that NF-«B plays an important role in the in-
duction of EMT and the promotion of tumor metastasis [168-170]. Pinl could promote
metastasis via activation of the NF-«kB-interleukin (IL)-18 feedback loop in pancreatic
cancer cells [171]. Pinl also promotes EMT through upregulation of STAT3 and NF-«B
in human gallbladder cancer [172]. Additionally, NOTCH signaling drives metastasis
in numerous cancers [173-176] and Pinl prevents NOTCH1 and NOTCH4 from under-
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going FBXW7-mediated degradation, leading to an increase in breast cancer stem cells’
(CSCs) self-renewal and metastasis [177]. In addition to protein stability, Pinl also acti-
vates NOTCHI1 transcriptional activity by facilitating y-secretase-mediated cleavage and
release of the active intracellular domain. Interestingly, NOTCHI1 signaling upregulates
Pinl expression, thereby generating a positive feedback loop for malignant progression
in human breast cancers [31]. Pin1 has also been reported to enhance EMT and chemore-
sistance by upregulating FoxM1 and the Wnt/(3-catenin signaling pathway in cervical
cancer cells [130]. Additionally, Pinl promotes invasion and metastasis through activation
of p53M and BRD4 in many cancers [88,178].

In addition to EMT, cytoskeleton reorganization affects cell motility including in-
vasion and metastasis [179-182]. Protein tyrosine phosphatase (PTP)-PEST, along with
FAK and Src, cooperate to regulate the phosphorylation and dephosphorylation of focal
adhesion proteins, which control focal adhesion turnover and stimulate cell motility in
normal cells and cancer cells [183,184]. Furthermore, Pinl-mediated isomerization of PTP-
PEST facilitates the interaction between PTP-PEST and FAK and the dephosphorylation
at Y397 on FAK, which in turn promotes cell migration, invasion and metastasis [185,186].
HDAC6-mediated deacetylation of x-tubulin regulates microtubule-dependent cell motil-
ity [187-189]. Pinl upregulates HDAC6 expression through stabilization of HDAC6 mRNA
and protein, which consequently promotes cell motility in cancer cells [190,191]. More-
over, overexpression of Pinl promotes centrosome amplification [24,192], which increased
centrosomal microtubule nucleation and Racl activity, which disrupts normal cell—cell
adhesion and promotes invasion in cancer cells [193,194]. It also implies that major tumor
capabilities proceed these cross-interactions.

3.7. Pinl Drives the Genome Instability and Mutations of Cancer

The goal of cell division for most cells is to accurately duplicate the genome and then
equally segregate the duplicated genome into two daughter cells having the same genetic
material as their parent cell. Genomic instability is defined as an increase tendency of
alterations in the genome. During the life-course of a single cell, the genome is constantly
damaged by myriad exogenous and endogenous stimuli. To maintain genome stability,
DNA damage response (DDR) is adopted to sense and repair DNA damage in cells.
Genome instability acts a major driving force to tumorigenesis. Therefore, most cancer is
tolerant to a certain level of genome instability and mutations. In cancer cells, Pinl not
only represses the DNA damage-induced senescence and apoptosis but also promotes the
genome instability such as aneuploidy and centrosome amplification.

Damage-induced DNA double-strand breaks (DSBs) can be repaired using error-free
homologous recombination (HR) and error-prone nonhomologous end-joining (NHE]) [195].
CtIP interacts with the MRE11 complex, and consequently promotes DNA end resection to
proceed homologous recombination [196]. However, Pinl promotes CtIP degradation and
facilitates error-prone NHE] leading to increase genome instability [197]. Pin1 is regarded
as a regulator to regulate DSB repair through CDK-mediated modulation of DNA-end
resection [198]. Meanwhile, CDK-induced centrosome amplification drives genome insta-
bility [199]. Additionally, rapid proliferation leads to increased replication stress activates
DNA damage and generation of structural and numerical chromosome instability (CIN)
partially through centrosome amplification in cancer cells [200,201].

In addition to accurate replication, the equal segregation of the replicated genome
into daughter cells is also crucial for genome stability. Therefore, the aberrant segrega-
tion and division processes would contribute to genome instability. Separase controls
the equal segregation of sister chromatid by hydrolyzing cohesion [202]. Pinl-mediated
isomerization modulates separase proteolytic activity during mitosis [203]. The centrosome
protein 55 kDa (Cep55) plays a key role in cytokinesis. Furthermore, cytokinesis failure
usually results in tetra-ploidy leading to genomic instability. Pinl could regulates cytoki-
nesis through Cep55 [204]. Pinl also affects the SEPT9-mediated separation of daughter
cells [205].
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3.8. Pinl Facilitates Tumor-Promoting Inflammation

The immune cells, largely of the innate immune system in the tumor microenvi-
ronment, have been known to have important tumor-promoting effects on neoplastic
progression by providing bioactive molecules into the tumor microenvironment, including
growth factors, survival factors, proangiogenic factors, extracellular matrix-modifying
enzymes, and inductive signals that lead to driving EMT and other cancer-promoting
programs [61,206-208].

Pin1 is a pivotal regulator for inflammation. The dysregulation of Pinl-mediated in-
flammation contributes to many diseases, including cancer. Pinl promotes IL-18-mediated
tumor-promoting inflammation and pancreatic cancer progression in pancreatic ductal
adenocarcinoma (PDAC) via upregulation of NF-«kB signaling [171]. Interleukin receptor-
associated kinase M (IRAK-M) induced by TGF-f3, an inactive kinase, is predominantly
expressed in tumor-associated macrophages and acts a potent negative regulator of Toll-like
receptors (TLRs) signaling, thereby promoting tumor growth [209]. Furthermore, Pinl also
promotes the nuclear translocation of IRAK-M and induces selected proinflammatory genes
expression to enhance the IL-33-induced airway inflammation in dendritic cells [210]. IL-22
is a modulator for proliferation and inflammation via activation of ERK, JNK and STAT3.
Pinl is found to regulate IL-22-induced MAP3K8-mediated activation of ERK, JNK and
STATS3 for promoting cancer-associated inflammation in the tumor microenvironment [211].
NADPH oxidase-mediated superoxide production plays a key role in host defense and
inflammation in human neutrophils. Pinl promotes TLR7/8 agonist CL097-mediated
priming of fMLF-induced NADPH oxidase cytosolic component p47phox phosphorylation,
leading to superoxide production [212].

Besides, granulocyte-macrophage colony-stimulating factor (GM-CSF) is a crucial
hematopoietic growth factor and immune modulator involved in activation of various
circulating leukocytes [213]. Eosinophil-mediated GM-CSF production drives short and
long-term fibrotic pathology in asthma. Furthermore, Pinl regulates the AU-rich element-
binding proteins AUF1 and hnRNP C with GM-CSF mRNA to control the stability of
GM-CSF mRNA, respectively, in eosinophils and T lymphocytes [214,215]. In addition to
elevating tumor-promoting, Pinl also upregulates some anti-inflammatory factors, such as
NUR?77 and glucocorticoid receptor (GCR) to regulate inflammation response [216,217].

3.9. Pinl Governs the Metabolic Reprogramming of Cancer

The characteristics of neoplastic diseases involve not only uncontrolled cell prolifera-
tion but also distinct adjustments of cellular energetics to support cell growth and division.
Normal cells rely primarily on glycolysis in cytosol and oxidative phosphorylation in
mitochondrial to generate the energy for cellular processes under aerobic conditions; while
under anaerobic conditions, anaerobic glycolysis is favored to generate pyruvate, thereby
converting to lactate. In contrast to normal cells, most neoplastic or highly proliferative
cells instead rely on aerobic glycolysis even in the presence of oxygen. The reprogramming
of glucose metabolism is a phenomenon termed the “Warburg effect” [218]. Cancer cells
direct the metabolic switch to promote survival, growth, proliferation, and long-term main-
tenance through rapid ATP synthesis, increased biosynthesis, established tumor associated
microenvironment, enhanced ROS-induced signaling transduction and accelerated genome
instability [219].

Mounting evidence suggested that Pinl plays a crucial role in metabolic reprogram-
ming via controlling the function of critical factors involved in aerobic glycolysis in cancer
cells [220]. Pin1 enhances the stability of 3-catenin and activates Wnt/ 3-catenin signaling
to regulate tumor metabolic reprogramming [221]. Pinl also promotes the stability and
transcriptional activity of HIF-1« to act a central regulator of glycolysis, cancer metabolism
and cancer cell proliferation [222]. Interestingly, aerobic glycolysis also prevents the aerobic
degradation of HIF-1a protein, activates HIF-1« transcriptional activity, and enhances the
expression of several HIF-1-activated genes to promote tumorigenesis [223]. Addition-
ally, Pinl promotes the stability and activity of Myc, thereby regulating cell growth and
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metabolism in cancers [224]. Pinl-mediated mitochondria translocation of PGK1 activates
pyruvate dehydrogenase kinase 1 (PDHK1) to inhibit the pyruvate dehydrogenase (PDH)
complex, leading to enhanced glycolysis in the cytosol accompanied by reduced mitochon-
drial pyruvate metabolism [225]. Pyruvate Kinase M2 (PKM2) is a critical mediator of
aerobic glycolysis in cancer cells. Pinl promotes PKM2 binding to importin «5 and nuclear
translocation, which cooperates with (3-catenin to induce c-Myc expression and modulate
metabolism [226]. Therefore, targeting the metabolic reprogramming is a feasible strategy
for cancer therapy [227,228].

3.10. Pinl Advances Cancer Cells to Evade Immune Destruction

As for tumor formation, immune surveillance is a monitoring process of the immune
system to recognize and eradicate all initial cancer cells and nascent tumors. Therefore,
the immune system contributes to the surveillance against tumors [229]. However, many
patients with an apparently normal immune system still develop cancers. This indicates
that tumor cells appear to somehow have biocapacities to avoid attack by the immune
system or are able to evade the extent of immunological killing, thereby escaping eradi-
cation. Therefore, three essential phases for the interaction between host and tumor cells
have been proposed: elimination, equilibrium and escape [230]. In addition to resisting or
eradicating incipient neoplasias, the immune system has been proven to promote tumor
progression and malignancy [231]. Mounting evidence shows that Pinl plays a crucial role
in the regulation of immune response [12,232].

Interferon-gamma (IFN-y)-induced indoleamine 2,3-dioxygenase (IDO) expression
protects the fetus from maternal immunity. Similarly, IDO is found prevalently overex-
pressed in tumors and suppresses T cell immunity, leading to tumor growth in the tumor
microenvironment [233]. Ligation of CTLA-4 by CD80/CD86 activates the PI3K/AKT and
NOTCH pathway to stimulate IDO production in dendritic cells [234]. In the meanwhile,
NOTCH-induced Pinl expression promotes casein kinase II-mediated PTEN suppression,
thereby increased PI3K/AKT signaling and IDO production [234]. Additionally, Pinl
upregulates TGE-f3 through stabilizing its mRNA [166], which acts a crucial regulator of
immune responses, leading to immune escape for cancer development [235].

Interleukin-1 receptor activated kinases (IRAKSs) are key mediators in the signaling
pathways of TLRs/IL-1 receptors (IL-1Rs) in regulating the innate immune system [236].
Upon activation of TLR7 and TLRY, Pin1 triggers IRAK1 activation and release from the
receptor complex, leading to IRF7 activation and type I interferons production [18]. In
addition, IFN regulatory factor 3 (IRF3) is an important transcription factor involved in
the regulation of innate immune responses [237]. IRF3 stimulates IFN-f3 expression for
antiviral immune response [238]. However, Pinl suppresses the transcriptional activity
and promotes ubiquitin-mediated downregulation of IRF3 leading to decreased IFN-f3 pro-
duction [239]. Therefore, Pinl can modulate immune surveillance from multiple pathways.

4. Pin1 Targeted Therapies for Cancer Treatment
4.1. Targeting Pin1 Could Suppress Tumor Growth

Cancer is the leading cause of human death worldwide [240] and the rate of cancer
occurrence as well as mortality are still growing globally. In the past, scientists tried to treat
cancer by developing inhibitors, which were highly targeted to a single pathway. How-
ever, multiple dysregulated pathways are concomitantly involved in tumorigenesis [61].
Therefore, a new generation of anti-cancer drugs which are able to inhibit multiple cancer-
driving pathways or a combination of therapies could be a more suitable strategy for cancer
treatment [189]. Pinl is highly expressed in numerous cancers, including breast, lung,
hepatic, prostate, colorectal, glioblastoma and esophageal cancers. Pin1 participates in the
diverse cancer biocapacities mentioned above. Therefore, it is an attractive drug target.

Mounting evidence indicates that inhibition of Pinl is an effective means to reduce
cell proliferation and repress tumorigenesis. As we mentioned previously, a cell can
control Pinl expression through transcriptional, post-transcriptional and post-translational
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regulation which in turn regulates the physiological or pathological processes. Tumor
suppressors, such as p53, Rb and BRCA1, can directly suppress Pinl expression to reduce
its tumor-driving processes. Several miRNAs including miR-140-5p, miR-200b, miR-200c,
miR296-5p, miR-370, miR-628-5p and miR874-3p inhibit tumor progression by facilitating
the degradation of Pin]l mRNA. However, Pinl reduces miRNAs biogenesis by modulating
the function of XPO5 in cancers, leading to downregulation of total miRNA expression
profiling in tumors. In addition to regulating the expression of Pinl, Aurora kinase A, and
protein kinase A could block the substrate binding ability of Pin1 by phosphorylating its
Ser16 residue in the WW domain. Furthermore, DAPK1 inhibits Pin1 by phosphorylating
Ser71 in the PPlase domain, thereby suppressing malignant processes. Due to Pinl acting
as a crucial hub-mediated cancer-driving signaling pathway, Pinl inhibitors have been
discovered and synthesized for cancer treatment. Most drugs identified target the catalytic
PPlase domain, as well as a few targeting the WW domain. These potential Pinl inhibitors
are listed in Table 1.

Juglone is an allelopathic compound identified firstly as Pinl inhibitor. The Juglone
modifies the sulfhydryl group of cysteines to inhibit Pin1 activity and suppress cell prolifer-
ation in various cancer cells including breast cancer, lung cancer, hepatocellular carcinoma,
and prostate cancer [241-245]. Moreover, a high dose of juglone treatment even reduces
Pinl protein expression [246]. Juglone also regulates the functions of other proteins by
inhibiting RNA polymerase II and preventing PP2A-mediated dephosphorylation of Rab4
for mitotic progression [41,247]. However, juglone harbors diverse specificities, which
limits its potential application for cancer treatment.

PiB, a fused tetracyclic tetra-one that was screened from a chemically synthesized
library, is able to inhibit Pinl (IC5¢ = 1.5 uM) [248]. Unlike juglone, PiB is a competitive
inhibitor of Pinl that blocks the proliferation of any Pinl-expressing cells, but not that
of Pinl-deficient cells. Additionally, PiB treatment reduces Nonog expression through
transcriptional and post-translational level mRNA, consequently suppressing the self-
renew ability and teratomas-forming ability of the cancer stem cells [249]. TME-001, a dual
inhibition of Pinl (ICsp = 6.1 pM) and cyclophilin (ICsy = 13.7 uM), was discovered from a
high-throughput screening of chemical libraries and its administration suppresses the cell
proliferation of HeLa cells [250].

All-trans retinoic acid (ATRA) was discovered from a mechanism-based high-throughput
screening system, which inhibits the Pinl activity by covalently binding to the catalytic
domain of Pin1 [251]. ATRA treatment not only induces the degradation of Pinl protein,
but also contributes to suppressing oncogenic function by downregulation of cyclin D1
in breast cancer cells. ATRA administration also triggers the degradation of PML-RAR«x
oncoprotein, leading to suppression of proliferation in acute promyelocytic leukemia (APL)
cells and mouse models. In this context, ATRA is regarded as a targeted therapy for APL
and breast cancer. Currently, the Food and Drug Administration (FDA) approved ATRA
for acute promyelocytic leukemia (APL) therapy. Moreover, ATRA possesses potent anti-
cancer activity against hepatocellular carcinoma (HCC) by blocking multiple cancer-driving
pathways to reduce tumorigenicity in a mice model of HCC [252].

Arsenic trioxide (ATO) is a compound associated with transcriptional regression of
Pinl. At present, Arsenic trioxide as medicament is approved for APL therapy by the FDA.
Specifically, the combine therapy of ATRA with ATO can effectively treat APL, since ATRA
administration promotes uptake of ATO through upregulation of aquaglyceroporin 9,
a transmembrane protein involved in arsenic uptake [253]. It is also characterized by
ATO inhibition and degradatioin of Pinl, thereby suppressing the oncogenic pathways
by noncovalent binding to Pinl’s active site [254]. Furthermore, co-treatment of ATO and
ATRA, at clinically safe doses, synergistically blocks numerous Pinl-mediated oncogenic
pathways and provides an attractive strategy to fight APL, breast cancer or other diseases.

The inhibitive effect of KPT-6566 on the catalytic activity of Pinl was identified by
a mechanism-based screening [160]. KPT-6566 is an organic compound containing a
polycyclic aromatic hydrocarbon that is able to covalently bind to the sulfanyl-acetic acid



Biomedicines 2021, 9, 359

13 of 29

group and tertbutyl-phenyl group through a sulfonamide moiety. KPT-6566 covalently
docks in the catalytic pocket of Pinl to inactivate its PPlase activity. Similar to ATRA
and ATO, KPT-6566 inhibits Pinl signaling and targets it for degradation. Unlike other
Pinl inhibitors, KPT-6566 not only possesses anti-proliferation activity, but also holds
cytotoxic effects on cancer cells through the generation of reactive oxygen species and DNA
damage. Therefore, KPT-6566 treatment triggers apoptosis and suppresses cell proliferation
in a variety of cancer cells [160]. Moreover, KPT-6566 has also been demonstrated to
specifically execute an anti-proliferative effect on Pinl-expressing cells but not on Pin1-
silenced cells. KPT-6566 treatment has been found to reduce lung metastasis in a mouse
model of breast cancer.

6,74’ -trihydroxyisoflavone (6,7,4’-THIF), a major metabolite of daidzein, inhibits
esophageal cancer growth. Pinl was one of the candidates of the 6,7,4'-THIF targeted
proteins. The 6,7,4'-THIF interacts with the WW domain and PPlase domain of Pin1 and
blocks its emzyme activity [255]. Pyrimidine derivatives were identified to inhibit Pin1
activity by covalent binding to Pinl [256]. (S)-2 treatment reduces cyclin D1 expression
and evokes cytotoxicity in human prostate cancer PC-3 cells through inhibiting Pin1 by
covalent binding with Cys113 of Pin1 in the catalytic domain [257].

Pin1 inhibitors are urgently needed for treating cancer diseases. Equally, advancing
in drug delivery and target to Pin1 is crucial for effective cancer treatments. Although
some compounds display a more potent effect against Pin1 PPlase activity in vitro, their
insolubility in water is a hurdle limiting their application for clinical use. Moreover, further
pre-clinical and clinical studies are also needed to evaluate the safety and efficacy of Pinl
inhibitors for clinical cancer therapy.

Table 1. Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) inhibitors.

Inhibitory Mechanism

Pin1 Inhibitor Chemical Structure S e References
and Significance
0]
Juglone; O‘ Covalently bond to PPlase [246,258]
5-Hydroxy-1,4-naphthalenedione catalytic domain !
OH O
PiB; a
1,3,6,8-tetrahydro-1,3,6,8-tetraoxo- i e .
A A Il T
benzo[Ilmn][3,8]phenanthroline-2,7- . %‘/Q \(Lo Competltl:;;??g?;ﬁ;gnl PPlase [248]
diacetic acid, 2,7-diethyl ~An A Y
ester ¢
. S Dual inhibitor of Pinl and cyclophilin
TME-001; 2-(3-chloro-4-fluoro- FON/ Competitive inhibitor of Pin1 PPlase [250]
phenyl)-isothiazol-3-one . .
catalytic domain
All-trans retinoic acid (ATRA); Compe:tltlve 1n'h1b1tor of Pin1 PPIase
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2;5:2;&;2?:)?‘3 (eﬁrifZO— )) ! | ATO in combination with the ATRA [254]
OXYE ASQ for first-line treatment of low-risk

acute promyelocytic leukemia
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4.2. Targeting Pinl Is Effective to Prevent Tumor Recurrence

Drug resistance and tumor metastases are the two leading causes of cancer-related
morbidity and mortality [270,271]. Cancer cells develop resistance to targeted drugs by
drug inactivation, altered drug metabolism, change in drug transport and targets, evolving
DNA damage repair, cell death inhibition, the epithelial-mesenchymal transition (EMT),
epigenetic alterations and tumor cell heterogeneity [272]. These mechanisms can work
independently or in combination to contribute drug resistance. Intriguingly, Pinl acts as a
crucial hub to drive the ten major cancer-promoting biocapacities mentioned above. These
parameters are closely related.

Glowing evidence indicates that Pin1 can advance the ten major biocapacities to bypass
or combat the drug-mediated signaling pathways. (1) In respect to drug inactivation,
many anticancer drugs must undergo metabolic activation in order to acquire clinical
efficacy. Profoundly, Pinl is used to catalytically modify or facilitate the degradation of
the associated proteins needed to process the pro-drug. Actually, Pinl could also disrupt
the complex formation of the drug leading to drug inactivation. BRCA1/2 is prevalently
mutated in breast cancer patients. Synthetic lethality from a combination with PARP
inhibitor and BRCA1/2 mutation has been adopted to treat breast cancer. However, BRCA1-
proficient cells are resistant to PARP inhibitor treatment due to Pinl-mediated BRCA1
maintaining genome stability upon DNA damage. Luo et al. found that Pin1 inhibition
sensitizes BRCAl-proficient breast cancer in PARP inhibition treatment [273]. (2) As to
alteration of the drug target, a drug’s efficacy is dependent on the status of its molecular
targets and effectors such as mutations or modifications of expression levels which lead
to drug resistance. Tubulin polymerization inhibitors, including taxanes, taxol and vinca
alkaloids, disrupt the microtubule arrays and cause cell cycle arrest. Subsequently, cell
cycle arrest at G2/M activates CDK1, which results in phosphorylation of LATS (large
tumor suppressor) and conforms to a Pinl binding motif. Interaction of Pinl and LATS
results in activating YAP and TAZ-mediated signaling against tubulin, depolymerizing
drug-induced apoptosis. Conversely, inhibition of Pin1 sensitizes cancer cells to tubulin
depolymerizing drugs [274]. (3) In regard to drug efflux, upregulation of organic anion
transporter facilitates cancer cells dumping out the drug. In contrast, depletion of Pinl
sensitizes MDA-MB-231 cells to paclitaxel partially through downregulation of multidrug
resistance (MDR) genes (MDR1 and MRP4) [275]. (4) To improve DNA damage repair, many
chemotherapy drugs directly or indirectly damage DNA to induce cell death. Silencing
of DNA damage repair is an important action enhancing the pharmacological action of
anticancer drugs. Pinl-mediated BRCA1 can maintain genome stability and promote
DNA repair responding to anticancer-drug-caused DNA breakage. Therefore, Pinl has
an important role in the evolution of drug resistance partially through a decline in DNA
repair efficiency and fidelity [273]. (5) As to cell death inhibition, drug-induced cancer
cell death is one of the fundamental strategies of cancer chemotherapy. Pinl promotes
drug resistance leading to the tumor cell evading anticancer stimulated cell death. The
tumor cell gaining drug-resistance to anticancer drugs represents not only the inhibition of
intrinsic and extrinsic pathways for acquiring apoptosis-resistance, but also the activation
of cell survival signaling, as mentioned in Section 3.1. (6) As to epithelial-mesenchymal
transition (EMT), it is a regulatory mechanism by which solid tumors render metastasis.
EMT promotes changes in the cancer cell and in the stromal cells that form the local
environment. EMT also initiates angiogenesis, which is responsible for forming new blood
vessels around metastatic tumors that supply myriad nutrients and oxygen, as well as
evacuating metabolic wastes and carbon dioxide for survival. Mounting evidence shows
that Pinl promotes drug resistance through enhancing EMT [276-278]. (7) For tumor cell
heterogeneity, genome instability is one of the cancer hallmarks which is a critical factor.
A fraction of the cells with heterogeneity in the cancer cell population have stem cell-like
properties and are usually drug resistant. Under a certain stress, drug resistant cancer
cells survive and can expand, which contribute to pathology over time. Pin1 is known to
promote centrosome amplification which contributes to genome instability. In addition,
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Pinl promotes stemness-driving signaling. Reversely, inhibition of Pinl reduces the ratio
of cancer stem-like cells and increases drug sensitivity of cancer cells [277]. In summary,
upregulation of Pinl promotes drug resistance and survival in cancer cells.

Cell motility is mechanism directing and moving towards chemoattractant gradients
(directional) for cell growth and survival [279]. For tumor cells, cell motility pathologically
contributes to tumor cell survival and growth, as well as metastatic spreading. Pin1 drives
EMT progress which is significantly involved in metastatic ability [154]. However, Pin1
plays a pivotal role in control of cell motility not only through the EMT program but also
through global regulation of cytoskeleton reorganization (Figure 3A). It is known that
Pinl can interact with RhoA and RhoC and activates their activity, thereby enhancing
actin-dependent cell motility [23,133]. In addition to actin, microtubule dynamics is a
critical way to control cell motility. HDAC6 controls the acetylation of a-tubulin to regulate
microtubule dynamics [187]. Evidence shows that Pinl promotes microtubule-mediated
cell motility through upregulation of HDAC6 [190,191]. Furthermore, upregulation of
Pinl-induced centrosome overduplication promotes Racl-mediated cell invasion [193].
Pinl also promotes PTP-PEST dephosphorylate FAK to control the focal adhesion turnover
and stimulate cell migration, invasion, and metastasis [185,186]. Therefore, inhibition of
Pinl is an effective strategy to modulate cell motility in cancer.
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Figure 3. Pin1 is involved in cell motility and tumor metastasis. (A) Cell morphology and motility are tightly regulated by

cytoskeleton components. Pinl promotes cell motility via multiple pathways, such as the enhancement of focal adhesion

dynamics, actin- or microtubule-mediated cell migration, and centrosome amplification-mediated Rho GTPase activity

and increased microtubule nucleation. (B) In addition to the activation of proliferative signaling cascades, Pinl induces

angiogenesis to help establish the primary tumor. Pinl further promotes the intravasation of cancer cells from the primary

tumor into the circulatory system through upregulation of epithelial-mesenchymal transition (EMT)-related genes and

invasion-associated genes. Pinl-driving cell motility-associated genes upregulation facilitates the colonization of circulating

tumor cells and the formation of metastatic tumor in distal regions or organs.

Metastasis is composed of serial processes [280]. Briefly, the spreading activity of tu-
mor cells relies upon cell motility, which leads to local invasion into neighboring connective
tissue, then entry into nearby blood or the lymphatic vessels (intravasation), exit of tumor
cells from the vessels (extravasation), and migration of tumor cells into distant tissues and
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expansion of the metastatic colonies into macroscopic tumors (colonization) [61,281]. A
growing number of works have demonstrated the invasion- and metastasis-promoting
functions of Pinl in human cancer. The multiple roles of Pinl in metastatic processes
are illustrated in Figure 3B. Pinl promotes proliferation of clots into the small nodules
of cancer cells and gradually develops a primary tumor through sustaining proliferation
signaling. Then Pinl upregulates the angiogenesis-associated factors to increase VEGF
expression which triggers neovascularization to support rapid expansion of cancer cells.
Pin1 promotes EMT progression and disruption of basement membrane, and consequently
enhances intravasation of cancer cells into the circulation system. Pinl enhances the expres-
sion of the invasion and metastasis-associated factors leading to increased migration of
circulating tumor cells (CTCs). It also promotes invasion of CTCs into the distal tissue. The
disseminating cancer cells proliferate and colonize in the distal organs through sustaining
proliferation signaling and finally form a metastatic tumor [282]. Therefore, inhibition of
Pin1 is an effective strategy to prevent metastases.

5. Conclusions

Cancer is a complex disease with many dysregulated biological pathways and, simul-
taneously, multiple genetic and epigenetic alterations. Targeted therapies with high efficacy
and low side effects are pharmacological criteria to treat cancers. However, tumor relapse
is a clinical challenge. Problematically, tumor recurrence significantly attributes to drug
resistance and metastases. According to the hallmarks of cancer summarized by Hanahan
and Weinberg, we understand the multiple biocapacities for tumorigenesis. Therefore, they
all are therapeutic targets for cancer treatment.

Pinl overexpression is a pathological feature in numerous cancer tissues and CSCs,
and is correlated with poor prognosis in various cancer patients. Cancer cells harboring
Pin1 overexpression have phenotypic centrosome amplification, leading to genome insta-
bility and higher heterogeneity. Intriguingly, Pinl almost acts as the center to regulate the
multiple cancer-driving processes in Pro-directed phosphorylation dependent pathways.
Furthermore, Pinl also upregulates multiple pathways responsible for drug resistances.
Therefore, it is a potential crucial therapeutic target. Although there are many identified
Pinl-targeted inhibitors, which exert anticancer activity in in vitro experiments, in animal
models and even in some APL patients, many Pinl inhibitors share poor aqueous solu-
bility which limits their clinical applications. Besides, a delivery system improving the
bioavailability of Pinl inhibitors is also urgently needed for development in animal models.
More effort should be made to fill these gaps. In another way, Pinl inhibitors might be
an adjuvant not only to promote the efficacy of combined targeted therapies but also to
prevent drug resistance. Advancing the pharmacological strategy for Pinl inhibition, the
pre-clinical and clinical studies are also needed to evaluate the safety and efficacy of Pinl
inhibitors for cancer therapy.

Author Contributions: Conceptualization, H.-H.C., M.H. and C.-].Y,; data collection and creating
the figures, Y.-C.T. and C.-H.C.; writing of the original draft preparation, H.-H.C. and Y.-Y.Z; writing
of review and editing, H.-H.C,, Y.-Y.Z.,, M.-S. H., M.H. and C.-].Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by Ministry of Science and Technology [MOST 108-2314-B-
037-092-MY3] to Chih-Jen Yang, in part by Kaohsiung Medical University Hospital [grant number
KMUH109-9R15], and Academia Sinica [AS-SUMMIT-108] to Michael Hsiao.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Biomedicines 2021, 9, 359 19 of 29

Acknowledgments: Figure 2 contains figure elements (Hallmarks of Cancer icons with descriptions
as in Figure 6 of Hanahan and Weinberg’s 2011 paper, Hallmarks of cancer: the next generation.
Cell. 2011 Mar 4;144(5):646-74. doi:10.1016/j.cell.2011.02.013), which have been released into the
public domain. These elements were downloaded from Wikimedia Commons (https://commons.
wikimedia.org, accessed on 8 February 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Luo, C.; Hajkova, P;; Ecker, ].R. Dynamic DNA methylation: In the right place at the right time. Science 2018, 361, 1336-1340.
[CrossRef] [PubMed]

2. Changeux, J.P.; Christopoulos, A. Allosteric Modulation as a Unifying Mechanism for Receptor Function and Regulation. Cell
2016, 166, 1084-1102. [CrossRef]

3. Chen, D.; Wang, L.; Lee, T.H. Post-translational Modifications of the Peptidyl-Prolyl Isomerase Pinl. Front. Cell Dev. Biol. 2020,
8, 129. [CrossRef] [PubMed]

4. Boss, WE,; Im, Y.J. Phosphoinositide signaling. Annu. Rev. Plant Biol. 2012, 63, 409-429. [CrossRef] [PubMed]

5. Westendorf, ].M.; Rao, PN.; Gerace, L. Cloning of cDNAs for M-phase phosphoproteins recognized by the MPM2 monoclonal
antibody and determination of the phosphorylated epitope. Proc. Natl. Acad. Sci. USA 1994, 91, 714-718. [CrossRef]

6.  Hall, EL.; Vulliet, PR. Proline-directed protein phosphorylation and cell cycle regulation. Curr. Opin. Cell Biol. 1991, 3, 176-184.
[CrossRef]

7.  Pelech, S.L. Networking with proline-directed protein kinases implicated in tau phosphorylation. Neurobiol. Aging 1995,
16, 247-256. [CrossRef]

8.  Lu, K.P; Zhou, X.Z. The prolyl isomerase PIN1: A pivotal new twist in phosphorylation signalling and disease. Nat. Rev. Mol.
Cell Biol. 2007, 8, 904-916. [CrossRef] [PubMed]

9.  Thapar, R. Roles of Prolyl Isomerases in RNA-Mediated Gene Expression. Biomolecules 2015, 5, 974-999. [CrossRef]

10.  Zhou, X.Z.; Lu, K.P. The isomerase PIN1 controls numerous cancer-driving pathways and is a unique drug target. Nat. Rev.
Cancer 2016, 16, 463-478. [CrossRef]

11.  Lu, Z.; Hunter, T. Prolyl isomerase Pin1 in cancer. Cell Res. 2014, 24, 1033-1049. [CrossRef]

12.  Chen, Y,; Wu, Y.R;; Yang, H.Y,; Li, X.Z,; Jie, M.M.; Hu, C.J.; Wu, Y.Y,; Yang, S.M.; Yang, Y.B. Prolyl isomerase Pinl: A promoter of
cancer and a target for therapy. Cell Death Dis. 2018, 9, 883. [CrossRef]

13. Lu, K.P; Hanes, S.D.; Hunter, T. A human peptidyl-prolyl isomerase essential for regulation of mitosis. Nature 1996, 380, 544-547.
[CrossRef] [PubMed]

14. Yaffe, M.B.; Schutkowski, M.; Shen, M.; Zhou, X.Z.; Stukenberg, P.T.; Rahfeld, ].U.; Xu, ]J.; Kuang, J.; Kirschner, M.W.; Fischer,
G.; et al. Sequence-specific and phosphorylation-dependent proline isomerization: A potential mitotic regulatory mechanism.
Science 1997, 278, 1957-1960. [CrossRef] [PubMed]

15. Ranganathan, R.; Lu, K.P; Hunter, T.; Noel, ].P. Structural and functional analysis of the mitotic rotamase Pinl suggests substrate
recognition is phosphorylation dependent. Cell 1997, 89, 875-886. [CrossRef]

16. Lu, PJ.; Zhou, X.Z.; Shen, M.; Lu, K.P. Function of WW domains as phosphoserine- or phosphothreonine-binding modules.
Science 1999, 283, 1325-1328. [CrossRef]

17. Liou, Y.C.; Ryo, A.; Huang, HK.; Lu, PJ.; Bronson, R.; Fujimori, F.; Uchida, T.; Hunter, T.; Lu, K.P. Loss of Pinl function in the
mouse causes phenotypes resembling cyclin D1-null phenotypes. Proc. Natl. Acad. Sci. USA 2002, 99, 1335-1340. [CrossRef]

18. Tun-Kyi, A; Finn, G.; Greenwood, A.; Nowak, M.; Lee, T.H.; Asara, ].M.; Tsokos, G.C.; Fitzgerald, K,; Israel, E.; Li, X.; et al.
Essential role for the prolyl isomerase Pin1 in Toll-like receptor signaling and type I interferon-mediated immunity. Nat. Immunol.
2011, 12, 733-741. [CrossRef]

19. Yu,].H,;Im, C.Y,; Min, S.H. Function of PIN1 in Cancer Development and Its Inhibitors as Cancer Therapeutics. Front. Cell Dev.
Biol. 2020, 8, 120. [CrossRef]

20. Bao, L.; Kimzey, A.; Sauter, G.; Sowadski, ].M.; Lu, K.P.; Wang, D.G. Prevalent overexpression of prolyl isomerase Pinl in human
cancers. Am. J. Pathol. 2004, 164, 1727-1737. [CrossRef]

21. Tan, X,; Zhou, F; Wan, ].; Hang, J.; Chen, Z,; Li, B.; Zhang, C.; Shao, K.; Jiang, P; Shi, S.; et al. Pin1 expression contributes to lung
cancer: Prognosis and carcinogenesis. Cancer Biol. Ther. 2010, 9, 111-119. [CrossRef]

22. Rustighi, A.; Zannini, A.; Campaner, E.; Ciani, Y.; Piazza, S.; Del Sal, G. PIN1 in breast development and cancer: A clinical
perspective. Cell Death Differ. 2017, 24, 200-211. [CrossRef] [PubMed]

23. Ng, L;Kwan, V,; Chow, A.; Yau, T.C.; Poon, R.T,; Pang, R.; Law, W.L. Overexpression of Pinl and rho signaling partners correlates
with metastatic behavior and poor recurrence-free survival of hepatocellular carcinoma patients. BMC Cancer 2019, 19, 713.
[CrossRef]

24. Cheng, C.W.; Tse, E. PIN1 in Cell Cycle Control and Cancer. Front. Pharm. 2018, 9, 1367. [CrossRef] [PubMed]

25. Ryo, A,; Liou, Y.C.; Wulf, G.; Nakamura, M.; Lee, S.W.; Lu, K.P. PIN1 is an E2F target gene essential for Neu/Ras-induced
transformation of mammary epithelial cells. Mol. Cell. Biol. 2002, 22, 5281-5295. [CrossRef]

26. Dick, FA.; Goodrich, D.W.; Sage, J.; Dyson, N.J. Non-canonical functions of the RB protein in cancer. Nat. Rev. Cancer 2018,

18, 442-451. [CrossRef] [PubMed]


https://commons.wikimedia.org
https://commons.wikimedia.org
http://doi.org/10.1126/science.aat6806
http://www.ncbi.nlm.nih.gov/pubmed/30262495
http://doi.org/10.1016/j.cell.2016.08.015
http://doi.org/10.3389/fcell.2020.00129
http://www.ncbi.nlm.nih.gov/pubmed/32195254
http://doi.org/10.1146/annurev-arplant-042110-103840
http://www.ncbi.nlm.nih.gov/pubmed/22404474
http://doi.org/10.1073/pnas.91.2.714
http://doi.org/10.1016/0955-0674(91)90136-M
http://doi.org/10.1016/0197-4580(94)00187-6
http://doi.org/10.1038/nrm2261
http://www.ncbi.nlm.nih.gov/pubmed/17878917
http://doi.org/10.3390/biom5020974
http://doi.org/10.1038/nrc.2016.49
http://doi.org/10.1038/cr.2014.109
http://doi.org/10.1038/s41419-018-0844-y
http://doi.org/10.1038/380544a0
http://www.ncbi.nlm.nih.gov/pubmed/8606777
http://doi.org/10.1126/science.278.5345.1957
http://www.ncbi.nlm.nih.gov/pubmed/9395400
http://doi.org/10.1016/S0092-8674(00)80273-1
http://doi.org/10.1126/science.283.5406.1325
http://doi.org/10.1073/pnas.032404099
http://doi.org/10.1038/ni.2069
http://doi.org/10.3389/fcell.2020.00120
http://doi.org/10.1016/S0002-9440(10)63731-5
http://doi.org/10.4161/cbt.9.2.10341
http://doi.org/10.1038/cdd.2016.122
http://www.ncbi.nlm.nih.gov/pubmed/27834957
http://doi.org/10.1186/s12885-019-5919-3
http://doi.org/10.3389/fphar.2018.01367
http://www.ncbi.nlm.nih.gov/pubmed/30534074
http://doi.org/10.1128/MCB.22.15.5281-5295.2002
http://doi.org/10.1038/s41568-018-0008-5
http://www.ncbi.nlm.nih.gov/pubmed/29692417

Biomedicines 2021, 9, 359 20 of 29

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kent, L.N.; Leone, G. The broken cycle: E2F dysfunction in cancer. Nat. Rev. Cancer 2019, 19, 326-338. [CrossRef]

Hiebert, S.W.; Chellappan, S.P.; Horowitz, ].M.; Nevins, ].R. The interaction of RB with E2F coincides with an inhibition of the
transcriptional activity of E2F. Genes Dev. 1992, 6, 177-185. [CrossRef]

Gubern, A.; Joaquin, M.; Marques, M.; Maseres, P.; Garcia-Garcia, J.; Amat, R.; Gonzalez-Nunez, D.; Oliva, B.; Real, F.X.; de Nadal,
E.; et al. The N-Terminal Phosphorylation of RB by p38 Bypasses Its Inactivation by CDKs and Prevents Proliferation in Cancer
Cells. Mol. Cell 2016, 64, 25-36. [CrossRef] [PubMed]

Pulikkan, J.A.; Dengler, V.; Peer Zada, A.A.; Kawasaki, A.; Geletu, M.; Pasalic, Z.; Bohlander, S.K.; Ryo, A.; Tenen, D.G.; Behre, G.
Elevated PIN1 expression by C/EBPalpha-p30 blocks C/EBPalpha-induced granulocytic differentiation through c-Jun in AML.
Leukemia 2010, 24, 914-923. [CrossRef]

Rustighi, A ; Tiberi, L.; Soldano, A.; Napoli, M.; Nuciforo, P.; Rosato, A.; Kaplan, F; Capobianco, A.; Pece, S.; Di Fiore, P.P; et al.
The prolyl-isomerase Pinl is a Notch1 target that enhances Notch1 activation in cancer. Nat. Cell Biol. 2009, 11, 133-142. [CrossRef]
[PubMed]

Jeong, K.; Kim, S.J.; Oh, Y.; Kim, H.; Lee, Y.S.; Kwon, B.S.; Park, S.; Park, K.C.; Yoon, K.S.; Kim, S.S.; et al. p53 negatively regulates
Pin1 expression under ER stress. Biochem. Biophys. Res. Commun. 2014, 454, 518-523. [CrossRef]

Ma, S.L.; Tang, N.L.; Tam, C.W.; Lui, VW.; Lam, L.C.; Chiu, H.E; Driver, J.A.; Pastorino, L.; Lu, K.P. A PIN1 polymorphism
that prevents its suppression by AP4 associates with delayed onset of Alzheimer’s disease. Neurobiol. Aging 2012, 33, 804-813.
[CrossRef] [PubMed]

MacLachlan, T.K.; Somasundaram, K.; Sgagias, M.; Shifman, Y.; Muschel, R.J.; Cowan, K.H.; El-Deiry, W.S. BRCAL1 effects on the
cell cycle and the DNA damage response are linked to altered gene expression. . Biol. Chem. 2000, 275, 2777-2785. [CrossRef]
Garzon, R.; Marcucci, G.; Croce, C.M. Targeting microRNAs in cancer: Rationale, strategies and challenges. Nat. Rev. Drug Discov.
2010, 9, 775-789. [CrossRef] [PubMed]

Inui, M.; Martello, G.; Piccolo, S. MicroRNA control of signal transduction. Nat. Rev. Mol. Cell Biol. 2010, 11, 252-263. [CrossRef]
[PubMed]

Yan, X.; Zhu, Z.; Xu, S.; Yang, L.N,; Liao, X.H.; Zheng, M.; Yang, D.; Wang, ]J.; Chen, D.; Wang, L.; et al. MicroRN A-140-5p inhibits
hepatocellular carcinoma by directly targeting the unique isomerase Pinl to block multiple cancer-driving pathways. Sci. Rep.
2017, 7, 45915. [CrossRef] [PubMed]

Zhang, X.; Zhang, B.; Gao, J.; Wang, X.; Liu, Z. Regulation of the microRNA 200b (miRNA-200b) by transcriptional regulators
PEA3 and ELK-1 protein affects expression of Pinl protein to control anoikis. J. Biol. Chem. 2013, 288, 32742-32752. [CrossRef]
Luo, M.L.; Gong, C.; Chen, C.H.; Lee, D.Y.; Hu, H.; Huang, P; Yao, Y.; Guo, W.; Reinhardt, E; Wulf, G.; et al. Prolyl isomerase Pinl
acts downstream of miR200c to promote cancer stem-like cell traits in breast cancer. Cancer Res. 2014, 74, 3603-3616. [CrossRef]
[PubMed]

Lee, KH,; Lin, EC.; Hsu, T.I; Lin, ].T.; Guo, ].H.; Tsai, C.H.; Lee, Y.C.; Lee, Y.C.; Chen, C.L.; Hsiao, M.; et al. MicroRNA-296-5p
(miR-296-5p) functions as a tumor suppressor in prostate cancer by directly targeting Pinl. Biochim. Biophys. Acta 2014, 1843,
2055-2066. [CrossRef]

Chen, M;; Xia, Y,; Tan, Y,; Jiang, G.; Jin, H.; Chen, Y. Downregulation of microRNA-370 in esophageal squamous-cell carcinoma
is associated with cancer progression and promotes cancer cell proliferation via upregulating PIN1. Gene 2018, 661, 68-77.
[CrossRef]

Chen, Y.; Wu, Y;; Yu, S,; Yang, H.; Wang, X.; Zhang, Y.; Zhu, S,; Jie, M,; Liu, C.; Li, X; et al. Deficiency of microRNA-628-5p
promotes the progression of gastric cancer by upregulating PIN1. Cell Death Dis. 2020, 11, 559. [CrossRef]

Leong, KW.; Cheng, C.W.; Wong, C.M.; Ng, 1.O.; Kwong, Y.L.; Tse, E. miR-874-3p is down-regulated in hepatocellular carcinoma
and negatively regulates PIN1 expression. Oncotarget 2017, 8, 11343-11355. [CrossRef] [PubMed]

Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.;
Ferrando, A.A; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834-838. [CrossRef] [PubMed]
Hermeking, H. MicroRNAs in the p53 network: Micromanagement of tumour suppression. Nat. Rev. Cancer 2012, 12, 613-626.
[CrossRef] [PubMed]

Li, J.; Pu, W,; Sun, H.L.; Zhou, ].K;; Fan, X.; Zheng, Y.; He, J.; Liu, X,; Xia, Z.; Liu, L.; et al. Pin1 impairs microRNA biogenesis by
mediating conformation change of XPO5 in hepatocellular carcinoma. Cell Death Differ. 2018, 25, 1612-1624. [CrossRef] [PubMed]
Eckerdt, F; Yuan, J.; Saxena, K.; Martin, B.; Kappel, S.; Lindenau, C.; Kramer, A.; Naumann, S.; Daum, S.; Fischer, G.; et al.
Polo-like kinase 1-mediated phosphorylation stabilizes Pin1 by inhibiting its ubiquitination in human cells. J. Biol. Chem. 2005,
280, 36575-36583. [CrossRef]

Chen, C.H.; Chang, C.C; Lee, TH.; Luo, M.; Huang, P; Liao, PH.; Wei, S.; Li, FA.; Chen, R H.; Zhou, X.Z.; et al. SENP1
deSUMOylates and regulates Pinl protein activity and cellular function. Cancer Res. 2013, 73, 3951-3962. [CrossRef]
Choudhary, C.; Kumar, C.; Gnad, F; Nielsen, M.L.; Rehman, M.; Walther, T.C.; Olsen, ].V.; Mann, M. Lysine acetylation targets
protein complexes and co-regulates major cellular functions. Science 2009, 325, 834-840. [CrossRef]

Nogues, L.; Reglero, C.; Rivas, V.; Salcedo, A.; Lafarga, V.; Neves, M.; Ramos, P.; Mendiola, M.; Berjon, A.; Stamatakis, K.; et al.
G Protein-coupled Receptor Kinase 2 (GRK2) Promotes Breast Tumorigenesis Through a HDAC6-Pinl Axis. EBioMedicine 2016,
13, 132-145. [CrossRef]

Lu, PJ.; Zhou, X.Z.; Liou, Y.C.; Noel, ].P; Lu, K.P. Critical role of WW domain phosphorylation in regulating phosphoserine
binding activity and Pin1 function. J. Biol. Chem. 2002, 277, 2381-2384. [CrossRef] [PubMed]


http://doi.org/10.1038/s41568-019-0143-7
http://doi.org/10.1101/gad.6.2.177
http://doi.org/10.1016/j.molcel.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27642049
http://doi.org/10.1038/leu.2010.37
http://doi.org/10.1038/ncb1822
http://www.ncbi.nlm.nih.gov/pubmed/19151708
http://doi.org/10.1016/j.bbrc.2014.10.101
http://doi.org/10.1016/j.neurobiolaging.2010.05.018
http://www.ncbi.nlm.nih.gov/pubmed/20580132
http://doi.org/10.1074/jbc.275.4.2777
http://doi.org/10.1038/nrd3179
http://www.ncbi.nlm.nih.gov/pubmed/20885409
http://doi.org/10.1038/nrm2868
http://www.ncbi.nlm.nih.gov/pubmed/20216554
http://doi.org/10.1038/srep45915
http://www.ncbi.nlm.nih.gov/pubmed/28383568
http://doi.org/10.1074/jbc.M113.478016
http://doi.org/10.1158/0008-5472.CAN-13-2785
http://www.ncbi.nlm.nih.gov/pubmed/24786790
http://doi.org/10.1016/j.bbamcr.2014.06.001
http://doi.org/10.1016/j.gene.2018.03.090
http://doi.org/10.1038/s41419-020-02766-6
http://doi.org/10.18632/oncotarget.14526
http://www.ncbi.nlm.nih.gov/pubmed/28076852
http://doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://doi.org/10.1038/nrc3318
http://www.ncbi.nlm.nih.gov/pubmed/22898542
http://doi.org/10.1038/s41418-018-0065-z
http://www.ncbi.nlm.nih.gov/pubmed/29445125
http://doi.org/10.1074/jbc.M504548200
http://doi.org/10.1158/0008-5472.CAN-12-4360
http://doi.org/10.1126/science.1175371
http://doi.org/10.1016/j.ebiom.2016.09.030
http://doi.org/10.1074/jbc.C100228200
http://www.ncbi.nlm.nih.gov/pubmed/11723108

Biomedicines 2021, 9, 359 21 of 29

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

Lee, Y.C.; Que, J; Chen, Y.C,; Lin, ].T,; Liou, Y.C.; Liao, P.C.; Liu, Y.P,; Lee, KH.; Lin, L.C.; Hsiao, M.; et al. Pin1 acts as a negative
regulator of the G2/M transition by interacting with the Aurora-A-Bora complex. J. Cell Sci. 2013, 126, 4862-4872. [CrossRef]
[PubMed]

Cho, Y.S,; Park, S.Y.; Kim, D.J.; Lee, S.H.; Woo, KM.; Lee, K.A.; Lee, Y.J.; Cho, Y.Y.; Shim, J.H. TPA-induced cell transformation
provokes a complex formation between Pinl and 90 kDa ribosomal protein S6 kinase 2. Mol. Cell. Biochem. 2012, 367, 85-92.
[CrossRef] [PubMed]

Kim, G.; Khanal, P.; Kim, J.Y.; Yun, H.J.; Lim, S.C.; Shim, ].H.; Choi, H.S. COT phosphorylates prolyl-isomerase Pinl to promote
tumorigenesis in breast cancer. Mol. Carcinog. 2015, 54, 440—448. [CrossRef]

Yeh, E.S.; Means, A.R. PIN1, the cell cycle and cancer. Nat. Rev. Cancer 2007, 7, 381-388. [CrossRef]

Rangasamy, V.; Mishra, R.; Sondarva, G.; Das, S.; Lee, T.H.; Bakowska, J.C.; Tzivion, G.; Malter, ].S.; Rana, B.; Lu, K.P; et al.
Mixed-lineage kinase 3 phosphorylates prolyl-isomerase Pinl to regulate its nuclear translocation and cellular function. Proc.
Natl. Acad. Sci. USA 2012, 109, 8149-8154. [CrossRef]

Lee, TH.; Chen, C.H.; Suizu, F; Huang, P; Schiene-Fischer, C.; Daum, S.; Zhang, Y.J.; Goate, A.; Chen, R H.; Zhou, X.Z; et al.
Death-associated protein kinase 1 phosphorylates Pinl and inhibits its prolyl isomerase activity and cellular function. Mol. Cell
2011, 42, 147-159. [CrossRef]

Kim, B.M.; You, M.H.; Chen, C.H.; Lee, S.; Hong, Y.; Hong, Y.; Kimchi, A.; Zhou, X.Z.; Lee, T.H. Death-associated protein kinase 1
has a critical role in aberrant tau protein regulation and function. Cell Death Dis. 2014, 5, €1237. [CrossRef]

Mahoney, B.J.; Zhang, M.; Zintsmaster, ].S.; Peng, ].W. Extended Impact of Pinl Catalytic Loop Phosphorylation Revealed by
S71E Phosphomimetic. |. Mol. Biol. 2018, 430, 710-721. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—-674. [CrossRef] [PubMed]

Feitelson, M.A.; Arzumanyan, A.; Kulathinal, R.]J.; Blain, S.W.; Holcombe, R.F.; Mahajna, J.; Marino, M.; Martinez-Chantar, M.L.;
Nawroth, R.; Sanchez-Garcia, I; et al. Sustained proliferation in cancer: Mechanisms and novel therapeutic targets. Semin. Cancer
Biol. 2015, 35, S25-554. [CrossRef]

Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer 2009, 9, 153-166. [CrossRef]
[PubMed]

Ding, L.; Cao, J.; Lin, W,; Chen, H.; Xiong, X.; Ao, H.; Yu, M.; Lin, J.; Cui, Q. The Roles of Cyclin-Dependent Kinases in Cell-Cycle
Progression and Therapeutic Strategies in Human Breast Cancer. Int. ]. Mol. Sci. 2020, 21, 1960. [CrossRef] [PubMed]

Okamoto, K.; Sagata, N. Mechanism for inactivation of the mitotic inhibitory kinase Weel at M phase. Proc. Natl. Acad. Sci. USA
2007, 104, 3753-3758. [CrossRef]

Yang, CM.; Ji, S;; Li, Y;; Fu, L.Y,; Jiang, T.; Meng, ED. beta-Catenin promotes cell proliferation, migration, and invasion but
induces apoptosis in renal cell carcinoma. OncoTargets Ther. 2017, 10, 711-724. [CrossRef] [PubMed]

Masckauchan, T.N.; Shawber, C.J.; Funahashi, Y.; Li, C.M.; Kitajewski, J. Wnt/beta-catenin signaling induces proliferation,
survival and interleukin-8 in human endothelial cells. Angiogenesis 2005, 8, 43-51. [CrossRef] [PubMed]

Ryo, A.; Nakamura, M.; Wulf, G; Liou, Y.C.; Lu, K.P. Pin1 regulates turnover and subcellular localization of beta-catenin by
inhibiting its interaction with APC. Nat. Cell Biol. 2001, 3, 793-801. [CrossRef] [PubMed]

Zhu, Z.; Zhang, H; Lang, F; Liu, G.; Gao, D.; Li, B.; Liu, Y. Pinl promotes prostate cancer cell proliferation and migration through
activation of Wnt/beta-catenin signaling. Clin. Transl. Oncol. 2016, 18, 792-797. [CrossRef] [PubMed]

Liao, X.H.; Lu, D.L.; Wang, N.; Liu, L.Y.; Wang, Y.; Li, Y.Q.; Yan, T.B.; Sun, X.G.; Hu, P,; Zhang, T.C. Estrogen receptor alpha
mediates proliferation of breast cancer MCF-7 cells via a p21/PCNA /E2F1-dependent pathway. FEBS |. 2014, 281, 927-942.
[CrossRef]

Rajbhandari, P.; Schalper, K.A.; Solodin, N.M.; Ellison-Zelski, S.J.; Ping Lu, K,; Rimm, D.L.; Alarid, E.T. Pinl modulates
ERalpha levels in breast cancer through inhibition of phosphorylation-dependent ubiquitination and degradation. Oncogene 2014,
33, 1438-1447. [CrossRef]

Rajbhandari, P.; Ozers, M.S.; Solodin, N.M.; Warren, C.L.; Alarid, E.T. Peptidylprolyl Isomerase Pinl Directly Enhances the DNA
Binding Functions of Estrogen Receptor alpha. J. Biol. Chem. 2015, 290, 13749-13762. [CrossRef]

Rajbhandari, P,; Finn, G.; Solodin, N.M.; Singarapu, K.K.; Sahu, S.C.; Markley, ].L.; Kadunc, K.J.; Ellison-Zelski, S.J.; Kariagina, A.;
Haslam, S.Z.; et al. Regulation of estrogen receptor alpha N-terminus conformation and function by peptidyl prolyl isomerase
Pinl. Mol. Cell. Biol. 2012, 32, 445-457. [CrossRef]

Lam, P.B.; Burga, L.N.; Wu, B.P,; Hofstatter, EW.; Lu, K.P.; Wulf, G.M. Prolyl isomerase Pin1 is highly expressed in Her2-positive
breast cancer and regulates erbB2 protein stability. Mol. Cancer 2008, 7, 91. [CrossRef] [PubMed]

Stanya, K.J.; Liu, Y.; Means, A.R.; Kao, H.Y. Cdk2 and Pin1 negatively regulate the transcriptional corepressor SMRT. J. Cell Biol.
2008, 183, 49-61. [CrossRef] [PubMed]

Bretones, G.; Delgado, M.D.; Leon, J. Myc and cell cycle control. Biochim. Biophys. Acta 2015, 1849, 506-516. [CrossRef]

Melnik, S.; Werth, N.; Boeuf, S.; Hahn, E.M.; Gotterbarm, T.; Anton, M.; Richter, W. Impact of c-MYC expression on proliferation,
differentiation, and risk of neoplastic transformation of human mesenchymal stromal cells. Stem Cell Res. 2019, 10, 73. [CrossRef]
Farrell, A.S.; Pelz, C.; Wang, X.; Daniel, C.].; Wang, Z.; Su, Y.; Janghorban, M.; Zhang, X.; Morgan, C.; Impey, S.; et al. Pinl regulates
the dynamics of c-Myc DNA binding to facilitate target gene regulation and oncogenesis. Mol. Cell. Biol. 2013, 33, 2930-2949.
[CrossRef]


http://doi.org/10.1242/jcs.121368
http://www.ncbi.nlm.nih.gov/pubmed/23970419
http://doi.org/10.1007/s11010-012-1322-y
http://www.ncbi.nlm.nih.gov/pubmed/22562304
http://doi.org/10.1002/mc.22112
http://doi.org/10.1038/nrc2107
http://doi.org/10.1073/pnas.1200804109
http://doi.org/10.1016/j.molcel.2011.03.005
http://doi.org/10.1038/cddis.2014.216
http://doi.org/10.1016/j.jmb.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29317221
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.semcancer.2015.02.006
http://doi.org/10.1038/nrc2602
http://www.ncbi.nlm.nih.gov/pubmed/19238148
http://doi.org/10.3390/ijms21061960
http://www.ncbi.nlm.nih.gov/pubmed/32183020
http://doi.org/10.1073/pnas.0607357104
http://doi.org/10.2147/OTT.S117933
http://www.ncbi.nlm.nih.gov/pubmed/28260916
http://doi.org/10.1007/s10456-005-5612-9
http://www.ncbi.nlm.nih.gov/pubmed/16132617
http://doi.org/10.1038/ncb0901-793
http://www.ncbi.nlm.nih.gov/pubmed/11533658
http://doi.org/10.1007/s12094-015-1431-7
http://www.ncbi.nlm.nih.gov/pubmed/26497355
http://doi.org/10.1111/febs.12658
http://doi.org/10.1038/onc.2013.78
http://doi.org/10.1074/jbc.M114.621698
http://doi.org/10.1128/MCB.06073-11
http://doi.org/10.1186/1476-4598-7-91
http://www.ncbi.nlm.nih.gov/pubmed/19077306
http://doi.org/10.1083/jcb.200806172
http://www.ncbi.nlm.nih.gov/pubmed/18838553
http://doi.org/10.1016/j.bbagrm.2014.03.013
http://doi.org/10.1186/s13287-019-1187-z
http://doi.org/10.1128/MCB.01455-12

Biomedicines 2021, 9, 359 22 of 29

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Cui, X,; Shen, D.; Kong, C.; Zhang, Z.; Zeng, Y.; Lin, X.; Liu, X. NF-kappaB suppresses apoptosis and promotes bladder cancer cell
proliferation by upregulating survivin expression in vitro and in vivo. Sci. Rep. 2017, 7, 40723. [CrossRef] [PubMed]

Ryo, A.; Suizu, E; Yoshida, Y.; Perrem, K.; Liou, Y.C.; Wulf, G.; Rottapel, R.; Yamaoka, S.; Lu, K.P. Regulation of NF-kappaB
signaling by Pin1-dependent prolyl isomerization and ubiquitin-mediated proteolysis of p65/RelA. Mol. Cell 2003, 12, 1413-1426.
[CrossRef]

Shinoda, K.; Kuboki, S.; Shimizu, H.; Ohtsuka, M.; Kato, A.; Yoshitomi, H.; Furukawa, K.; Miyazaki, M. Pin1 facilitates NF-kappaB
activation and promotes tumour progression in human hepatocellular carcinoma. Br. ]. Cancer 2015, 113, 1323-1331. [CrossRef]
[PubMed]

Chen, J.Y,; Lai, Y.S.; Tsai, H.].; Kuo, C.C.; Yen, B.L.; Yeh, S.P,; Sun, H.S.; Hung, W.C. The oncometabolite R-2-hydroxyglutarate
activates NF-kappaB-dependent tumor-promoting stromal niche for acute myeloid leukemia cells. Sci. Rep. 2016, 6, 32428.
[CrossRef]

Atkinson, G.P; Nozell, S.E.; Harrison, D.K,; Stonecypher, M.S.; Chen, D.; Benveniste, E.N. The prolyl isomerase Pinl regulates the
NF-kappaB signaling pathway and interleukin-8 expression in glioblastoma. Oncogene 2009, 28, 3735-3745. [CrossRef]

Saegusa, M.; Hashimura, M.; Kuwata, T. Pinl acts as a modulator of cell proliferation through alteration in NF-kappaB but not
beta-catenin/TCF4 signalling in a subset of endometrial carcinoma cells. J. Pathol. 2010, 222, 410-420. [CrossRef] [PubMed]
Chakrabarti, R.; Wei, Y.; Hwang, J.; Hang, X.; Andres Blanco, M.; Choudhury, A.; Tiede, B.; Romano, R.A.; DeCoste, C.; Mercatali,
L.; et al. DeltaNp63 promotes stem cell activity in mammary gland development and basal-like breast cancer by enhancing Fzd7
expression and Wnt signalling. Nat. Cell Biol. 2014, 16, 1004-1015. [CrossRef] [PubMed]

Gatti, V.; Fierro, C.; Annicchiarico-Petruzzelli, M.; Melino, G.; Peschiaroli, A. DeltaNp63 in squamous cell carcinoma: Defining
the oncogenic routes affecting epigenetic landscape and tumour microenvironment. Mol. Oncol. 2019, 13, 981-1001. [CrossRef]
Li, C,; Chang, D.L.; Yang, Z; Qi, ].; Liu, R,; He, H.; Li, D.; Xiao, Z.X. Pin1 modulates p63alpha protein stability in regulation of cell
survival, proliferation and tumor formation. Cell Death Dis. 2013, 4, €943. [CrossRef]

Hu, X.; Dong, S.H.; Chen, J.; Zhou, X.Z.; Chen, R; Nair, S.; Lu, K.P; Chen, L.F. Prolyl isomerase PIN1 regulates the stability,
transcriptional activity and oncogenic potential of BRD4. Oncogene 2017, 36, 5177-5188. [CrossRef]

Csizmok, V.; Montecchio, M.; Lin, H.; Tyers, M.; Sunnerhagen, M.; Forman-Kay, ].D. Multivalent Interactions with Fbow?7 and Pin1
Facilitate Recognition of c-Jun by the SCF(Fbw?7) Ubiquitin Ligase. Structure 2018, 26, 28-39. [CrossRef] [PubMed]

Kruiswijk, F.; Hasenfuss, S.C.; Sivapatham, R.; Baar, M.P,; Putavet, D.; Naipal, K.A.; van den Broek, N.J.; Kruit, W.; van der Spek,
PJ.; van Gent, D.C,; et al. Targeted inhibition of metastatic melanoma through interference with Pin1-FOXM1 signaling. Oncogene
2016, 35, 2166-2177. [CrossRef] [PubMed]

Chen, H.Z; Li, L.; Wang, W.]J.; Du, X.D.; Wen, Q.; He, ].P,; Zhao, B.X,; Li, G.D.; Zhou, W.; Xia, Y.; et al. Prolyl isomerase Pin1
stabilizes and activates orphan nuclear receptor TR3 to promote mitogenesis. Oncogene 2012, 31, 2876-2887. [CrossRef]

Chae, U,; Park, S.J.; Kim, B.; Wei, S.; Min, J.S.; Lee, ].H.; Park, S.H.; Lee, A.H.; Lu, K.P; Lee, D.S.; et al. Critical role of XBP1 in
cancer signalling is regulated by PIN1. Biochem. J. 2016, 473, 2603-2610. [CrossRef]

Kanatsu-Shinohara, M.; Onoyama, I.; Nakayama, K.I; Shinohara, T. Skp1-Cullin-F-box (SCF)-type ubiquitin ligase FBXW7
negatively regulates spermatogonial stem cell self-renewal. Proc. Natl. Acad. Sci. USA 2014, 111, 8826-8831. [CrossRef] [PubMed]
Nakatsu, Y.; Mori, K.; Matsunaga, Y.; Yamamotoya, T.; Ueda, K.; Inoue, Y.; Mitsuzaki-Miyoshi, K.; Sakoda, H.; Fujishiro, M.;
Yamaguchi, S.; et al. The prolyl isomerase Pin1 increases beta-cell proliferation and enhances insulin secretion. J. Biol. Chem. 2017,
292,11886-11895. [CrossRef] [PubMed]

Risal, P.; Shrestha, N.; Chand, L.; Sylvester, K.G.; Jeong, Y.J. Involvement of prolyl isomerase PIN1 in the cell cycle progression
and proliferation of hepatic oval cells. Pathol. Res. Pract. 2017, 213, 373-380. [CrossRef]

Wulf, G.M,; Liou, Y.C,; Ryo, A.; Lee, S.W.; Lu, K.P. Role of Pinl in the regulation of p53 stability and p21 transactivation, and cell
cycle checkpoints in response to DNA damage. J. Biol. Chem. 2002, 277, 47976-47979. [CrossRef] [PubMed]

Zheng, H.; You, H.; Zhou, X.Z.; Murray, S.A.; Uchida, T.; Wulf, G.; Gu, L.; Tang, X.; Lu, K.P;; Xiao, Z.X. The prolyl isomerase Pin1
is a regulator of p53 in genotoxic response. Nature 2002, 419, 849-853. [CrossRef]

Zacchi, P; Gostissa, M.; Uchida, T.; Salvagno, C.; Avolio, F,; Volinia, S.; Ronai, Z.; Blandino, G.; Schneider, C.; Del Sal, G. The
prolyl isomerase Pinl reveals a mechanism to control p53 functions after genotoxic insults. Nature 2002, 419, 853-857. [CrossRef]
[PubMed]

Follis, A.V.; Llambi, F.; Merritt, P.; Chipuk, J.E.; Green, D.R.; Kriwacki, R.W. Pinl-Induced Proline Isomerization in Cytosolic p53
Mediates BAX Activation and Apoptosis. Mol. Cell 2015, 59, 677-684. [CrossRef]

Girardini, ].E.; Napoli, M.; Piazza, S.; Rustighi, A.; Marotta, C.; Radaelli, E.; Capaci, V.; Jordan, L.; Quinlan, P.; Thompson, A.; et al.
A Pinl/mutant p53 axis promotes aggressiveness in breast cancer. Cancer Cell 2011, 20, 79-91. [CrossRef]

Liao, P; Zeng, S.X.; Zhou, X.; Chen, T.; Zhou, F; Cao, B.; Jung, ].H.; Del Sal, G.; Luo, S.; Lu, H. Mutant p53 Gains Its Function via
c-Myc Activation upon CDK4 Phosphorylation at Serine 249 and Consequent PIN1 Binding. Mol. Cell 2017, 68, 1134-1146 e1136.
[CrossRef]

Hu, H.; Wulf, G.M. The amplifier effect: How Pinl empowers mutant p53. Breast Cancer Res. 2011, 13, 315. [CrossRef]

Avni, D.; Yang, H.; Martelli, F.; Hofmann, F; EIShamy, W.M.; Ganesan, S.; Scully, R.; Livingston, D.M. Active localization of the
retinoblastoma protein in chromatin and its response to S phase DNA damage. Mol. Cell 2003, 12, 735-746. [CrossRef]

Guan, D.; Kao, H.Y. The function, regulation and therapeutic implications of the tumor suppressor protein, PML. Cell Biosci. 2015,
5, 60. [CrossRef] [PubMed]


http://doi.org/10.1038/srep40723
http://www.ncbi.nlm.nih.gov/pubmed/28139689
http://doi.org/10.1016/S1097-2765(03)00490-8
http://doi.org/10.1038/bjc.2015.272
http://www.ncbi.nlm.nih.gov/pubmed/26461058
http://doi.org/10.1038/srep32428
http://doi.org/10.1038/onc.2009.232
http://doi.org/10.1002/path.2773
http://www.ncbi.nlm.nih.gov/pubmed/20922712
http://doi.org/10.1038/ncb3040
http://www.ncbi.nlm.nih.gov/pubmed/25241036
http://doi.org/10.1002/1878-0261.12473
http://doi.org/10.1038/cddis.2013.468
http://doi.org/10.1038/onc.2017.137
http://doi.org/10.1016/j.str.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29225075
http://doi.org/10.1038/onc.2015.282
http://www.ncbi.nlm.nih.gov/pubmed/26279295
http://doi.org/10.1038/onc.2011.463
http://doi.org/10.1042/BCJ20160482
http://doi.org/10.1073/pnas.1401837111
http://www.ncbi.nlm.nih.gov/pubmed/24879440
http://doi.org/10.1074/jbc.M117.780726
http://www.ncbi.nlm.nih.gov/pubmed/28566287
http://doi.org/10.1016/j.prp.2017.01.005
http://doi.org/10.1074/jbc.C200538200
http://www.ncbi.nlm.nih.gov/pubmed/12388558
http://doi.org/10.1038/nature01116
http://doi.org/10.1038/nature01120
http://www.ncbi.nlm.nih.gov/pubmed/12397362
http://doi.org/10.1016/j.molcel.2015.06.029
http://doi.org/10.1016/j.ccr.2011.06.004
http://doi.org/10.1016/j.molcel.2017.11.006
http://doi.org/10.1186/bcr2941
http://doi.org/10.1016/S1097-2765(03)00355-1
http://doi.org/10.1186/s13578-015-0051-9
http://www.ncbi.nlm.nih.gov/pubmed/26539288

Biomedicines 2021, 9, 359 23 of 29

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Reineke, E.L.; Lam, M.; Liu, Q.; Liu, Y,; Stanya, K.J.; Chang, K.S.; Means, A.R.; Kao, H.Y. Degradation of the tumor suppressor
PML by Pinl contributes to the cancer phenotype of breast cancer MDA-MB-231 cells. Mol. Cell. Biol. 2008, 28, 997-1006.
[CrossRef]

Yuan, W.C,; Lee, Y.R.; Huang, S.F; Lin, Y.M.; Chen, T.Y.; Chung, H.C.; Tsai, C.H.; Chen, H.Y.; Chiang, C.T; Lai, C.K,; etal. A Cullin3-
KLHL20 Ubiquitin ligase-dependent pathway targets PML to potentiate HIF-1 signaling and prostate cancer progression. Cancer
Cell 2011, 20, 214-228. [CrossRef] [PubMed]

Gianni, M.; Boldetti, A.; Guarnaccia, V.; Rambaldi, A.; Parrella, E.; Raska, I., Jr.; Rochette-Egly, C.; Del Sal, G.; Rustighi, A.;
Terao, M,; et al. Inhibition of the peptidyl-prolyl-isomerase Pinl enhances the responses of acute myeloid leukemia cells to
retinoic acid via stabilization of RARalpha and PML-RARalpha. Cancer Res. 2009, 69, 1016-1026. [CrossRef]

Brown, N.J.; Ramalho, M.; Pedersen, E.W.; Moravcsik, E.; Solomon, E.; Grimwade, D. PML nuclear bodies in the pathogenesis of
acute promyelocytic leukemia: Active players or innocent bystanders? Front. Biosci. 2009, 14, 1684-1707. [CrossRef] [PubMed]
Wang, Z.Y.; Chen, Z. Acute promyelocytic leukemia: From highly fatal to highly curable. Blood 2008, 111, 2505-2515. [CrossRef]
Liu, T,; Liu, Y,; Kao, H.Y,; Pei, D. Membrane permeable cyclic peptidyl inhibitors against human Peptidylprolyl Isomerase Pinl. J.
Med. Chem. 2010, 53, 2494-2501. [CrossRef]

Khanal, P; Yun, HJ.; Lim, S.C.; Ahn, S.G.; Yoon, H.E.; Kang, K.W.; Hong, R.; Choi, H.S. Proyl isomerase Pinl facilitates
ubiquitin-mediated degradation of cyclin-dependent kinase 10 to induce tamoxifen resistance in breast cancer cells. Oncogene
2012, 31, 3845-3856. [CrossRef] [PubMed]

Min, S.H.; Lau, AW.; Lee, TH.; Inuzuka, H.; Wei, S.; Huang, P; Shaik, S.; Lee, D.Y.; Finn, G.; Balastik, M.; et al. Negative
regulation of the stability and tumor suppressor function of Fbow?7 by the Pinl prolyl isomerase. Mol. Cell 2012, 46, 771-783.
[CrossRef] [PubMed]

Hwang, Y.C.; Yang, C.H.; Lin, C.H.; Ch’ang, H.]J.; Chang, V.H.S.; Yu, W.C.Y. Destabilization of KLF10, a tumor suppressor, relies
on thr93 phosphorylation and isomerase association. Biochim. Biophys. Acta 2013, 1833, 3035-3045. [CrossRef] [PubMed]

Nicole Tsang, Y.H.; Wu, X.W.; Lim, ].S.; Wee Ong, C.; Salto-Tellez, M.; Ito, K ; Ito, Y.; Chen, L.F. Prolyl isomerase Pin1 downregulates
tumor suppressor RUNX3 in breast cancer. Oncogene 2013, 32, 1488-1496. [CrossRef]

Khanal, P; Kim, G.; Lim, S.C; Yun, H.J.; Lee, K.Y.; Choi, H.K,; Choi, H.S. Prolyl isomerase Pin1 negatively regulates the stability
of SUV39H]1 to promote tumorigenesis in breast cancer. FASEB ] 2013, 27, 4606—4618. [CrossRef]

Evan, G.; Littlewood, T. A matter of life and cell death. Science 1998, 281, 1317-1322. [CrossRef]

Lowe, S.W.; Cepero, E.; Evan, G. Intrinsic tumour suppression. Nature 2004, 432, 307-315. [CrossRef]

Polonio-Vallon, T.; Kruger, D.; Hofmann, T.G. ShaPINg Cell Fate Upon DNA Damage: Role of Pinl Isomerase in DNA Damage-
Induced Cell Death and Repair. Front. Oncol. 2014, 4, 148. [CrossRef]

Pena-Blanco, A.; Garcia-Saez, A.]J. Bax, Bak and beyond—mitochondrial performance in apoptosis. FEBS J. 2018, 285, 416—431.
[CrossRef]

Shen, Z.].; Esnault, S.; Schinzel, A.; Borner, C.; Malter, ].S. The peptidyl-prolyl isomerase Pin1 facilitates cytokine-induced survival
of eosinophils by suppressing Bax activation. Nat. Immunol. 2009, 10, 257-265. [CrossRef]

Yang, X.; Khosravi-Far, R.; Chang, H.Y.; Baltimore, D. Daxx, a novel Fas-binding protein that activates JNK and apoptosis. Cell
1997, 89, 1067-1076. [CrossRef]

Lee, EW,; Seo, ].; Jeong, M.; Lee, S.; Song, ]. The roles of FADD in extrinsic apoptosis and necroptosis. BMB Rep. 2012, 45, 496-508.
[CrossRef] [PubMed]

Ryo, A.; Hirai, A.; Nishi, M.; Liou, Y.C.; Perrem, K.; Lin, S.C.; Hirano, H.; Lee, S.W.; Aoki, I. A suppressive role of the prolyl
isomerase Pinl in cellular apoptosis mediated by the death-associated protein Daxx. J. Biol. Chem. 2007, 282, 36671-36681.
[CrossRef]

Oh, J.; Malter, J.S. Pin1-FADD interactions regulate Fas-mediated apoptosis in activated eosinophils. J. Immunol. 2013, 190,
4937-4945. [CrossRef] [PubMed]

Edlich, F. BCL-2 proteins and apoptosis: Recent insights and unknowns. Biochem. Biophys. Res. Commun. 2018, 500, 26-34.
[CrossRef]

Czabotar, PE.; Lessene, G.; Strasser, A.; Adams, ].M. Control of apoptosis by the BCL-2 protein family: Implications for physiology
and therapy. Nat. Rev. Mol. Cell Biol. 2014, 15, 49-63. [CrossRef]

Basu, A.; Haldar, S. Signal-induced site specific phosphorylation targets Bcl2 to the proteasome pathway. Int. J. Oncol. 2002,
21,597-601. [CrossRef] [PubMed]

Cory, S.; Vaux, D.L,; Strasser, A.; Harris, A.W.; Adams, ].M. Insights from Bcl-2 and Myc: Malignancy involves abrogation of
apoptosis as well as sustained proliferation. Cancer Res. 1999, 59, 1685s-1692s. [PubMed]

Ding, Q.; Huo, L.; Yang, ].Y.; Xia, W.; Wei, Y,; Liao, Y.; Chang, C.J.; Yang, Y,; Lai, C.C.; Lee, D.E,; et al. Down-regulation of myeloid
cell leukemia-1 through inhibiting Erk/Pin 1 pathway by sorafenib facilitates chemosensitization in breast cancer. Cancer Res.
2008, 68, 6109-6117. [CrossRef] [PubMed]

Wang, T.; Liu, Z.; Shi, E; Wang, J. Pinl modulates chemo-resistance by up-regulating FoxM1 and the involvements of Wnt/beta-
catenin signaling pathway in cervical cancer. Mol. Cell. Biochem. 2016, 413, 179-187. [CrossRef]

Namgoong, G.M.; Khanal, P; Cho, H.G; Lim, S.C.; Oh, YK ; Kang, B.S.; Shim, ].H.; Yoo, J.C.; Choi, H.S. The prolyl isomerase Pin1l
induces LC-3 expression and mediates tamoxifen resistance in breast cancer. J. Biol. Chem. 2010, 285, 23829-23841. [CrossRef]


http://doi.org/10.1128/MCB.01848-07
http://doi.org/10.1016/j.ccr.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21840486
http://doi.org/10.1158/0008-5472.CAN-08-2603
http://doi.org/10.2741/3333
http://www.ncbi.nlm.nih.gov/pubmed/19273155
http://doi.org/10.1182/blood-2007-07-102798
http://doi.org/10.1021/jm901778v
http://doi.org/10.1038/onc.2011.548
http://www.ncbi.nlm.nih.gov/pubmed/22158035
http://doi.org/10.1016/j.molcel.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22608923
http://doi.org/10.1016/j.bbamcr.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/23994618
http://doi.org/10.1038/onc.2012.178
http://doi.org/10.1096/fj.13-236851
http://doi.org/10.1126/science.281.5381.1317
http://doi.org/10.1038/nature03098
http://doi.org/10.3389/fonc.2014.00148
http://doi.org/10.1111/febs.14186
http://doi.org/10.1038/ni.1697
http://doi.org/10.1016/S0092-8674(00)80294-9
http://doi.org/10.5483/BMBRep.2012.45.9.186
http://www.ncbi.nlm.nih.gov/pubmed/23010170
http://doi.org/10.1074/jbc.M704145200
http://doi.org/10.4049/jimmunol.1202646
http://www.ncbi.nlm.nih.gov/pubmed/23606538
http://doi.org/10.1016/j.bbrc.2017.06.190
http://doi.org/10.1038/nrm3722
http://doi.org/10.3892/ijo.21.3.597
http://www.ncbi.nlm.nih.gov/pubmed/12168105
http://www.ncbi.nlm.nih.gov/pubmed/10197581
http://doi.org/10.1158/0008-5472.CAN-08-0579
http://www.ncbi.nlm.nih.gov/pubmed/18676833
http://doi.org/10.1007/s11010-015-2651-4
http://doi.org/10.1074/jbc.M109.092874

Biomedicines 2021, 9, 359 24 of 29

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

157.

158.

159.

Cheng, C.W,; Chow, A K,; Pang, R.; Fok, EW.; Kwong, Y.L.; Tse, E. PIN1 inhibits apoptosis in hepatocellular carcinoma through
modulation of the antiapoptotic function of survivin. Am. J. Pathol. 2013, 182, 765-775. [CrossRef]

Shen, Z.].; Hu, J.; O'Neal, M.A.; Malter, ].S. Pinl Regulates IL-5 Induced Eosinophil Polarization and Migration. Cells 2021, 10, 211.
[CrossRef]

Van Steensel, B.; de Lange, T. Control of telomere length by the human telomeric protein TRF1. Nature 1997, 385, 740-743.
[CrossRef]

Lee, T.H.; Tun-Kyi, A.; Shi, R.; Lim, ].; Soohoo, C.; Finn, G.; Balastik, M.; Pastorino, L.; Wulf, G.; Zhou, X.Z.; et al. Essential role of
Pin1 in the regulation of TRF1 stability and telomere maintenance. Nat. Cell Biol. 2009, 11, 97-105. [CrossRef]

Tong, Y.; Ying, H.; Liu, R.; Li, L.; Bergholz, ].; Xiao, Z.X. Pin1 inhibits PP2A-mediated Rb dephosphorylation in regulation of cell
cycle and S-phase DNA damage. Cell Death Dis. 2015, 6, e1640. [CrossRef] [PubMed]

Wheaton, K.; Muir, J.; Ma, W.; Benchimol, S. BTG2 antagonizes Pinl in response to mitogens and telomere disruption during
replicative senescence. Aging Cell 2010, 9, 747-760. [CrossRef] [PubMed]

Hsu, J.Y.; Reimann, ].D.; Sorensen, C.S.; Lukas, ].; Jackson, PK. E2F-dependent accumulation of hEmil regulates S phase entry by
inhibiting APC(Cdh1). Nat. Cell Biol. 2002, 4, 358-366. [CrossRef]

Verschuren, E-W.; Ban, K.H.; Masek, M.A.; Lehman, N.L.; Jackson, PK. Loss of Emil-dependent anaphase-promoting com-
plex/cyclosome inhibition deregulates E2F target expression and elicits DNA damage-induced senescence. Mol. Cell. Biol. 2007,
27,7955-7965. [CrossRef] [PubMed]

Bernis, C.; Vigneron, S.; Burgess, A.; Labbe, J.C.; Fesquet, D.; Castro, A.; Lorca, T. Pinl stabilizes Emil during G2 phase by
preventing its association with SCF(betatrcp). EMBO Rep. 2007, 8, 91-98. [CrossRef] [PubMed]

Vaux, D.L.; Cory, S.; Adams, ].M. Bcl-2 gene promotes haemopoietic cell survival and cooperates with c-myc to immortalize pre-B
cells. Nature 1988, 335, 440-442. [CrossRef] [PubMed]

Pu, W,; Zheng, Y.; Peng, Y. Prolyl Isomerase Pinl in Human Cancer: Function, Mechanism, and Significance. Front. Cell Dev. Biol.
2020, 8, 168. [CrossRef]

Lonati, E.; Brambilla, A.; Milani, C.; Masserini, M.; Palestini, P.; Bulbarelli, A. Pin1, a new player in the fate of HIF-1alpha
degradation: An hypothetical mechanism inside vascular damage as Alzheimer’s disease risk factor. Front. Cell. Neurosci. 2014,
8, 1. [CrossRef] [PubMed]

Han, H.J.; Kwon, N.; Choi, M.A_; Jung, K.O.; Piao, ].Y.; Ngo, HK; Kim, S.J.; Kim, D.H.; Chung, ].K; Cha, Y.N.; et al. Peptidyl
Prolyl Isomerase PIN1 Directly Binds to and Stabilizes Hypoxia-Inducible Factor-lalpha. PLoS ONE 2016, 11, e0147038. [CrossRef]
Jalouli, M.; Dery, M.A.; Lafleur, V.N.; Lamalice, L.; Zhou, X.Z.; Lu, K.P; Richard, D.E. The prolyl isomerase Pinl regulates
hypoxia-inducible transcription factor (HIF) activity. Cell Signal. 2014, 26, 1649-1656. [CrossRef]

Lin, Y.C,; Lu, L.T,; Chen, H.Y,;; Duan, X,; Lin, X,; Feng, X.H.; Tang, M.].; Chen, R.H. SCP phosphatases suppress renal cell
carcinoma by stabilizing PML and inhibiting mTOR/HIF signaling. Cancer Res. 2014, 74, 6935-6946. [CrossRef] [PubMed]
Choi, M.A; Saeidi, S.; Han, H.]J.; Kim, S.J.; Kwon, N.; Kim, D.H.; Min, S.H.; Choi, B.Y.; Surh, Y.J. The peptidyl prolyl isomerase,
PIN1 induces angiogenesis through direct interaction with HIF-2alpha. Biochem. Biophys. Res. Commun. 2020, 533, 995-1003.
[CrossRef]

Ryo, A.; Liou, Y.C,; Lu, K.P,; Wulf, G. Prolyl isomerase Pinl: A catalyst for oncogenesis and a potential therapeutic target in cancer.
J. Cell Sci. 2003, 116, 773-783. [CrossRef]

Easwaran, V.; Lee, S.H.; Inge, L.; Guo, L.; Goldbeck, C.; Garrett, E.; Wiesmann, M.; Garcia, P.D.; Fuller, ] H.; Chan, V,; et al.
beta-Catenin regulates vascular endothelial growth factor expression in colon cancer. Cancer Res. 2003, 63, 3145-3153. [PubMed]
Chen, S.Y.; Wulf, G.; Zhou, X.Z.; Rubin, M.A,; Lu, K.P; Balk, S.P. Activation of beta-catenin signaling in prostate cancer by
peptidyl-prolyl isomerase Pinl-mediated abrogation of the androgen receptor-beta-catenin interaction. Mol. Cell. Biol. 2006,
26, 929-939. [CrossRef]

Li, Q.; Zhang, N.; Jia, Z.; Le, X; Dai, B.; Wei, D.; Huang, S.; Tan, D.; Xie, K. Critical role and regulation of transcription factor
FoxM1 in human gastric cancer angiogenesis and progression. Cancer Res. 2009, 69, 3501-3509. [CrossRef]

Berx, G.; van Roy, F. Involvement of members of the cadherin superfamily in cancer. Cold Spring Harb. Perspect. Biol. 2009,
1, a003129. [CrossRef] [PubMed]

Cavallaro, U.; Christofori, G. Cell adhesion and signalling by cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 2004, 4, 118-132.
[CrossRef]

Mittal, V. Epithelial Mesenchymal Transition in Tumor Metastasis. Annu. Rev. Pathol. 2018, 13, 395-412. [CrossRef]

Pearson, G.W. Control of Invasion by Epithelial-to-Mesenchymal Transition Programs during Metastasis. J. Clin. Med. 2019,
8, 646. [CrossRef] [PubMed]

Son, H.; Moon, A. Epithelial-mesenchymal Transition and Cell Invasion. Toxicol. Res. 2010, 26, 245-252. [CrossRef]

Brabletz, T.; Hlubek, E; Spaderna, S.; Schmalhofer, O.; Hiendlmeyer, E.; Jung, A.; Kirchner, T. Invasion and metastasis in colorectal
cancer: Epithelial-mesenchymal transition, mesenchymal-epithelial transition, stem cells and beta-catenin. Cells Tissues Organs
2005, 179, 56-65. [CrossRef]

He, J.; Zhou, F; Shao, K.; Hang, J.; Wang, H.; Rayburn, E.; Xiao, Z.X.; Lee, S.W.; Xue, Q.; Feng, X.L.; et al. Overexpression of Pinl
in non-small cell lung cancer (NSCLC) and its correlation with lymph node metastases. Lung Cancer 2007, 56, 51-58. [CrossRef]
Lu, K.P. Prolyl isomerase Pinl as a molecular target for cancer diagnostics and therapeutics. Cancer Cell 2003, 4, 175-180.
[CrossRef]


http://doi.org/10.1016/j.ajpath.2012.11.034
http://doi.org/10.3390/cells10020211
http://doi.org/10.1038/385740a0
http://doi.org/10.1038/ncb1818
http://doi.org/10.1038/cddis.2015.3
http://www.ncbi.nlm.nih.gov/pubmed/25675300
http://doi.org/10.1111/j.1474-9726.2010.00601.x
http://www.ncbi.nlm.nih.gov/pubmed/20569234
http://doi.org/10.1038/ncb785
http://doi.org/10.1128/MCB.00908-07
http://www.ncbi.nlm.nih.gov/pubmed/17875940
http://doi.org/10.1038/sj.embor.7400853
http://www.ncbi.nlm.nih.gov/pubmed/17159919
http://doi.org/10.1038/335440a0
http://www.ncbi.nlm.nih.gov/pubmed/3262202
http://doi.org/10.3389/fcell.2020.00168
http://doi.org/10.3389/fncel.2014.00001
http://www.ncbi.nlm.nih.gov/pubmed/24478626
http://doi.org/10.1371/journal.pone.0147038
http://doi.org/10.1016/j.cellsig.2014.04.005
http://doi.org/10.1158/0008-5472.CAN-14-1330
http://www.ncbi.nlm.nih.gov/pubmed/25293974
http://doi.org/10.1016/j.bbrc.2020.08.015
http://doi.org/10.1242/jcs.00276
http://www.ncbi.nlm.nih.gov/pubmed/12810642
http://doi.org/10.1128/MCB.26.3.929-939.2006
http://doi.org/10.1158/0008-5472.CAN-08-3045
http://doi.org/10.1101/cshperspect.a003129
http://www.ncbi.nlm.nih.gov/pubmed/20457567
http://doi.org/10.1038/nrc1276
http://doi.org/10.1146/annurev-pathol-020117-043854
http://doi.org/10.3390/jcm8050646
http://www.ncbi.nlm.nih.gov/pubmed/31083398
http://doi.org/10.5487/TR.2010.26.4.245
http://doi.org/10.1159/000084509
http://doi.org/10.1016/j.lungcan.2006.11.024
http://doi.org/10.1016/S1535-6108(03)00218-6

Biomedicines 2021, 9, 359 25 of 29

160.

161.

162.
163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.
177.
178.
179.
180.
181.
182.

183.

184.

185.

186.

187.

Campaner, E.; Rustighi, A.; Zannini, A.; Cristiani, A.; Piazza, S.; Ciani, Y.; Kalid, O.; Golan, G.; Baloglu, E.; Shacham, S.; et al.
A covalent PIN1 inhibitor selectively targets cancer cells by a dual mechanism of action. Nat. Commun. 2017, 8, 15772. [CrossRef]
[PubMed]

Ji, Q.; Liu, X,; Fu, X.; Zhang, L.; Sui, H.; Zhou, L.; Sun, J.; Cai, J.; Qin, J.; Ren, J.; et al. Resveratrol inhibits invasion and metastasis
of colorectal cancer cells via MALAT1 mediated Wnt/beta-catenin signal pathway. PLoS ONE 2013, 8, €78700. [CrossRef]
Padua, D.; Massague, J. Roles of TGFbeta in metastasis. Cell Res. 2009, 19, 89-102. [CrossRef]

Bellomo, C.; Caja, L.; Moustakas, A. Transforming growth factor beta as regulator of cancer stemness and metastasis. Br. ]. Cancer
2016, 115, 761-769. [CrossRef] [PubMed]

Drabsch, Y.; ten Dijke, P. TGF-beta signaling in breast cancer cell invasion and bone metastasis. J. Mammary Gland Biol. Neoplasia
2011, 16, 97-108. [CrossRef] [PubMed]

Fu, H.; Hu, Z.; Wen, J.; Wang, K.; Liu, Y. TGF-beta promotes invasion and metastasis of gastric cancer cells by increasing fascinl
expression via ERK and JNK signal pathways. Acta Biochim. Biophys. Sin. 2009, 41, 648-656. [CrossRef] [PubMed]

Shen, Z.].; Esnault, S.; Rosenthal, L.A.; Szakaly, R.J.; Sorkness, R.L.; Westmark, PR.; Sandor, M.; Malter, ].S. Pinl regulates
TGF-betal production by activated human and murine eosinophils and contributes to allergic lung fibrosis. J. Clin. Investig. 2008,
118, 479-490. [CrossRef]

Matsuura, I.; Chiang, K.N.; Lai, C.Y.;; He, D.; Wang, G.; Ramkumar, R.; Uchida, T.; Ryo, A.; Lu, K.; Liu, F. Pinl promotes
transforming growth factor-beta-induced migration and invasion. J. Biol. Chem. 2010, 285, 1754-1764. [CrossRef]

Huber, M.A.; Azoitei, N.; Baumann, B.; Grunert, S.; Sommer, A.; Pehamberger, H.; Kraut, N.; Beug, H.; Wirth, T. NF-kappaB is
essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. . Clin. Investig. 2004,
114,569-581. [CrossRef]

Yan, M.; Xu, Q.; Zhang, P.; Zhou, X.J.; Zhang, Z.Y.; Chen, W.T. Correlation of NF-kappaB signal pathway with tumor metastasis of
human head and neck squamous cell carcinoma. BMC Cancer 2010, 10, 437. [CrossRef]

Pires, B.R.; Mencalha, A.L.; Ferreira, G.M.; de Souza, W.F,; Morgado-Diaz, J.A.; Maia, A.M.; Correa, S.; Abdelhay, E.S. NF-kappaB
Is Involved in the Regulation of EMT Genes in Breast Cancer Cells. PLoS ONE 2017, 12, €0169622. [CrossRef] [PubMed]

Sun, Q.; Fan, G.; Zhuo, Q.; Dai, W.; Ye, Z; Ji, S.; Xu, W,; Liu, W,; Hu, Q.; Zhang, Z.; et al. Pinl promotes pancreatic cancer
progression and metastasis by activation of NF-kappaB-IL-18 feedback loop. Cell Prolif. 2020, 53, €12816. [CrossRef]

Nakada, S.; Kuboki, S.; Nojima, H.; Yoshitomi, H.; Furukawa, K.; Takayashiki, T.; Takano, S.; Miyazaki, M.; Ohtsuka, M. Roles of
Pin1 as a Key Molecule for EMT Induction by Activation of STAT3 and NF-kappaB in Human Gallbladder Cancer. Ann. Surg.
Oncol. 2019, 26, 907-917. [CrossRef] [PubMed]

Hu, Y.Y,; Zheng, M.H.; Zhang, R.; Liang, Y.M.; Han, H. Notch signaling pathway and cancer metastasis. Adv. Exp. Med. Biol. 2012,
727,186-198. [CrossRef] [PubMed]

Zhang, Y.; Xie, Z.Y.; Guo, X.T.; Xiao, X.H.; Xiong, L.X. Notch and breast cancer metastasis: Current knowledge, new sights and
targeted therapy. Oncol. Lett. 2019, 18, 2743-2755. [CrossRef]

Jackstadt, R.; van Hooff, S.R.; Leach, J.D.; Cortes-Lavaud, X.; Lohuis, ].O.; Ridgway, R.A.; Wouters, V.M.; Roper, J.; Kendall,
T.J.; Roxburgh, C.S.; et al. Epithelial NOTCH Signaling Rewires the Tumor Microenvironment of Colorectal Cancer to Drive
Poor-Prognosis Subtypes and Metastasis. Cancer Cell 2019, 36, 319-336.€7. [CrossRef] [PubMed]

Sethi, N.; Kang, Y. Notch signalling in cancer progression and bone metastasis. Br. J. Cancer 2011, 105, 1805-1810. [CrossRef]
[PubMed]

Rustighi, A.; Zannini, A.; Tiberi, L.; Sommaggio, R.; Piazza, S.; Sorrentino, G.; Nuzzo, S.; Tuscano, A.; Eterno, V.; Benvenuti, F;
et al. Prolyl-isomerase Pinl controls normal and cancer stem cells of the breast. EMBO Mol. Med. 2014, 6, 99-119. [CrossRef]
Muller, P.A.; Caswell, P.T.; Doyle, B.; Iwanicki, M.P,; Tan, E.H.; Karim, S.; Lukashchuk, N.; Gillespie, D.A.; Ludwig, R.L.; Gosselin,
P; et al. Mutant p53 drives invasion by promoting integrin recycling. Cell 2009, 139, 1327-1341. [CrossRef]

Ruggiero, C.; Lalli, E. Targeting the cytoskeleton against metastatic dissemination. Cancer Metastasis Rev. 2021. [CrossRef]
Aseervatham, J. Cytoskeletal Remodeling in Cancer. Biology 2020, 9, 385. [CrossRef]

Fife, C.M.; McCarroll, J.A.; Kavallaris, M. Movers and shakers: Cell cytoskeleton in cancer metastasis. Br. . Pharm. 2014,
171, 5507-5523. [CrossRef]

Yamaguchi, H.; Condeelis, ]. Regulation of the actin cytoskeleton in cancer cell migration and invasion. Biochim. Biophys. Acta
2007, 1773, 642-652. [CrossRef] [PubMed]

Guo, W.; Giancotti, F.G. Integrin signalling during tumour progression. Nat. Rev. Mol. Cell Biol. 2004, 5, 816-826. [CrossRef]
Sieg, D.J.; Hauck, C.R.; Schlaepfer, D.D. Required role of focal adhesion kinase (FAK) for integrin-stimulated cell migration. J. Cell
Sci. 1999, 112 Pt 16, 2677-2691.

Zheng, Y.; Xia, Y.; Hawke, D.; Halle, M.; Tremblay, M.L.; Gao, X.; Zhou, X.Z.; Aldape, K.; Cobb, M.H.; Xie, K.; et al. FAK phos-
phorylation by ERK primes ras-induced tyrosine dephosphorylation of FAK mediated by PIN1 and PTP-PEST. Mol. Cell 2009,
35,11-25. [CrossRef]

Zheng, Y.; Yang, W.; Xia, Y.; Hawke, D.; Liu, D.X,; Lu, Z. Ras-induced and extracellular signal-regulated kinase 1 and 2
phosphorylation-dependent isomerization of protein tyrosine phosphatase (PTP)-PEST by PIN1 promotes FAK dephosphorylation
by PTP-PEST. Mol. Cell. Biol. 2011, 31, 4258-4269. [CrossRef] [PubMed]

Hubbert, C.; Guardiola, A.; Shao, R.; Kawaguchi, Y.; Ito, A.; Nixon, A.; Yoshida, M.; Wang, X.F.; Yao, T.P. HDAC6 is a microtubule-
associated deacetylase. Nature 2002, 417, 455-458. [CrossRef] [PubMed]


http://doi.org/10.1038/ncomms15772
http://www.ncbi.nlm.nih.gov/pubmed/28598431
http://doi.org/10.1371/journal.pone.0078700
http://doi.org/10.1038/cr.2008.316
http://doi.org/10.1038/bjc.2016.255
http://www.ncbi.nlm.nih.gov/pubmed/27537386
http://doi.org/10.1007/s10911-011-9217-1
http://www.ncbi.nlm.nih.gov/pubmed/21494783
http://doi.org/10.1093/abbs/gmp053
http://www.ncbi.nlm.nih.gov/pubmed/19657566
http://doi.org/10.1172/JCI32789
http://doi.org/10.1074/jbc.M109.063826
http://doi.org/10.1172/JCI200421358
http://doi.org/10.1186/1471-2407-10-437
http://doi.org/10.1371/journal.pone.0169622
http://www.ncbi.nlm.nih.gov/pubmed/28107418
http://doi.org/10.1111/cpr.12816
http://doi.org/10.1245/s10434-018-07132-7
http://www.ncbi.nlm.nih.gov/pubmed/30610554
http://doi.org/10.1007/978-1-4614-0899-4_14
http://www.ncbi.nlm.nih.gov/pubmed/22399348
http://doi.org/10.3892/ol.2019.10653
http://doi.org/10.1016/j.ccell.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31526760
http://doi.org/10.1038/bjc.2011.497
http://www.ncbi.nlm.nih.gov/pubmed/22075946
http://doi.org/10.1002/emmm.201302909
http://doi.org/10.1016/j.cell.2009.11.026
http://doi.org/10.1007/s10555-020-09936-0
http://doi.org/10.3390/biology9110385
http://doi.org/10.1111/bph.12704
http://doi.org/10.1016/j.bbamcr.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16926057
http://doi.org/10.1038/nrm1490
http://doi.org/10.1016/j.molcel.2009.06.013
http://doi.org/10.1128/MCB.05547-11
http://www.ncbi.nlm.nih.gov/pubmed/21876001
http://doi.org/10.1038/417455a
http://www.ncbi.nlm.nih.gov/pubmed/12024216

Biomedicines 2021, 9, 359 26 of 29

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.
207.
208.
209.

210.

211.

212.

213.

214.

Tran, A.D.; Marmo, T.P,; Salam, A.A ; Che, S.; Finkelstein, E.; Kabarriti, R.; Xenias, H.S.; Mazitschek, R.; Hubbert, C.; Kawaguchi,
Y.; et al. HDACS6 deacetylation of tubulin modulates dynamics of cellular adhesions. . Cell Sci. 2007, 120, 1469-1479. [CrossRef]
Aldana-Masangkay, G.I.; Sakamoto, K.M. The role of HDACS6 in cancer. . Biomed. Biotechnol. 2011, 2011, 875824. [CrossRef]
[PubMed]

Chuang, H.H.; Huang, M.S.; Wang, PH.; Liu, Y.P.; Hsiao, M.; Yang, C.J. Pin1 Is Involved in HDAC6-mediated Cancer Cell Motility.
Int. J. Med. Sci. 2018, 15, 1573-1581. [CrossRef] [PubMed]

Chuang, H.H.; Hsu, ].E; Chang, H.L.; Wang, PH.; Wei, P].; Wu, D.W.; Huang, M.S.; Hsiao, M.; Yang, C.J. Pinl coordinates HDAC6
upregulation with cell migration in lung cancer cells. Int. . Med. Sci. 2020, 17, 2635-2643. [CrossRef]

Suizu, F; Ryo, A,; Wulf, G.; Lim, J.; Lu, K.P. Pinl regulates centrosome duplication, and its overexpression induces centrosome
amplification, chromosome instability, and oncogenesis. Mol. Cell. Biol. 2006, 26, 1463-1479. [CrossRef] [PubMed]

Godinho, S.A ; Picone, R.; Burute, M.; Dagher, R.; Su, Y.; Leung, C.T.; Polyak, K.; Brugge, J.S.; Thery, M.; Pellman, D. Oncogene-like
induction of cellular invasion from centrosome amplification. Nature 2014, 510, 167-171. [CrossRef]

Godinho, S.A.; Pellman, D. Causes and consequences of centrosome abnormalities in cancer. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2014, 369. [CrossRef]

Khanna, K.K.; Jackson, S.P. DNA double-strand breaks: Signaling, repair and the cancer connection. Nat. Genet. 2001, 27, 247-254.
[CrossRef] [PubMed]

Sartori, A.A.; Lukas, C.; Coates, J.; Mistrik, M.; Fu, S.; Bartek, J.; Baer, R.; Lukas, J.; Jackson, S.P. Human CtIP promotes DNA end
resection. Nature 2007, 450, 509-514. [CrossRef] [PubMed]

Steger, M.; Murina, O.; Huhn, D.; Ferretti, L.P.; Walser, R.; Hanggi, K.; Lafranchi, L.; Neugebauer, C.; Paliwal, S.; Janscak, P,; et al.
Prolyl isomerase PIN1 regulates DNA double-strand break repair by counteracting DNA end resection. Mol. Cell 2013, 50, 333-343.
[CrossRef]

Ferretti, L.P.; Lafranchi, L.; Sartori, A.A. Controlling DNA-end resection: A new task for CDKs. Front. Genet. 2013, 4, 99.
[CrossRef]

Adon, AM.; Zeng, X.; Harrison, M.K.; Sannem, S.; Kiyokawa, H.; Kaldis, P.; Saavedra, H.I. Cdk2 and Cdk4 regulate the
centrosome cycle and are critical mediators of centrosome amplification in p53-null cells. Mol. Cell. Biol. 2010, 30, 694-710.
[CrossRef]

Burrell, R.A.; McClelland, S.E.; Endesfelder, D.; Groth, P.; Weller, M.C.; Shaikh, N.; Domingo, E.; Kanu, N.; Dewhurst, S.M.;
Gronroos, E.; et al. Replication stress links structural and numerical cancer chromosomal instability. Nature 2013, 494, 492-496.
[CrossRef]

Wang, C.Y,; Huang, E.Y.; Huang, 5.C.; Chung, B.C. DNA-PK/Chk2 induces centrosome amplification during prolonged replication
stress. Oncogene 2015, 34, 1263-1269. [CrossRef]

Waizenegger, 1.C.; Hauf, S.; Meinke, A.; Peters, ].M. Two distinct pathways remove mammalian cohesin from chromosome arms
in prophase and from centromeres in anaphase. Cell 2000, 103, 399-410. [CrossRef]

Hellmuth, S.; Rata, S.; Brown, A.; Heidmann, S.; Novak, B.; Stemmann, O. Human chromosome segregation involves multi-layered
regulation of separase by the peptidyl-prolyl-isomerase Pinl. Mol. Cell 2015, 58, 495-506. [CrossRef] [PubMed]

Van der Horst, A.; Khanna, K.K. The peptidyl-prolyl isomerase Pinl regulates cytokinesis through Cep55. Cancer Res. 2009,
69, 6651-6659. [CrossRef] [PubMed]

Estey, M.P,; Di Ciano-Oliveira, C.; Froese, C.D.; Fung, K.Y,; Steels, ].D.; Litchfield, D.W.; Trimble, W.S. Mitotic regulation of SEPT9
protein by cyclin-dependent kinase 1 (Cdk1) and Pin1 protein is important for the completion of cytokinesis. J. Biol. Chem. 2013,
288, 30075-30086. [CrossRef] [PubMed]

DeNardo, D.G.; Andreu, P; Coussens, L.M. Interactions between lymphocytes and myeloid cells regulate pro- versus anti-tumor
immunity. Cancer Metastasis Rev. 2010, 29, 309-316. [CrossRef] [PubMed]

Grivennikov, S.I; Greten, ER.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883-899. [CrossRef] [PubMed]
Qian, B.Z.; Pollard, ]. W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141, 39-51. [CrossRef]
Standiford, T.J.; Kuick, R.; Bhan, U.; Chen, J.; Newstead, M.; Keshamouni, V.G. TGF-beta-induced IRAK-M expression in
tumor-associated macrophages regulates lung tumor growth. Oncogene 2011, 30, 2475-2484. [CrossRef] [PubMed]

Nechama, M.; Kwon, J.; Wei, S.; Kyi, A.T.; Welner, R.S.; Ben-Dov, L.Z.; Arredouani, M.S.; Asara, ].M.; Chen, C.H,; Tsai, C.Y,; et al.
The IL-33-PIN1-IRAK-M axis is critical for type 2 immunity in IL-33-induced allergic airway inflammation. Nat. Commun. 2018,
9, 1603. [CrossRef]

Kim, K.; Kim, G.; Kim, J.Y.; Yun, H.J.; Lim, 5.C.; Choi, H.S. Interleukin-22 promotes epithelial cell transformation and breast
tumorigenesis via MAP3KS8 activation. Carcinogenesis 2014, 35, 1352-1361. [CrossRef]

Makni-Maalej, K.; Boussetta, T.; Hurtado-Nedelec, M.; Belambri, S.A.; Gougerot-Pocidalo, M.A.; El-Benna, J. The TLR7/8 agonist
CL097 primes N-formyl-methionyl-leucyl-phenylalanine-stimulated NADPH oxidase activation in human neutrophils: Critical
role of p47phox phosphorylation and the proline isomerase Pinl. J. Immunol. 2012, 189, 4657-4665. [CrossRef]

Shi, Y.; Liu, C.H.; Roberts, A.L; Das, J.; Xu, G.; Ren, G.; Zhang, Y.; Zhang, L.; Yuan, Z.R.; Tan, H.S; et al. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and T-cell responses: What we do and don’t know. Cell Res. 2006, 16, 126-133. [CrossRef]
Shen, Z.].; Esnault, S.; Malter, ].S. The peptidyl-prolyl isomerase Pinl regulates the stability of granulocyte-macrophage colony-
stimulating factor mRNA in activated eosinophils. Nat. Immunol. 2005, 6, 1280-1287. [CrossRef] [PubMed]


http://doi.org/10.1242/jcs.03431
http://doi.org/10.1155/2011/875824
http://www.ncbi.nlm.nih.gov/pubmed/21076528
http://doi.org/10.7150/ijms.27426
http://www.ncbi.nlm.nih.gov/pubmed/30443180
http://doi.org/10.7150/ijms.50097
http://doi.org/10.1128/MCB.26.4.1463-1479.2006
http://www.ncbi.nlm.nih.gov/pubmed/16449657
http://doi.org/10.1038/nature13277
http://doi.org/10.1098/rstb.2013.0467
http://doi.org/10.1038/85798
http://www.ncbi.nlm.nih.gov/pubmed/11242102
http://doi.org/10.1038/nature06337
http://www.ncbi.nlm.nih.gov/pubmed/17965729
http://doi.org/10.1016/j.molcel.2013.03.023
http://doi.org/10.3389/fgene.2013.00099
http://doi.org/10.1128/MCB.00253-09
http://doi.org/10.1038/nature11935
http://doi.org/10.1038/onc.2014.74
http://doi.org/10.1016/S0092-8674(00)00132-X
http://doi.org/10.1016/j.molcel.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25921067
http://doi.org/10.1158/0008-5472.CAN-09-0825
http://www.ncbi.nlm.nih.gov/pubmed/19638580
http://doi.org/10.1074/jbc.M113.474932
http://www.ncbi.nlm.nih.gov/pubmed/23990466
http://doi.org/10.1007/s10555-010-9223-6
http://www.ncbi.nlm.nih.gov/pubmed/20405169
http://doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878
http://doi.org/10.1016/j.cell.2010.03.014
http://doi.org/10.1038/onc.2010.619
http://www.ncbi.nlm.nih.gov/pubmed/21278795
http://doi.org/10.1038/s41467-018-03886-6
http://doi.org/10.1093/carcin/bgu044
http://doi.org/10.4049/jimmunol.1201007
http://doi.org/10.1038/sj.cr.7310017
http://doi.org/10.1038/ni1266
http://www.ncbi.nlm.nih.gov/pubmed/16273101

Biomedicines 2021, 9, 359 27 of 29

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Esnault, S.; Shen, Z.].; Whitesel, E.; Malter, ].S. The peptidyl-prolyl isomerase Pinl regulates granulocyte-macrophage colony-
stimulating factor mRNA stability in T lymphocytes. J. Immunol. 2006, 177, 6999-7006. [CrossRef] [PubMed]

Van Tiel, C.M.; Kurakula, K.; Koenis, D.S.; van der Wal, E.; de Vries, C.J. Dual function of Pin1 in NR4A nuclear receptor activation:
Enhanced activity of NR4As and increased Nur77 protein stability. Biochim. Biophys. Acta 2012, 1823, 1894-1904. [CrossRef]
[PubMed]

Poolman, T.M.; Farrow, S.N.; Matthews, L.; Loudon, A.S.; Ray, D.W. Pinl promotes GR transactivation by enhancing recruitment
to target genes. Nucleic Acids Res. 2013, 41, 8515-8525. [CrossRef] [PubMed]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef]

Liberti, M.V.; Locasale, ].W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211-218.
[CrossRef]

Nakatsu, Y.; Yamamotoya, T.; Ueda, K.; Ono, H.; Inoue, M.K.; Matsunaga, Y.; Kushiyama, A.; Sakoda, H.; Fujishiro, M.; Matsubara,
A_; et al. Prolyl isomerase Pinl in metabolic reprogramming of cancer cells. Cancer Lett. 2020, 470, 106-114. [CrossRef]

Mo, Y,; Wang, Y.; Zhang, L.; Yang, L.; Zhou, M,; Li, X,; Li, Y.; Li, G.; Zeng, Z.; Xiong, W.; et al. The role of Wnt signaling pathway
in tumor metabolic reprogramming. J. Cancer 2019, 10, 3789-3797. [CrossRef] [PubMed]

Courtnay, R.; Ngo, D.C.; Malik, N.; Ververis, K.; Tortorella, S.M.; Karagiannis, T.C. Cancer metabolism and the Warburg effect:
The role of HIF-1 and PI3K. Mol. Biol. Rep. 2015, 42, 841-851. [CrossRef]

Lu, H.; Forbes, R.A.; Verma, A. Hypoxia-inducible factor 1 activation by aerobic glycolysis implicates the Warburg effect in
carcinogenesis. . Biol. Chem. 2002, 277, 23111-23115. [CrossRef] [PubMed]

Goetzman, E.S.; Prochownik, E.V. The Role for Myc in Coordinating Glycolysis, Oxidative Phosphorylation, Glutaminolysis, and
Fatty Acid Metabolism in Normal and Neoplastic Tissues. Front. Endocrinol. 2018, 9, 129. [CrossRef] [PubMed]

Li, X.; Jiang, Y.; Meisenhelder, J.; Yang, W.; Hawke, D.H.; Zheng, Y.; Xia, Y.; Aldape, K.; He, J.; Hunter, T.; et al. Mitochondria-
Translocated PGK1 Functions as a Protein Kinase to Coordinate Glycolysis and the TCA Cycle in Tumorigenesis. Mol. Cell 2016,
61, 705-719. [CrossRef]

Yang, W.; Zheng, Y.; Xia, Y.; Ji, H.; Chen, X; Guo, E; Lyssiotis, C.A.; Aldape, K.; Cantley, L.C.; Lu, Z. ERK1/2-dependent
phosphorylation and nuclear translocation of PKM2 promotes the Warburg effect. Nat. Cell Biol. 2012, 14, 1295-1304. [CrossRef]
Cerezo, M.; Rocchi, S. Cancer cell metabolic reprogramming: A keystone for the response to immunotherapy. Cell Death Dis. 2020,
11, 964. [CrossRef]

Yoshida, G.J. Metabolic reprogramming: The emerging concept and associated therapeutic strategies. J. Exp. Clin. Cancer Res.
2015, 34, 111. [CrossRef]

Swann, ].B.; Smyth, M.J. Immune surveillance of tumors. J. Clin. Investig. 2007, 117, 1137-1146. [CrossRef]

Kim, R.; Emi, M,; Tanabe, K. Cancer immunoediting from immune surveillance to immune escape. Immunology 2007, 121, 1-14.
[CrossRef]

Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression.
Genes Dev. 2018, 32, 1267-1284. [CrossRef] [PubMed]

Esnault, S.; Shen, Z.].; Malter, ].S. Pinning down signaling in the immune system: The role of the peptidyl-prolyl isomerase Pinl
in immune cell function. Crit. Rev. Immunol. 2008, 28, 45-60. [CrossRef]

Muller, A.J.; Prendergast, G.C. Indoleamine 2,3-dioxygenase in immune suppression and cancer. Curr. Cancer Drug Targets 2007,
7,31-40. [CrossRef]

Koorella, C.; Nair, J.R.; Murray, M.E.; Carlson, L.M.; Watkins, S.K.; Lee, K.P. Novel regulation of CD80/CD86-induced phos-
phatidylinositol 3-kinase signaling by NOTCHI protein in interleukin-6 and indoleamine 2,3-dioxygenase production by dendritic
cells. J. Biol. Chem. 2014, 289, 7747-7762. [CrossRef] [PubMed]

Chen, W.; Ten Dijke, P. Immunoregulation by members of the TGFbeta superfamily. Nat. Rev. Immunol. 2016, 16, 723-740.
[CrossRef]

Gottipati, S.; Rao, N.L.; Fung-Leung, W.P. IRAK1: A critical signaling mediator of innate immunity. Cell Signal. 2008, 20, 269-276.
[CrossRef] [PubMed]

Jefferies, C.A. Regulating IRFs in IFN Driven Disease. Front. Immunol. 2019, 10, 325. [CrossRef]

Huai, W,; Song, H.; Yu, Z.; Wang, W.; Han, L.; Sakamoto, T.; Seiki, M.; Zhang, L.; Zhang, Q.; Zhao, W. Mint3 potentiates TLR3/4-
and RIG-I-induced IFN-beta expression and antiviral immune responses. Proc. Natl. Acad. Sci. USA 2016, 113, 11925-11930.
[CrossRef]

Saitoh, T.; Tun-Kyi, A.; Ryo, A.; Yamamoto, M.; Finn, G.; Fujita, T.; Akira, S.; Yamamoto, N.; Lu, K.P.; Yamaoka, S. Negative
regulation of interferon-regulatory factor 3-dependent innate antiviral response by the prolyl isomerase Pinl. Nat. Immunol. 2006,
7, 598-605. [CrossRef]

Bray, F.; Ferlay, ].; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

Catanzaro, E.; Greco, G.; Potenza, L.; Calcabrini, C.; Fimognari, C. Natural Products to Fight Cancer: A Focus on Juglans regia.
Toxins 2018, 10, 469. [CrossRef]

Zhang, X.B.; Zou, C.L.; Duan, Y.X;; Wu, F; Li, G. Activity guided isolation and modification of juglone from Juglans regia as
potent cytotoxic agent against lung cancer cell lines. BMC Complement. Altern. Med. 2015, 15, 396. [CrossRef]


http://doi.org/10.4049/jimmunol.177.10.6999
http://www.ncbi.nlm.nih.gov/pubmed/17082615
http://doi.org/10.1016/j.bbamcr.2012.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22789442
http://doi.org/10.1093/nar/gkt624
http://www.ncbi.nlm.nih.gov/pubmed/23887939
http://doi.org/10.1126/science.1160809
http://doi.org/10.1016/j.tibs.2015.12.001
http://doi.org/10.1016/j.canlet.2019.10.043
http://doi.org/10.7150/jca.31166
http://www.ncbi.nlm.nih.gov/pubmed/31333796
http://doi.org/10.1007/s11033-015-3858-x
http://doi.org/10.1074/jbc.M202487200
http://www.ncbi.nlm.nih.gov/pubmed/11943784
http://doi.org/10.3389/fendo.2018.00129
http://www.ncbi.nlm.nih.gov/pubmed/29706933
http://doi.org/10.1016/j.molcel.2016.02.009
http://doi.org/10.1038/ncb2629
http://doi.org/10.1038/s41419-020-03175-5
http://doi.org/10.1186/s13046-015-0221-y
http://doi.org/10.1172/JCI31405
http://doi.org/10.1111/j.1365-2567.2007.02587.x
http://doi.org/10.1101/gad.314617.118
http://www.ncbi.nlm.nih.gov/pubmed/30275043
http://doi.org/10.1615/CritRevImmunol.v28.i1.30
http://doi.org/10.2174/156800907780006896
http://doi.org/10.1074/jbc.M113.519686
http://www.ncbi.nlm.nih.gov/pubmed/24415757
http://doi.org/10.1038/nri.2016.112
http://doi.org/10.1016/j.cellsig.2007.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17890055
http://doi.org/10.3389/fimmu.2019.00325
http://doi.org/10.1073/pnas.1601556113
http://doi.org/10.1038/ni1347
http://doi.org/10.3322/caac.21492
http://doi.org/10.3390/toxins10110469
http://doi.org/10.1186/s12906-015-0920-0

Biomedicines 2021, 9, 359 28 of 29

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Wang, P.; Gao, C.; Wang, W.; Yao, L.P,; Zhang, J.; Zhang, S.D.; Li, J.; Fang, S.H.; Fu, Y.J. Juglone induces apoptosis and autophagy
via modulation of mitogen-activated protein kinase pathways in human hepatocellular carcinoma cells. Food Chem. Toxicol. 2018,
116, 40-50. [CrossRef]

Xu, H.; Yu, X.; Qu, S.; Sui, D. Juglone, isolated from Juglans mandshurica Maxim, induces apoptosis via down-regulation of AR
expression in human prostate cancer LNCaP cells. Bioorg. Med. Chem. Lett. 2013, 23, 3631-3634. [CrossRef] [PubMed]

Kanaoka, R.; Kushiyama, A.; Seno, Y.; Nakatsu, Y.; Matsunaga, Y.; Fukushima, T.; Tsuchiya, Y.; Sakoda, H.; Fujishiro, M.;
Yamamotoya, T; et al. Pinl Inhibitor Juglone Exerts Anti-Oncogenic Effects on LNCaP and DU145 Cells despite the Patterns of
Gene Regulation by Pin1 Differing between These Cell Lines. PLoS ONE 2015, 10, €0127467. [CrossRef] [PubMed]

Hennig, L.; Christner, C.; Kipping, M.; Schelbert, B.; Rucknagel, K.P; Grabley, S.; Kullertz, G.; Fischer, G. Selective inactivation of
parvulin-like peptidyl-prolyl cis/trans isomerases by juglone. Biochemistry 1998, 37, 5953-5960. [CrossRef]

Fila, C.; Metz, C.; van der Sluijs, P. Juglone inactivates cysteine-rich proteins required for progression through mitosis. J. Biol.
Chem. 2008, 283, 21714-21724. [CrossRef] [PubMed]

Uchida, T.; Takamiya, M.; Takahashi, M.; Miyashita, H.; Ikeda, H.; Terada, T.; Matsuo, Y.; Shirouzu, M.; Yokoyama, S.;
Fujimori, F; et al. Pinl and Par14 peptidyl prolyl isomerase inhibitors block cell proliferation. Chem. Biol. 2003, 10, 15-24.
[CrossRef]

Moretto-Zita, M.; Jin, H.; Shen, Z.; Zhao, T.; Briggs, S.P.; Xu, Y. Phosphorylation stabilizes Nanog by promoting its interaction
with Pinl. Proc. Natl. Acad. Sci. USA 2010, 107, 13312-13317. [CrossRef]

Mori, T.; Hidaka, M.; Lin, Y.C.; Yoshizawa, I.; Okabe, T.; Egashira, S.; Kojima, H.; Nagano, T.; Koketsu, M.; Takamiya, M.; et al.
A dual inhibitor against prolyl isomerase Pinl and cyclophilin discovered by a novel real-time fluorescence detection method.
Biochem. Biophys. Res. Commun. 2011, 406, 439—-443. [CrossRef]

Wei, S.; Kozono, S.; Kats, L.; Nechama, M.; Li, W.; Guarnerio, J.; Luo, M.; You, M.H.; Yao, Y.; Kondo, A.; et al. Active Pinl is a key
target of all-trans retinoic acid in acute promyelocytic leukemia and breast cancer. Nat. Med. 2015, 21, 457-466. [CrossRef]

Liao, X.H.; Zhang, A.L.; Zheng, M.; Li, M.Q.; Chen, C.P; Xu, H.; Chu, Q.S.; Yang, D.; Lu, W.; Tsai, T.F,; et al. Chemical or genetic
Pin1 inhibition exerts potent anticancer activity against hepatocellular carcinoma by blocking multiple cancer-driving pathways.
Sci. Rep. 2017, 7, 43639. [CrossRef]

Leung, J.; Pang, A.; Yuen, W.H.; Kwong, Y.L.; Tse, E.W. Relationship of expression of aquaglyceroporin 9 with arsenic uptake and
sensitivity in leukemia cells. Blood 2007, 109, 740-746. [CrossRef]

Kozono, S.; Lin, Y.M.; Seo, H.S.; Pinch, B.; Lian, X.; Qiu, C.; Herbert, M.K.; Chen, C.H.; Tan, L.; Gao, Z.].; et al. Arsenic targets
Pinl and cooperates with retinoic acid to inhibit cancer-driving pathways and tumor-initiating cells. Nat. Commun. 2018, 9, 3069.
[CrossRef] [PubMed]

Lim, T.G.; Lee, S.Y,; Duan, Z.; Lee, M.H.; Chen, H,; Liu, E; Liu, K;; Jung, S.K.; Kim, D.J.; Bode, A.M.; et al. The Prolyl Isomerase
Pinl Is a Novel Target of 6,74'-Trihydroxyisoflavone for Suppressing Esophageal Cancer Growth. Cancer Prev. Res. 2017,
10, 308-318. [CrossRef] [PubMed]

Cui, G.; Jin, J.; Chen, H.; Cao, R.; Chen, X.; Xu, B. Synthesis and biological evaluation of pyrimidine derivatives as novel human
Pin1 inhibitors. Bioorg. Med. Chem. 2018, 26, 2186-2197. [CrossRef] [PubMed]

Ieda, N.; Itoh, K.; Inoue, Y.; Izumiya, Y.; Kawaguchi, M.; Miyata, N.; Nakagawa, H. An irreversible inhibitor of peptidyl-prolyl
cis/trans isomerase Pinl and evaluation of cytotoxicity. Bioorg. Med. Chem. Lett. 2019, 29, 353-356. [CrossRef] [PubMed]

Chao, S.H.; Greenleaf, A.L.; Price, D.H. Juglone, an inhibitor of the peptidyl-prolyl isomerase Pin1, also directly blocks transcrip-
tion. Nucleic Acids Res. 2001, 29, 767-773. [CrossRef] [PubMed]

Pu, W.; Li, J.; Zheng, Y.; Shen, X.; Fan, X.; Zhou, ] K; He, ].; Deng, Y.; Liu, X.; Wang, C.; et al. Targeting Pin1 by inhibitor API-1
regulates microRNA biogenesis and suppresses hepatocellular carcinoma development. Hepatology 2018, 68, 547-560. [CrossRef]
[PubMed]

Urusova, D.V,; Shim, ].H.; Kim, D.J.; Jung, SK.; Zykova, T.A.; Carper, A.; Bode, A.M.; Dong, Z. Epigallocatechin-gallate suppresses
tumorigenesis by directly targeting Pinl. Cancer Prev. Res. 2011, 4, 1366-1377. [CrossRef] [PubMed]

Bedewy, W.; Liao, H.; Abou-Taleb, N.A.; Hammad, S.F; Nasr, T.; Pei, D. Generation of a cell-permeable cycloheptapeptidyl
inhibitor against the peptidyl-prolyl isomerase Pinl. Org. Biomol. Chem. 2017, 15, 4540-4543. [CrossRef]

Wang, X.J.; Xu, B.; Mullins, A.B.; Neiler, EK.; Etzkorn, E.A. Conformationally locked isostere of phosphoSer-cis-Pro inhibits Pin1
23-fold better than phosphoSer-trans-Pro isostere. |. Am. Chem. Soc. 2004, 126, 15533-15542. [CrossRef] [PubMed]

Zhang, Y.; Daum, S.; Wildemann, D.; Zhou, X.Z.; Verdecia, M.A.; Bowman, M.E.; Lucke, C.; Hunter, T.; Lu, K.P.; Fischer, G.; et al.
Structural basis for high-affinity peptide inhibition of human Pinl. ACS Chem. Biol. 2007, 2, 320-328. [CrossRef] [PubMed]
Guo, C.; Hou, X,; Dong, L.; Dagostino, E.; Greasley, S.; Ferre, R.; Marakovits, J.; Johnson, M.C.; Matthews, D.; Mroczkowski, B.; et al.
Structure-based design of novel human Pin1 inhibitors (I). Bioorg. Med. Chem. Lett. 2009, 19, 5613-5616. [CrossRef]

Potter, A.; Oldfield, V.; Nunns, C.; Fromont, C.; Ray, S.; Northfield, C.J.; Bryant, C.J.; Scrace, S.F.; Robinson, D.; Matossova, N.; et al.
Discovery of cell-active phenyl-imidazole Pin1 inhibitors by structure-guided fragment evolution. Bioorg. Med. Chem. Lett. 2010,
20, 6483-6488. [CrossRef] [PubMed]

Potter, A.]J; Ray, S.; Gueritz, L.; Nunns, C.L.; Bryant, C.J.; Scrace, S.F.; Matassova, N.; Baker, L.; Dokurno, P.; Robinson, D.A; et al.
Structure-guided design of alpha-amino acid-derived Pinl inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 586-590. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.fct.2018.04.004
http://doi.org/10.1016/j.bmcl.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23643730
http://doi.org/10.1371/journal.pone.0127467
http://www.ncbi.nlm.nih.gov/pubmed/26039047
http://doi.org/10.1021/bi973162p
http://doi.org/10.1074/jbc.M710264200
http://www.ncbi.nlm.nih.gov/pubmed/18539601
http://doi.org/10.1016/S1074-5521(02)00310-1
http://doi.org/10.1073/pnas.1005847107
http://doi.org/10.1016/j.bbrc.2011.02.066
http://doi.org/10.1038/nm.3839
http://doi.org/10.1038/srep43639
http://doi.org/10.1182/blood-2006-04-019588
http://doi.org/10.1038/s41467-018-05402-2
http://www.ncbi.nlm.nih.gov/pubmed/30093655
http://doi.org/10.1158/1940-6207.CAPR-16-0318
http://www.ncbi.nlm.nih.gov/pubmed/28325828
http://doi.org/10.1016/j.bmc.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29576270
http://doi.org/10.1016/j.bmcl.2018.12.044
http://www.ncbi.nlm.nih.gov/pubmed/30585173
http://doi.org/10.1093/nar/29.3.767
http://www.ncbi.nlm.nih.gov/pubmed/11160900
http://doi.org/10.1002/hep.29819
http://www.ncbi.nlm.nih.gov/pubmed/29381806
http://doi.org/10.1158/1940-6207.CAPR-11-0301
http://www.ncbi.nlm.nih.gov/pubmed/21750208
http://doi.org/10.1039/C7OB00430C
http://doi.org/10.1021/ja046396m
http://www.ncbi.nlm.nih.gov/pubmed/15563182
http://doi.org/10.1021/cb7000044
http://www.ncbi.nlm.nih.gov/pubmed/17518432
http://doi.org/10.1016/j.bmcl.2009.08.034
http://doi.org/10.1016/j.bmcl.2010.09.063
http://www.ncbi.nlm.nih.gov/pubmed/20932746
http://doi.org/10.1016/j.bmcl.2009.11.090
http://www.ncbi.nlm.nih.gov/pubmed/19969456

Biomedicines 2021, 9, 359 29 of 29

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.
280.

281.

282.

Li, K; Li, L; Wang, S.; Li, X.; Ma, T,; Liu, D.; Jing, Y.; Zhao, L. Design and synthesis of novel 2-substituted 11-keto-boswellic
acid heterocyclic derivatives as anti-prostate cancer agents with Pinl inhibition ability. Eur. ]. Med. Chem. 2017, 126, 910-919.
[CrossRef] [PubMed]

Fan, X,; He, H,; Li, J.; Luo, G.; Zheng, Y.; Zhou, ].K,; He, J.; Pu, W.; Zhao, Y. Discovery of 4,6-bis(benzyloxy)-3-phenylbenzofuran
as a novel Pin1 inhibitor to suppress hepatocellular carcinoma via upregulating microRNA biogenesis. Bioorg. Med. Chem. 2019,
27,2235-2244. [CrossRef]

Ma, T.; Huang, M.; Li, A.; Zhao, F; Li, D.; Liu, D.; Zhao, L. Design, synthesis and biological evaluation of benzimidazole
derivatives as novel human Pinl inhibitors. Bioorg. Med. Chem. Lett. 2019, 29, 1859-1863. [CrossRef]

Nguyen, D.X,; Bos, P.D.; Massague, ]. Metastasis: From dissemination to organ-specific colonization. Nat. Rev. Cancer 2009, 9,
274-284. [CrossRef]

Rotow, J.; Bivona, T.G. Understanding and targeting resistance mechanisms in NSCLC. Nat. Rev. Cancer 2017, 17, 637-658.
[CrossRef]

Housman, G.; Byler, S.; Heerboth, S.; Lapinska, K.; Longacre, M.; Snyder, N.; Sarkar, S. Drug resistance in cancer: An overview.
Cancers 2014, 6, 1769-1792. [CrossRef]

Luo, M.L.; Zheng, E; Chen, W,; Liang, Z.M.; Chandramouly, G.; Tan, J.; Willis, N.A.; Chen, C.H.; Taveira, M.O.; Zhou, X.Z ; et al.
Inactivation of the Prolyl Isomerase Pinl Sensitizes BRCA1-Proficient Breast Cancer to PARP Inhibition. Cancer Res. 2020, 80,
3033-3045. [CrossRef] [PubMed]

Yeung, B.; Khanal, P.; Mehta, V.; Trinkle-Mulcahy, L.; Yang, X. Identification of Cdk1-LATS-Pin1 as a Novel Signaling Axis in
Anti-tubulin Drug Response of Cancer Cells. Mol. Cancer Res. 2018, 16, 1035-1045. [CrossRef]

Saeidi, S.; Joo, S.; Kim, S.J.; Jagadeesh, A.S.V.; Surh, Y]J. Interaction between Peptidyl-prolyl Cis-trans Isomerase NIMA-interacting
1 and GTP-H-Ras: Implications for Aggressiveness of Human Mammary Epithelial Cells and Drug Resistance. J. Cancer Prev.
2020, 25, 234-243. [CrossRef]

Wang, J.; Zhang, N.; Han, Q.; Lu, W.; Wang, L.; Yang, D.; Zheng, M.; Zhang, Z.; Liu, H.; Lee, T.H.; et al. Pinl inhibition reverses
the acquired resistance of human hepatocellular carcinoma cells to Regorafenib via the Glil/Snail /E-cadherin pathway. Cancer
Lett. 2019, 444, 82-93. [CrossRef] [PubMed]

Zhang, Z.Z.; Yu, WX,; Zheng, M,; Liao, X.H.; Wang, ].C.; Yang, D.Y.; Lu, W.X,; Wang, L.; Zhang, S.; Liu, H.K,; et al. PIN1 Inhibition
Sensitizes Chemotherapy in Gastric Cancer Cells by Targeting Stem Cell-like Traits and Multiple Biomarkers. Mol. Cancer 2020,
19, 906-919. [CrossRef]

Kim, M.R.; Choi, HK; Cho, K.B.; Kim, H.S.; Kang, K.W. Involvement of Pinl induction in epithelial-mesenchymal transition of
tamoxifen-resistant breast cancer cells. Cancer Sci. 2009, 100, 1834-1841. [CrossRef] [PubMed]

Lauffenburger, D.A.; Horwitz, A.F. Cell migration: A physically integrated molecular process. Cell 1996, 84, 359-369. [CrossRef]
Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis. Cell 2017, 168, 670-691.
[CrossRef]

Condeelis, J.; Singer, R.H.; Segall, ].E. The great escape: When cancer cells hijack the genes for chemotaxis and motility. Annu. Rev.
Cell Dev. Biol. 2005, 21, 695-718. [CrossRef] [PubMed]

Massague, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298-306. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ejmech.2016.09.089
http://www.ncbi.nlm.nih.gov/pubmed/27997878
http://doi.org/10.1016/j.bmc.2019.04.028
http://doi.org/10.1016/j.bmcl.2018.11.045
http://doi.org/10.1038/nrc2622
http://doi.org/10.1038/nrc.2017.84
http://doi.org/10.3390/cancers6031769
http://doi.org/10.1158/0008-5472.CAN-19-2739
http://www.ncbi.nlm.nih.gov/pubmed/32193285
http://doi.org/10.1158/1541-7786.MCR-17-0684
http://doi.org/10.15430/JCP.2020.25.4.234
http://doi.org/10.1016/j.canlet.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30583078
http://doi.org/10.1158/1535-7163.MCT-19-0656
http://doi.org/10.1111/j.1349-7006.2009.01260.x
http://www.ncbi.nlm.nih.gov/pubmed/19681904
http://doi.org/10.1016/S0092-8674(00)81280-5
http://doi.org/10.1016/j.cell.2016.11.037
http://doi.org/10.1146/annurev.cellbio.21.122303.120306
http://www.ncbi.nlm.nih.gov/pubmed/16212512
http://doi.org/10.1038/nature17038
http://www.ncbi.nlm.nih.gov/pubmed/26791720

	Introduction 
	Dysregulation of Pin1 in Cancer 
	Regulation of Pin1 Expression at the Transcriptional, Post-Transcriptional and Post-Translational Levels 
	Regulation of Pin1 Function 

	Dysregulation of Pin1 Signaling in Tumorigenesis 
	Pin1 Enhances Proliferative Signaling 
	Pin1 Downregulates Dozens of Tumor Suppressors 
	Pin1 Helps Cancer Cells Resist Cell Death Signaling 
	Pin1 Provides the Cancer with Replicative Immortality 
	Pin1 Induces Tumor-Associated Angiogenesis 
	Pin1 Promotes Invasion and Metastasis 
	Pin1 Drives the Genome Instability and Mutations of Cancer 
	Pin1 Facilitates Tumor-Promoting Inflammation 
	Pin1 Governs the Metabolic Reprogramming of Cancer 
	Pin1 Advances Cancer Cells to Evade Immune Destruction 

	Pin1 Targeted Therapies for Cancer Treatment 
	Targeting Pin1 Could Suppress Tumor Growth 
	Targeting Pin1 Is Effective to Prevent Tumor Recurrence 

	Conclusions 
	References

