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INTRODUCTION  

Aims of the thesis 

The focus of my thesis is to investigate the mechanisms that regulate cell 

cycle control, the deregulation of which can lead to the development of 

cancer. The laboratory of Dr. Giordano has dedicated many years to 

analyzing the mechanisms of cell cycle regulation. The first discovery was 

done twenty years ago when Dr. Giordano discovered for the first time that an 

identical protein species occurs in complexes within both a virus and with the 

cell cycle regulatory kinase cdc2 [1]. Later, this protein species was identified 

as cyclin A. In the early 1990s, Giordano’s laboratory cloned a new member 

of the Retinoblastoma family, Rb2/p130 [2], and in the years that followed 

have clarified its tumor suppressor role in different tissue such as lung, liver, 

ovary, breast and prostate. 

The majority of somatic cells are quiescent. Since pRb, Rb2/p130 and p107, 

members of the Retinoblastoma gene family, play a pivotal role in cell cycle 

entry, progression, and exit, they are fundamental in the tumorigenesis 

process. The activity of pRb is regulated by phosphorylation. Many serine and 

threonine residues are specifically phosphorylated at different stages of cell 

cycle progression. PIN1 is a member of the evolutionarily conserved peptidyl-

prolyl isomerase (PPIase) family of proteins that catalyzes the conformational 

switch from cis to trans of target proteins, which is especially important 

because Pro-directed kinases and phosphatases are conformation-specific 

and act only on the trans isoform [3, 4]. The specific hypothesis behind the 
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proposed research thesis is that the PIN1 protein interacts with pRb and it is a 

key regulator of pRb function during the cell cycle. That hypothesis is based 

on the following observations. First, mouse embryonic fibroblast deficient in 

the PIN1 gene showed a defect in cell cycle entry and progression [5-7]. The 

PIN1 knockout (KO) cells had a reduced proliferation rate compared to wild 

type cells. Second, in PIN1-/- MEF cells, the pRb protein is hypo-

phosphorylated. Third, PIN1 protein is upregulated in many tumor types [8] 

and is a prognostic factor in prostate cancer [9]. Based on these 

observations, the experimental focus of this thesis is based on the regulation 

of Retinoblastoma protein through the PIN1 protein. The specific aims were 

designed to provide a comprehensive assessment of pRb regulation during 

the cell cycle when PIN1 is altered. 

1. Characterize the functional interaction between PIN1 and pRb during 

the cell cycle. Cyclin (D)/CDK4(6) and cyclin E (A)/CDK2 are involved in pRb 

phosphorylation during the G0 and G1/S cell cycle transition. Both proteins 

are controlled by PIN1 at transcriptional (cyclin D1) [5-7] and protein levels 

(Cyclin D1 and E) [10]. In particular, down-regulation of cyclin D1 and pRb 

hypophosphorylation is demonstrated in PIN1 knockdown (kd) cells [5-7]. 

Since re-expression of cyclin D1 doesn’t allow phosphorylation of pRB, a 

different mechanism could be involved. pRB protein is composed of many 

ser/thr-pro motifs that are potential PIN1 recognition sites and a physical 

interaction between PIN1 and pRb could be hypothesized. This hypothesis 

has been tested by different approaches: 
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A. To test the activity of the cyclin/CDK complex on pRb, we performed 

a western blot analysis in wild type and PIN1 knock down cells (Fig. 

4b) and a kinase assay (Fig. 4d) 

B. The level of the pRb protein’s phosphorylation were tested by 

western blot in PIN1 knock down cells (Fig. 5a) 

C. The interaction between PIN1 and pRb were done by GST pull-

down approach (Fig. 6b) and co-immunoprecipitation of endogenous 

proteins in T98G cells (Fig. 7a).  

D. To assess if the interaction is phosphorylation dependent, the T98G 

cells were treated with shrimp alkaline phosphates followed by GST 

pulldown (Fig. 6c). 

 

2. Identify the role of PIN1 in cell cycle control through RB pathways. 

Many papers showed a direct link between PIN1 and the cell cycle. As first 

discovered, PIN1 was identified as a player in G2/M and a protein that 

regulate mitosis. After that, a plethora of molecules were identified, such as 

cdc25, cdc27, TOPIIa. More recently other molecules that regulate G1/S 

phases have been identified, among them Cyclin D1, cyclin E, Ki67 and c-

Myc [11]. These results suggest that different target proteins could be 

involved at different stages of the cell cycle. Since pRb is the major player of 

the G0 and G1/S phases, we want test if it is an essential PIN1 target to 

control proliferation. The role of PIN1 and pRb interaction in the cell cycle 

were tested in PIN1 knockdown cells by cell proliferation assays XTT (Fig. 2b) 
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and FACS analysis (Fig. 2c). Double knockdown cells pRb/PIN1 were 

prepared and tested by XTT (Fig. 8b) and colony forming assay (Fig. 8c). 

Since we believed that an alteration in cell cycle control is at the basis of 

almost all tumors, we are dedicating our time to clarifying the fine mechanism 

underlying this mechanism with the final goal being the development of new 

effective drugs to treat cancer patients. My goal in the PhD experience was to 

acquire the research skills in Cancer Molecular Genetics, Cellular and 

Molecular Biology and Molecular Mechanisms of Disease. The training 

program has covered all the fundamental areas of genetics, cell biology and 

molecular biology that are essential for understanding Cancer Biology and 

Molecular Medicine.  

At the end of the program, my research thesis has contributed to the 

discovery of new uncharacterized interactions between two key players of 

tumorigenesis and I have acquired the necessary skills to become an expert 

in cancer biology. I am very convinced that this training puts me at the 

forefront of cancer biology research and will permit me to become a 

productive scientist. 
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RB pathway 

Normal cells became tumor cells through deregulation of multiple pathways. 

Evidences suggest that each type of tumor involves different proteins so that 

each type of cancer cell is different from the others. However, there are some 

pathways that are altered in almost all tumors. Recently, genome-wide 

studies have added new information to this finding. For example, in lung 

carcinoma, genetic alterations occur more frequently in the MAPK, p53, Wnt, 

RB and mTOR pathways [12]. In glioblastoma, RAS/PI3K, p53 and RB 

pathways are the major causes of cancer [13]. This data suggests that some 

pathways have a pivotal role in different tumors. Among them, pRb controls 

cell cycle entry, progression, and exit. Since the majority of the cells are 

quiescent, deregulation of cell cycle control and hence pRb protein, it is the 

first step to transforming normal cells into immortal cells (see Article 1). 
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RB Gene Family: Genome-Wide ChIP Approaches Could
Open Undiscovered Roads
Flavio Rizzolio,1,2 Luca Esposito,3 Debora Muresu,1 Robert Fratamico,1 Ranna Jaraha,1

Gianluca Vosa Caprioli,1 and Antonio Giordano1,2*
1Department of Biology, Sbarro Institute for Cancer Research and Molecular Medicine, Center for Biotechnology,
College of Science and Technology, Temple University, Philadelphia, Pennsylvania 19122

2Program in Genetic Oncology, Department of Human Pathology and Oncology, University of Siena, Italy
3Oncology Research Centre of Mercogliano, Mercogliano, Avellino, Italy

ABSTRACT
Many in vitro and reporter assays have helped to clarify how transcription factors regulate gene transcription. Today, it is important to decode
the map of all transcription factor binding sites in the genome context. Chromatin immunoprecipitation followed by genome-wide analyses
have tremendously opened new ways to analyze the mechanisms of action of DNA binding factors, cofactors and epigenetic modifications. It
is now possible to correlate these regulatory mechanisms with genomic features such as the promoter, enhancer, silencer, intragenic, and
intergenic DNA sequences. These approaches help to clarify the complex rules that governmany biological processes. In this reviewwe discuss
the genome-wide approaches applied to the retinoblastoma gene family (RBF), the central player of cell cycle control. There are also new,
possible directions that are suggested within the review that can be followed to further explore the role of each pRb members in the
transcriptional networks of the cell. J. Cell. Biochem. 109: 839–843, 2010. ! 2010 Wiley-Liss, Inc.

KEY WORDS: RBF; CELL CYCLE; ChIP GENOME-WIDE

p Rb is the key gene in a rare pediatric eye neoplasm (sporadic
and hereditary) arising from retinal cells that harbor either a

deletion or mutational inactivation of both pRb alleles [Knudson,
1971; Dunn et al., 1988; Paggi and Giordano, 2001; Cobrinik, 2005]
pRb is a bona fide tumor suppressor gene, and its mutation or
deletion is shared by several malignancies [Paggi et al., 1996]. For
these reasons, pRb is considered one of the hallmarks of human
malignancies [Hannon et al., 1993; Mayol et al., 1993; Zhu et al.,
1993].

The pRb gene is considered as the founder of the RB family since
two other genes have been identified, both of which are structurally
and functionally related. These genes are named p107 [Ewen et al.,
1991; Zhu et al., 1993] and Rb2/p130 [Hannon et al., 1993; Li et al.,
1993; Mayol et al., 1993]. Cytogenetically, Rb2/p130 maps to the
16q12.2–13, a genomic region repeatedly altered in human cancers
[Goodrich et al., 1991; Hannon et al., 1993; Li et al., 1993]. We have
demonstrated that, Rb2/p130 has tumor-suppressor properties in JC
virus-induced hamster brain tumor cells [Howard et al., 1998], and
the genetic alteration of the Rb2/p130 genes have often been
detected in human cancers. Specifically, Rb2/p130 is altered in
breast, ovarian, prostate, small-cell lung cancers and many other

tumor types [Paggi and Giordano, 2001]. p107 maps to the human
chromosome region 20q11.2, a locus not frequently found involved
in human neoplasms [Ewen et al., 1991; Ichimura et al., 2000]. It
should be noted, however, that p107 suppresses the development of
Retinoblastoma in pRb-deficient mice [Robanus-Maandag et al.,
1998].

In the recent past, genome-wide approaches have elucidated the
mechanism of action of RBF on target genes and yielded some
unexpected results. In this review, we summarize the recent
findings, give a critical point of view on what has been done up to
this point, and finally, highlight the anticipated steps to be taken in
the near future.

RBF AND E2F PROTEINS IN CELL CYCLE CONTROL

The first data, identifying pRb in the cell cycle regulation, emerged
more than 10 years ago. pRb controls the cell cycle through the
interaction with E2F transcription factors [DeGregori et al., 1997;
Attwooll et al., 2004; DeGregori and Johnson, 2006]. These
interactions are regulated during cell cycle by a phosphorylation
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mechanism. In the early and mid-G1stages, D type cyclins bind
CDK4 or CDK6 proteins, and in late G1, cyclin E (or A), along with
CDK2 proteins, gradually phosporylate pRb. Hyper-phosphorylated
pRb releases E2F transcription factors and allows the expression of
genes that mediate S phase entry [Flemington et al., 1993; Helin and
Ed, 1993].

The interaction between RBF members and E2F proteins brings
about a repressive function that is mediated by two different
mechanisms. The first general mechanism relies on the finding that
the E2F transactivation domain and the pRb binding domain
physically overlap at the E2F-C terminal [Flemington et al., 1993;
Helin and Ed, 1993]. This interaction suggests a competitive model
between pRb and the promoters of E2F target genes for activate
transcription. The effects of this simple mechanism are not enough
to explain why pRb, alone, can reduce E2F luciferase reporter
activity in the absence of E2F [Weintraub et al., 1992] or why
artificially pRb fused to E2F binding domain could act as a repressor
on a basic promoter [Sellers et al., 1995]. The second general
mechanism is based on the interaction between pRb and different
chromatin modifier enzymes. pRb is able to interact with HDAC1,2,3
histone deacetylases, SUV39H methylases, and Brg1 and Brm
chromatin-remodeling enzymes on the promoters of target genes
[Cobrinik, 2005]. Further evidence of pRb’s repressive function can
be derived from site-direct mutagenesis of E2F binding elements on
B-Myb, Cdc2, cyclin E and E2F1 target genes, which result in
increased gene expression in quiescent and G1 cells. Genomic
footprinting also supports these results because E2F complexes are
bound to the B-Myb, cyclin A, and Cdc2 genes in quiescent cells and
during early G1 when these genes are repressed [Liu et al., 1996].
Collectively, these data support the hypothesis that the RBF/E2F
complex can bind the promoters of target genes and repress their
expression.

RBF UNIQUE AND OVERLAPPING FUNCTIONS

Due to structural similarities, pRb, Rb2/p130, and p107 have many
overlapping functions. All three proteins can repress gene
transcription, cause an arrest of the cell cycle in the G1 phase,
interact with viral oncoproteins, and share many protein partners
[Mulligan and Jacks, 1998; Morris and Dyson, 2001]. Although RBF
members possess many sequence similarities, they have additionally
unique functions. Examples of differences include their expression
pattern, E2F family member interaction (p107 and Rb2/p130
interact with E2F4/5 (repressing E2Fs) and pRb interacts with E2F1-
3 (activating E2Fs)), cyclin/cdk complexes [Nevins, 1998; Classon
and Dyson, 2001; Classon and Harlow, 2002; Cobrinik, 2005] and
sets of target genes. Rb2/p130 is highly expressed in quiescent and
differentiated cells while p107 is most often expressed in
proliferating cells. pRb is ubiquitously expressed and can be
detected in proliferating, quiescent and differentiated cells
[Cobrinik, 2005].

An important distinction among the pocket proteins is observed
during development. pRb nullizygous mice die duringmid-gestation
with defects in the nervous system, hematopoietic system and lens.
In contrast, p107 and Rb2/p130 nullizygous mice having the same

genetic background develop normally. Mice nullizygous for both
Rb2/p130;p107 die at birth with abnormalities in endochondral
bone formation and epidermal development. Embryos nullizygous
for p107 or Rb2/p130, together with pRb loss, die approximately
2 days earlier than pRb null embryos and show more severe defects
in the nervous and hematopoietic systems [Wikenheiser-Brokamp,
2006]. The RBF confirmed overlapping functions as well in
development. Rb2/p130 is able to compensate for pRb deficiency
in cardiac muscle development [MacLellan et al., 2005] and p107
can compensate for the loss of pRb function in the epidermal tissue
[Ruiz et al., 2004]. These results support the observation that E2F
transcription factors that normally bind pRb (i.e., E2F1, E2F2, E2F3)
may bind p107 in pRb-deficient cells [Lee et al., 2002].

Pocket proteins have unique and overlapping functions in
tumorigenesis as well in development. pRb heterozygous mice are
prone to developing tumors of the pituitary, thyroid, and adrenal
glands. p107 and Rb2/p130 ablation, alone or in combination, does
not predispose to tumor formation. However, p107 and Rb2/p130
can function to suppress tumorigenesis in the context of pRb
deficiency. Mice nullizygous for pRb do not develop retinoblastoma
as is seen in humans. However, loss of p107 or Rb2/p130 in
combination with pRb results in retinoblastoma [Wikenheiser-
Brokamp, 2006]. Additionally, pRb ablation in astrocytes [Marino
et al., 2000], mammary [Robinson et al., 2001] and prostate
epithelial cells results in no phenotypic abnormalities, whereas loss
of total pocket protein function by expression of a truncated form of
SV40 large T antigen leads to tumor formation [Xiao et al., 2002;
Simin et al., 2004]. Furthermore, chimeric pRb;p107 and pRb;Rb2/
p130 null mice develop tumors in addition to those seen with pRb
ablation alone [Dannenberg et al., 2004]. The tumor spectra in pRb,
pRb;p107 and pRb;Rb2/p130 deficient mice do not totally overlap,
providing evidence that the pocket proteins have unique as well as
overlapping functions in tumor suppression.

GENOME-WIDE APPROACHES APPLIED TO
RBF PROTEINS

In the last few years, ChIP genome-wide approaches have opened
new roads to the analyses of transcription factors and chromatin
modifications. These new methodologies are becoming important to
identify basic players of different biological processes, such as gene
expression, DNA replication and repair. RB family members play a
key role in many gene regulatory networks that govern the cellular
response to anti-mitogenic signals and whose deregulation
constitutes one of the hallmarks of cancer. With the advent of
ChIP technology, many important questions can now be addressed.
Are the target genes among the RB family shared? Which are the
main targets of each member? What are the relations between each
RBF members and chromatin modifications on single target genes?

ChIP-on-chip, gene expression microarray and proteomic
approaches have allowed different groups to ‘‘de-convolute’’ the
specific roles of each pRb members. Many articles have demon-
strated that at the genomic level, p107 and Rb2/p130 are the central
pocket proteins that bind the E2F responsive promoters during G0
and early G1, and most of them are genes that regulate cell cycle
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progression [Cam et al., 2004; Balciunaite et al., 2005; Litovchick
et al., 2007; Farnham, 2009]. In particular, ChIP-on-chip in the T98G
glioblastoma cell lines have shown Rb2/p130 and E2F4 cooperating
to repress a common set of genes under different growth arrest
conditions; however p107 or pRb do not function in doing this. The
repression involves a set of genes not only involved in the cell cycle
but also in mitochondrial biogenesis and metabolism with the NRF1
protein (nuclear respiratory factor-1) as a co-regulator of a number
of E2F target genes [Cam et al., 2004]. In early G1 cycling cells, the
same investigators reported three new functional categories of
target genes uniquely bound to p107 and/or E2F4 (stress response,
signal transduction, and immune response) and a distinct set of
genes. In addition, specific combination of RBF and E2F4 proteins
correspond to a distinct code of histone acetylation and Sin3B
corepressor recruitment, highlighting a complex relation between
RBF and chromating remodeling [Balciunaite et al., 2005].

In a more recent work, proteomic, ChIP-promoter array, gene
expression array and bioinformatics analysis have allowed the
discovery of a Rb2/p130-associated protein complex that con-
tributes to repress cell cycle-dependent genes during quiescence
[Litovchick et al., 2007]. Combined protein immunoprecipitation
with multidimensional protein identification technology (MudPIT),
Litovchick et al., identified 12 Rb2/p130 interacting proteins, 9
of which are homologous to Drosophila dREAM complex. In
Drosophila this complex was determinated to be essential for the
silencing of developmentally regulated genes. Interestingly, the
human complex assembles in two different ways during the cell
cycle: in G0, Rb2/p130, E2F4/5, and DP1/2 interact with LIN9,
LIN37, LIN52, LIN54, and RBBP4 to repress transcription. During S
phase LIN9, LIN37, LIN52, LIN54 dissociate from Rb2/p130 and
interact with the B-MYB protein. Promoter chip assays revealed that
the G0 complex bound and cooperated to specifically repress E2F
target genes. Because pRb is not found in this complex, the authors
postulated that Rb2/p130, not pRb, serves as the functional ortholog
of pRb from fly and worm to human.

The rather surprising result that emerged from ChIP experiments
was the difficulty to detect the presence of pRb on the promoters of
many well-established E2F target genes. The only exception is
the cyclin E gene that is also deregulated in pRb deficient mouse
embryonic fibroblasts. It was speculated that pRb forms the
repressor complex in the cytoplasm instead of on chromatin
[Stevaux and Dyson, 2002; Iaquinta and Lees, 2007]. Another
possible explanation was that pRb can bind regulatory regions other
than promoters by a direct E2F mediated mechanism (this is
improbable because E2F proteins bind preferentially the promoter
region of genes) or by a different mechanism involving other factors
[Markey et al., 2002]. With the limits of past microarray technology,
we could not analyze the regions outside the promoter. We know,
from the b-globin locus control region [Misteli, 2007] and genome-
wide studies [Farnham, 2009] that, DNA elements apart several
kilobases from the gene are able to enhance gene transcription. The
mapping of the ERa binding site is one of the best examples [Carroll
et al., 2005, 2006; Laganiere et al., 2005]. The group of Myles Brown
analyzed the complete non-repetitive sequence of human chromo-
some 21 and 22 [Carroll et al., 2005]. They established that most of
the ERa binding sites mapped outside the promoter in many

sequences with enhancer functions, as demonstrated by chromo-
some capture and luciferase assays. Subsequently, taking advantage
of ChIP-on-chip on all the non-repetitive sequence of the human
genome, the same group mapped ERa and RNA Pol II proteins
binding in MCF7 breast cancer cells. Only 4% of estrogen binding
sites mapped within 1 kb promoter. By combining transcriptional
profiling arrays and chip-on-chip data, the authors demonstrated a
positive correlation between binding sites within 50 kb of
transcription start site and gene expression activation [Carroll
et al., 2006]. Although themechanism of action of ERa protein is cell
type specific, these results correlate with data obtained on c-Myc,
p53 and Sp1 binding on chromosome 21 and 22, suggesting the
necessity of genome-wide studies in opposition to promoter analysis
[Cawley et al., 2004].

At least two different articles suggest that the problems
encountering in ChIP experiments carried out on the pRb protein
could be ascribed to the antibodies [Takahashi et al., 2000; Stengel
et al., 2009]. In a pioneering experiment, Takahashi et al., analyzed
all three members of pRb and found that the repression of each
promoter in T98G glioblastoma quiescent cells is associated with
recruitment of E2F-4 and Rb2/p130. The authors tested eight
different pRb antibodies without obtaining enrichment on back-
ground of E2F target genes [Takahashi et al., 2000]. After this report,
the Farnham laboratory analyzed the in vivo binding sites of pRb in
Raji cells utilizing chip-on-chip CpG array. Different pRb binding
sites were detected in G0/G1 and during S phase. Surprisingly the
number of hits was low compared to the other pRb family members
[Wells et al., 2003; Balciunaite et al., 2005]. The differences in results
found in literature could be ascribed to the cell lines utilized;
however, very recently, an independent group reported that a
number of pRb antibodies are not able to immunoprecipitate the
crosslinked chromatin in SOS-2 cells. To overcome these problems,
the authors prepared a GFP-pRb fusion protein as well Rb2/p130 or
p107 and ChIP analyses were carried out with anti-GFP antibody.
Positive results were obtained on plk-1 and dhfr E2F target
promoters. The binding of pRb, Rb2/p130, and p107 on chromatin
were also confirmed by Fluorescence Recovery After Photobleach-
ing analyses [Stengel et al., 2009].

These results were supported by another laboratory where it was
confirmed that pRb could be detected and associated with chromatin
on cdc6 and dhfr E2F target promoters only when special chromatin
fixation protocols (dimethyl adipimidate followed by 1% formal-
dehyde) were applied [Vandromme et al., 2008]. These data strongly
suggest that ChiP-grade antibodies are necessary to analyze the
pRb-binding site on chromatin to discriminate which unique and
overlapping functions have the pRb family of proteins.

CONCLUSIONS AND FUTURE DIRECTIONS

One key point of the post-genomic era is to clarify how the cell
machinery utilizes genomic information in normal and anomalous
cells. Transcription factors, cofactors, histone modifications, and
histone variants participate at different levels to regulate gene
transcription in diverse processes including cell growth, prolifera-
tion, differentiation, and death [Kouzarides, 2007]. The pRb pathway
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is central to regulating cell proliferation, one of the first steps in
tumorigenesis. A lot of studies have shown that many chromatin
modifier enzymes work in concert with pRb. It is time to investigate
through the use of new approaches (e.g., RNA interference) how the
RBF members can influence DNA and chromatin modifications and
integrate these data with others ‘‘omics’’ approaches.

Until now, gene expression profiling has been the principal topic
compared with various issues such as disease recurrence, invasive
potential, treatment response, and molecular subtype. But at an
upper level, integrating expression with protein-protein and
protein/DNA interaction can help us better understand the pathways
relevant to human pathological diseases such as cancer. Now, there
are many integrative analysis platforms that can help discern
between important functional connections and to identify relation-
ships among transcriptional programs, protein complexes, disease
subpopulations and drug treatments. Several tools (DAVID, Gene set
Enrichment analysis, System biology, L2L, Connectivity MAP, etc.)
are able to interrogate data from public repositories and display all
the information in a network data system (Cytoscape, Osprey,
PIANA, GenMAPP, GRAPHVIZ, etc.). Most of the current tools
analyze single target signatures across a set of reference signatures.
More sophisticated programs are necessary to integrate different
types of data, which yields the emergence of all-versus-all,
comparing approaches, such as ‘‘Molecular concept map’’ in
Oncomine.
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CDK/cyclin complex 

 

A key step for pRb protein activity is its phosphorylation. Among different 

protein kinase families, CDKs play a central role. CDKs are a well-conserved 

family of serine/threonine protein kinases whose activity is regulated by 

different proteins. Their activation requires association with a cyclin partner 

and phosphorylation by CDK activating kinase (CAK). Other residues such as 

conserved threonine and tyrosine must be dephosphorylated for CDK activity, 

which involves the Cdc25 phosphatase family of proteins. In the majority of 

tumors, alteration of CDK activity is associated with an inactivation of the pRb 

pathway followed by an increase in the cell proliferation rate. In the last ten 

years a number of laboratories (including our lab) have focused their attention 

to developing new small molecules to inhibit CDK function (see article 2). 
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Article 2 

 

CDK Inhibitors: From the Bench to Clinical Trials 

 

 

Flavio Rizzolio, Tiziano Tuccinardi, Isabella Caligiuri, Chiara Lucchetti and 

Antonio Giordano 

 

 

Current Drug Targets, 2010, 11, 279-290 
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E)%($! 345<! 21/+*A! %'(!R:FT! %/)*$+%+#*! 6')$(?! H'(! 345<F
,.,-+*!V!,#76-(O!6'#$6'#/.-)%($!%'(!SW!&)7+-.!)*2!+//(E(/F
$+C-.! +*),%+E)%($! +%8! )! $%(6! %')%! +$!*(,($$)/.! +*!#/2(/! %#!6)$$!
%'(! /($%/+,%+#*! 6#+*%?! U*! &),%8! 7#1$(! (7C/.#*+,! &+C/#C-)$%!
I"VXK! %/+6-(! B*#,B#1%$! #&! 6#,B(%! 6/#%(+*$! -##$(! %'(!
/($%/+,%+#*!6#+*%! )*2!6/#-+&(/)%(! +*! %'(!)C$(*,(!#&!7+%#A(*+,!
$%+71-+! 9::8! :<>?! 345<F,.,-+*! V! +$! &1*2)7(*%)-! &#/! 4YJ!
/(6-+,)%+#*! )*2! ),%$! C.! /(,/1+%+*A! "3"! 6/#%(+*$! %#! %'(!
/(6-+,)%+#*!#/+A+*$?!41/+*A!T!6')$(8!,.,-+*!V! +$!2(A/)2(2!C.!
6/#%()$#7($! )*2! 345<! C+*2$! ,.,-+*! J! %#! 6'#$6'#/.-)%(!
7)*.!6/#%(+*$!*(,($$)/.!%#!,#76-(%(!)*2!(O+%!&/#7!T!6')$(?!
3.,-+*! J! +$! )C-(! %#! C+*2! 345<! )*2! 345:! +*! %'(! R<F"!
%/)*$+%+#*! 6')$(?! H'(! %0#! ,#76-(O($! $')/(! 7)*.! 6/#%(+*!
%)/A(%$! C1%! %'(! $6(,+&+,! /#-(! #&! (),'! ,#76-(O! #*! ,#77#*!
%)/A(%$! 21/+*A! %'(! R<F%#F"F6')$(! %/)*$+%+#*! +$! *#%! 0(--!
1*2(/$%##2?!J&%(/!,.,-+*!J!2(A/)2)%+#*8!345:!C+*2$!WF%.6(!
,.,-+*$! %#! %/+AA(/! 7+%#$+$?! "#/(! %')*! Z=! 6/#%(+*$! )/(!
6'#$6'#/.-)%(2! C.! %'+$! ,#76-(O8! )--! #&!0'+,'! 6)/%+,+6)%(! +*!
2+&&(/(*%! $%(6$! #&! 7+%#$+$! &/#7! (*%/.! %#! 6/#A/($$+#*! )*2!

&+*)--.!%#!(O+%!9<<8!<[>?!

! 345! ),%+E+%.! +*'+C+%+#*! +$! 7(2+)%(2! C.! %'(! 345F+*'+F
C+%#/.! $1C1*+%$! I35U$K?! U*!7)77)-+)*! ,(--$8! %0#! ,-)$$($! #&!
35U$8! %'(! 3+6G5+6! )*2! %'(! U*BQ! &)7+-+($8! 6/#E+2(! )! %+$$1(F
$6(,+&+,!7(,')*+$7!C.!0'+,'!,(--! ,.,-(!6/#A/($$+#*!,)*!C(!
/($%/)+*(2! +*! /($6#*$(! %#! (O%/),(--1-)/! )*2! +*%/),(--1-)/! $+AF
*)-$?! H'(! 3+6G5+6! &)7+-.! +*,-12($! 6<:3+6:8! 6<Z5+6:! )*2!
6MZ5+6<!)*2!6/(2#7+*)*%-.!+*'+C+%$!%'(!345$!#&!%'(!R:F%#F
TF6')$(! %/)*$+%+#*! 9<Q>?! H'(! U*BQ! I+*'+C+%#/$! #&! 345QK!
&)7+-.!,#*%)+*$!&#1/!7(7C(/$8!6:MU*BQC8!6:NU*BQ8!6:\U*BQ,!
)*2! 6:;U*BQ28! $(E(/)-! #&! 0'+,'! )/(! 71%)%(2! #/! 2(-(%(2! +*!

,(/%)+*!%.6($!#&!'17)*!,)*,(/$?!

! U*! )22+%+#*! %#! +*%(/6')$(! 345$! I345<8! 345Q! )*2!
345NK!)*2!%'(!7+%#%+,!345:8!%'(/(!)/(!#%'(/!345$!%')%!)/(!
/(-)%(2!%#!,(--!,.,-(!,#*%/#-!)*2!,)*,(/?!J7#*A!%'(78!345\!
)*2!345:=!')E(!/(,(*%-.!C((*!$'#0*!%#!,#*%/+C1%(!%#!,#-#*!
,)*,(/! C.! )! 7(,')*+$7! +*E#-E+*A! A(*(! )76-+&+,)%+#*! 9<M>!
)*2!/($+$%)*,(!%#!(*2#,/+*(!%'(/)6.!+*!C/()$%!,)*,(/8!/($6(,F

%+E(-.! 9<N>?! "#/(#E(/8! )*%+$(*$(! )*2! 2#7+*)*%! *(A)%+E(!
345:=!71%)*%$!)/(!)C-(!%#!)//($%!%'(!,(--!+*!R<F"!,(--!,.,-(!
6')$(?!](/.!/(,(*%-.8!345;!)*2!,.,-+*!H:!,#76-(O!I6HVXCK!
')$! C((*! $'#0*! %#! ,#*%/#-! %'(! (O6/($$+#*! #&! R:F$6(,+&+,!
A(*($!$1,'!)$!,.,-+*!4:!)*2!()/-.!%/)*$,/+6%+#*!&),%#/$!$1,'!
)$! ,F".,!)*2! ^1*W! %'/#1A'! +*%(/),%+#*!0+%'!WS4Q!6/#%(+*?!
41/+*A! %'(!"FR:! %/)*$+%+#*8! %'(! 6HVXC! ,#76-(O! )$$#,+)%($!
0+%'!,'/#7#$#7($! %#!,#*%/#-! %'(!(O6/($$+#*!#&!$6(,+&+,!,(--!
,.,-(! /(A1-)%#/.!A(*($8! +--1$%/)%+*A!)!*(0! /#-(! &#/!345;! +*!
,(--!,.,-(!,#*%/#-!9<Z>?!

73'.7.8"*1220,"

! H'(!1*+D1(!/#-(!#&!(),'!345!,#76-(O!')$!C((*!2(/+E(2!
&/#7!,(--!,1-%1/(!$%12+($?!U*!7+,(8!32B!6/#%(+*$!')E(!$'#0*!
$#7(!1*(O6(,%(2!/($1-%$!9<\>?!H'(!#*-.!32B!%')%!+$!($$(*%+)-!
&#/! %'(! ,(--! ,.,-(! +$! 32B:! 9<;>?! 32B:! B*#,B#1%! I5LK!7+,(!
2+(! )%! %'(! %0#F,(--! (7C/.#! $%)A(?! H/+6-(! B*#,B#1%! 32B<8!
32BQ! )*2!32BN! )/(! )C-(! %#! 2(E(-#6! 1*%+-! %'(!7+2FA($%)%+#*!
$%)A(!21(! %#!'(7)%#6#+(%+,!2(&(,%$8! $1AA($%+*A! %')%! %'(.!)/(!
*#%!($$(*%+)-!&#/!C)$+,!,(--!,.,-(!&1*,%+#*!9<;>?!"#/(!+76#/F
%)*%-.8! %'(! )*)-.$+$! #&! $+*A-(! 32B! B*#,B#1%$! '+A'-+A'%$! %'(!
$6(,+&+,+%.!#&! (),'!32B! +*!2+&&(/(*%! ,(--! %.6($?!X#/! +*$%)*,(8!
32BQ! +$! +76#/%)*%! &#/! 6/#-+&(/)%+#*! #&! 6+%1+%)/.! -),%#%/#6'$!
)*2! 6)*,/()%+,! !F,(--$?! 32BQ! '#7#_.A#1$! 7+,(! /($1-%! +*!
A/#0%'! /(%)/2)%+#*!2(&(,%$8!7#$%!6/#C)C-.!)! ,#*$(D1(*,(!#&!
2(&+,+(*,.! +*! '#/7#*(! 6/#21,%+#*?! "VXFGF! ,(--$! 6/#-+&(/)%(!
*#/7)--.! )*2! $'#0! )! 2(-).! +*! ,(--! ,.,-(! (*%/.?! H'($(! 2)%)!
'+A'-+A'%! %'(! +76#/%)*,(! #&! 32BQ! +*! %'(! 6/#-+&(/)%+#*! #&!
$6(,+&+,! %.6($! #&! (*2#,/+*(! ,(--$! 9[=F[[>?! 32BN! 5L! 7+,(!
')E(! 2(&(,%$! +*! %'(! (/.%'/#+2! -+*()A(! 0+%'! )! 2(,/()$(2!
*17C(/!#&!/(2!C-##2!,(--$!9[Q>?!4#1C-(!5L!7+,(!2+(!)%!7+2F
A($%)%+#*!21(!%#!)!2(&(,%!+*!%'(!(/.%'/#+2!-+*()A(!%')%!-()2$!%#!
)! $(E(/(!)*(7+)?!W1%!#E(/)--8! ,(--!6/#-+&(/)%+#*!)*2!#/A)*#F
A(*($+$!)/(!,#76)/)C-(!%#!$+*A-(!B*#,B#1%!7+,(!9[Q>?!!

! T1/6/+$+*A-.8!32B<! +$!*#%! +76#/%)*%! &#/!7+%#%+,! ,(--$!C1%!
')$!)!&1*2)7(*%)-!/#-(!21/+*A!7(+#%+,!2+E+$+#*?!U*!6)/%+,1-)/8!
32B<! 6-).$! )! /#-(! +*! ,'/#7#$#7(! 6)+/+*A! 21/+*A! 7(+#%+,!
6/#6')$(! 9[M8![N>?!4#1C-(!32B<G32BN!B*#,B#1%$! )/(!E+)C-(!
)*2!')E(!2(&(,%$! )$!$+*A-(!71%)*%$!9<;>?!H'($(!2)%)!$1AA($%!
%')%!(),'!32B!,)**#%! ,#76-(%(-.!,#76(*$)%(!(),'!#%'(/?!U*!
-+*(! 0+%'! %'+$! (E+2(*,(8! (-(A)*%! B*#,BF+*! (O6(/+7(*%$! +*!
0'+,'! 32B<! 0)$! +*$(/%(2! +*! %'(! 32B:! -#,1$8! ,#*&+/7! %')%!
32B:! ')$! )! 1*+D1(! /#-(! +*! ,(--! 6/#-+&(/)%+#*! )*2! ,#76(*F
$)%+#*!+$!*#%! )!,#77#*!7(,')*+$7!9[Z>?!4($6+%(! %'(!(E#-1F
%+#*)/.!2+&&(/(*,(!C(%0((*!'17)*!)*2!.()$%!,(--$8!%'($(!2)%)!
(76')$+_(!%'(!&),%!%')%!%'(!C)$+,!)$6(,%$!#&!%'(!,(--!,.,-(!)/(!
*#%! $1C$%)*%+)--.! 2+&&(/(*%! )*2! #*-.! #*(! 32B! I32B:K! +$!
+*2+$6(*$)C-(!&#/!%'(!,(--!,.,-(?!

! JC-)%+#*! #&! ,.,-+*$! +*! 7+,(8! %'(! 32B! ),%+E)%#/$8! ')$!
1*2(/-+*(2! %'(! /#-(! #&! %'+$! 6/#%(+*! &)7+-.! +*! ,(--! ,.,-(!
,#*%/#-?! T+*A-(! ,.,-+*! 4! B*#,B#1%$! )/(! E+)C-(! )*2! ')E(!
$6(,+&+,! 2(E(-#67(*%)-! 2(&(,%$?! 3.,-+*! 4:! *1--! 7+,(! ')E(!
/(21,(2! C#2.! $+_(8! '.6#6-)$%+,! /(%+*)$! )*2! *(1/#-#A+,)-!
2(&(,%$?! U*! )22+%+#*8! %'($(! 7+,(! &)+-(2! %#! ')E(! 7)77)/.!
A-)*2! 6/#-+&(/)%+#*! 21/+*A! 6/(A*)*,.?! 3.,-+*! 4<! B*#,B#1%!
7+,(! &(7)-($! )/(! +*&(/%+-(?! L#,.%(!7)%1/)%+#*! +$! 1*)&&(,%(2!
0'(/()$! A/)*1-#$)! ,(--$! 2#! *#%! 6/#-+&(/)%(! )&%(/! XT`!
$%+71-)%+#*?!")-($!)/(!&(/%+-(!C1%!')E(!'.6#6-)$%+,!%($%($!)*2!
)! /(21,(2! $6(/7! ,#1*%?! U*! %'(! $#7)%+,! %+$$1($8! %'(! #/A)*$!
)&&(,%(2! +*! 3.,-+*! 4<! FGF! 7+,(! +*,-12(2! CF-.76'#,.%($8!
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"#$%&'#()%! !*%'++,! #$-! $'.&/0'$',),1! 23%+)$! 45! $.++! 6)%'!
7#8'! -'9'%(,! )$! (7'! -'8'+/"6'$(! /9! :*+36"7/%3(',1! :&)"+'!
%3%+)$!;$/%;/.(,!7#8'!<''$!0'$'&#('-1!:7','!#$)6#+,! ,7/=!
,"'%)9)%!-'9'%(,! )$!63/%#&-)#+! %'++,! #$-!7'6#(/"/)'()%! ,('6!
%'++,! #$-! -)'! #(! 6)-*0',(#()/$! >5?@1! :7','! -#(#! ,.00',(! (7#(!
%3%+)$! 4! "&/(')$,! #&'! $/(! ',,'$()#+! 9/&! <#,)%! %'++! %3%+'! <.(!
/$+3!9/&!(7'!-'8'+/"6'$(!/9!,"'%)9)%!/&0#$,1!

! 23%+)$! AB! #$-! AC! 6.(#$(! 6)%'! -'8'+/"! $/&6#++3! >5D@1!
E$+3! -/.<+'! ;$/%;/.(! 6)%'! -)'! #(! (7'! ABB1F! '6<&3/$)%!
,(#0'G!6/,(! +);'+3!-.'! (/!-'9'%(,! )$!'H(&#*'6<&3/$)%! (),,.',1!
I)$%'! 2-;C! 7#,! $/! "7'$/(3"'G! (7','! -#(#! ,.00',(! #$! 'H(&#!
9.$%()/$!9/&!%3%+)$!A!$/(!&'+#('-!(/!)(,!2-;C!"&/(')$!"#&($'&1!

! :7'! (=/! %3%+)$! #,! ,7/=! #! -)99'&'$(! 'H"&',,)/$! "&/9)+'1!
23%+)$! JB! ),! 0'&6! %'++*,"'%)9)%! #$-! ;$/%;/.(! 6)%'! 7#8'!
-'9'%(,! )$! ,"'&6#(/0'$',),1! :7'! 6')/()%! %'++,! #&'! <+/%;'-!
<'9/&'! (7'! 9)&,(!6')/()%!-)8),)/$1! K$! (7'! 9'6#+'G! (7'!/8#&3! ),!
$/&6#+! >LM@1! 23%+)$! JC! ;$/%;/.(! 6)%'! #&'! '6<&3/$)%#++3!
+'(7#+! #(! AF1F! >LB@1! :7','! &',.+(,! )$-)%#('! (7#(! %3%+)$!JC! ),!
$/(!',,'$()#+!)$!'#&+3!-'8'+/"6'$(!#(!+'#,(!.$()+!(7'!<+#,(/%3,(!
,(#0'1!E(7'&!"&/(')$,G!6/,(!+);'+3!%3%+)$!N5G!%/6"'$,#('!9/&!
(7'!+/,,!/9!%3%+)$!JC1!!

! :7'!(7&''!%3%+)$!N,!#&'!)6"/&(#$(!-.&)$0!6)(/,),1!23%+)$!
NB! #$-! NC! 9/&6! "&/(')$! %/6"+'H',! =)(7! 2-;BG! =7'&'#,!
%3%+)$!N5! ),! #! "#&($'&! /9!2-;C1!23%+)$!NB! $.++!6)%'! -)'! #(!
6)-*0',(#()/$G! =7'&'! %3%+)$! NC! $.++! 6)%'! 7#8'! $/! /<8)/.,!
-'9'%(,!>LC@1!:7'!-)99'&'$%',!%#$!<'!#,%&)<'-!(/!(7'!"#(('&$!/9!
+/%#+)O#()/$1! 23%+)$! NB! (&#$,+/%#(',! (/! (7'! $.%+'.,! )$! PC!
"7#,'!#$-!),!)6"/&(#$(!9/&!6)(/()%!,")$-+'!#,,'6<+3G!%7&/6/*
,/6'!%/$-'$,#()/$!#$-!$.%+'#&!'$8'+/"'!<&'#;-/=$1!23%+)$!
NC! ),! +/%#+)O'-! )$! (7'! %3(/"+#,6G! =7'&'! )(! 9.$%()/$,! (/!
&'/&0#$)O'!(7'!P/+0)!#""#&#(.,!-.&)$0!6)(/,),1!Q/!%3%+)$!N5!
$.++! 6)%'! #&'! #8#)+#<+'! #,! /9! 3'(1! R&/6! (7'! 'H"&',,)/$!
"#(('&$G! %3%+)$! N5! %/.+-! 7#8'! #! &/+'! )$! (7'! (',(',! #$-! 9'(#+!
/8#&31!

! :7','! -#(#! )++.,(&#('! (7'! $'%',,)(3! (/! ,(.-3! (7'! <#,),! /9!
%'++! %3%+'! 6#%7)$'&3! )$! #! %'++*,"'%)9)%! %/$('H(1! I)$0+'! #$-!
%/6<)$'-! 6.(#$(! 6)%'! ,.00',(! (7#(! '#%7! 24S! #$-! %3%+)$!
%/6"+'H!#%(!#(!,"'%)9)%!,(#0',!)$!-'8'+/"6'$(!#$-!)$!,"'%)9)%!
%'++.+#&! %/$('H(,1! J,! ,.%7G! )$! %+)$)%#+! "&#%()%'G! )$7)<)(/&3!
24S! -&.0,! ,7/.+-! <'! #-6)$),('&'-! 9/&! ,"'%)9)%! %#$%'&,!
=7'&'!24S,!7#8'!<''$!-'6/$,(&#('-! (/!7#8'! #!;'3! &/+'! )$!
(7'!/$%/0'$)%!"&/%',,1!:7'!"/)$(!),!(/!-'9)$'!=7'(7'&!$/&6#+!
%'++,!7#8'!(7'!,#6'!&'T.)&'6'$(,!#,!%#$%'&!%'++,1!

$%&'$($)*+,$-./)0102,*+,$3+$04,

! K$! 6/,(! "&)6#&3! (.6/&,G! #+('&#()/$,! /9! 24S*%3%+)$!
%/6"+'H',! 7#8'! <''$! &'"/&('-1!E$'! /9! (7'!6/&'! 9&'T.'$(+3!
#+('&'-! ),! (7'!24SL*%3%+)$!4B!%/6"+'H1!J!24SL!/&!%3%+)$!
4B! 6.(#()/$! 7#,! <''$! &'"/&('-! )$! <&'#,(G! +.$0G! "#$%&'#()%G!
0#,(&/)$(',()$#+G! '$-/6'(&)#+G! <+#--'&G! </$'! 6#&&/=G! 7'#-!
#$-! $'%;G! +36"7/%3()%G! ,;)$G! +)8'&G! "&/,(#('G! 0/$#-#+! #$-!
</$'! (.6/&,! #$-! ,#&%/6#1! :7'! 9)&,(! #$-! /$'! /9! (7'! 9'=!
-),%/8'&'-!"/)$(!6.(#()/$,!/9!24SLG!J&0CL23,G!=#,!9/.$-!
)$!6'+#$/6#!"#()'$(,! #$-!)(! ),!#!6.(#()/$! (7#(!#</+),7',!(7'!
<)$-)$0!/9!(7'!KQSL!)$7)<)(/&1!24SU!),!6.(#('-!)$!#!,6#++'&!
$.6<'&! /9! 7.6#$! %#$%'&,! )$%+.-)$0G! +36"7/6#,G! ,#&%/6#,!
#$-! 0+)/6#,1! E8'&#++G! 24SL! ),! "&'9'&'$()#++3! 6.(#('-! )$!
'")(7'+)#+! (.6/&,! #$-! 24SU! )$! 6','$%736#+! (.6/&,1!
J+(7/.07! 24SC! ),! &#&'+3! 6.(#('-! )$! %#$%'&G! (7'! #%()8#(/&!

#$-! )$7)<)(/&! "#&($'&,! #&'! 9&'T.'$(+3! #+('&'-! )$! %#$%'&G!
,.00',()$0!#$!)$8/+8'6'$(!/9!24SC!>BU@1!,

! 4)99'&'$(! 9&/6!;$/%;/.(!6)%'G! (7'! +/,,!/9! ,"'%)9)%!2-;*
%3%+)$!%/6"+'H',! )$7)<)(,! (7'!"&/+)9'&#()/$!/9!7.6#$!%#$%'&!
%'++,! >L5@1! R/&! )$,(#$%'G! 24SC! )$7)<)()/$! "&'8'$(,! (7'!
"&/+)9'&#()/$!/9!0+)/<+#,(/6#G!$/$*,6#++!%'++!+.$0!%#$%'&G!#$-!
6'+#$/6#!%'++,1!E$!(7'!/(7'&!7#$-G!24SC!-/',!$/(!)$('&9'&'!
=)(7! ,'8'&#+! %/+/$! %#$%'&! %'++! +)$',! >LLG! LF@1! 24SL*%3%+)$!
4B!#99'%(,!"&/+)9'&#()/$!)$!6/,(!%'++!(3"',!>LU*FM@!#$-!24SU!
#""'#&,! 6/&'! )6"/&(#$(! 9/&! "&/+)9'&#()/$! /9! 7'6#(/"/)'()%!
%'++,1!R)$#++3G!24SB! +/,,! )$('&9'&',!=)(7!PC*V! (&#$,)()/$!)$!
Q2KWXKBCDD! #$-! YCEI! %'++,! #$-! #! %/6"'$,#(/&3!
6'%7#$),6!)$8/+8)$0!24SC!%/.+-!<'!73"/(7',)O'-!>FB@1!

! V)%'!=)(7!0#)$*/9*9.$%()/$!6.(#()/$,!/9!24S!/&! %3%+)$!
"#&($'&,! #&'!,()++! +#%;)$01!J!;$/%;*)$!24SL!+)$'! (7#(!'H"&'*
,,',! (7'! #%()8#()$0! 6.(#()/$! J&0CL23,! -),"+#3,! '$-/%&)$'!
$'/"+#,)#G! '")(7'+)#+! 73"'&"+#,)#! Z+)8'&G! <&'#,(! #$-! 0.([! #$-!
,#&%/6#,1!Y$+);'!)$!7.6#$,G!6'+#$/6#!),!)$-.%'-!/$+3!#9('&!
(&'#(6'$(,! =)(7! ,;)$! %#&%)$/0'$,! >FC*FL@1! K$! +)$'! =)(7! (7'!
'8)-'$%'! /<(#)$'-! 9&/6! "&)6#&3! (.6/&,G! 2-;\%3%+)$! +/,,! )$!
6/.,'! (.6/&! 6/-'+,! )$7)<)(,! %#$%'&! -'8'+/"6'$(1! V#6*
6#&3! (),,.'! 'H"&',,)$0! A&<<C! /&! X&#,! ),! &',),(#$(! (/! 9/&6!
(.6/&,!)$!24SL!$.++!<#%;0&/.$-1!E8'&*'H"&',,)/$!/9!A&<<C!
)$!%3%+)$!4B!SE!6)%'!),!&',),(#$(!(/!(.6/&!9/&6#()/$1!K$!(7'!
,;)$G! (.6/&,!)$-.%'-!<3!V3%!#&'!"&'8'$('-! )9!24SL!),! +/,(!
<.(!$/(!%3%+)$!4B!>FF*F?@1!

! :7','! &',.+(,! ,.00',(! (7#(! )$7)<)()/$! /9! 24S*%3%+)$!
%/6"+'H',! 6#3! 7#8'! #! (7'&#"'.()%! <'$'9)(! )9! (),,.'! #$-!
6/+'%.+#&! #+('&#()/$,! )$! ,"'%)9)%! (.6/&,! #&'! (#;'$! )$(/!
#%%/.$(1!J(!+'#,(!)$!6)%'G!#$-!.$+);'!(.6/&!%'++!+)$',G!$/&6#+!
#$-! (.6/&! %'++,! 7#8'! ,"'%)9)%! ,'$,)()8)(3! (/! '#%7! (3"'! /9!
24S1!:7),!"&/8',!(/!<'!#!;'3!"/)$(!$'%',,#&3!)$!-',)0$)$0!#!
(7'&#"'.()%!"&/0&#61!

35/, $-./05*5*60, *+7*8*5-42, *+, $)*+*$3),
54*3)2,

! P'$'()%G! '")0'$'()%! #$-! 0'$'! 'H"&',,)/$! ,(.-)',! 7#8'!
,.00',('-!(7#(!24S*%3%+)$!"#(7=#3,!%/.+-!<'!.,'9.+!(#&0'(,!
)$! /$%/+/031! V#$3! #%#-'6)%! #$-! "&)8#('! %/6"#$)',! 7#8'!
,(#&('-! -'8'+/")$0! -&.0,! (7#(! (#&0'(! (7','! "#(7=#3,1! I)$%'!
24S!#%()8)(3!),!-'"'$-'$(!/$!J:]!<)$-)$0!6/+'%.+',G!6/,(!
/9!(7'!%.&&'$(!-&.0,!#&'!<#,'-!/$!J:]!%/6"'()()8'!)$7)<)(/&,1!

! J(! +'#,(! '+'8'$!%+#,,',!/9!24S!J:]!%/6"'()()8'!)$7)<)*
(/&,!7#8'!<''$!-'8'+/"'-^!I(#.&/,"/&)$'G!R+#8/$/)-G!].&)$'G!
K$-/+'G! ]3&)-)$'G! ]3&)6)-)$'G! K$-)&.<)$G! ]3&#O/+'G! :7)#O/+'G!
]#.++/$'G! #$-! X36'$)#+-),)$'! -'&)8#()8',1! Q/$'! /9! (7','!
%/6"/.$-,!#&'! %/66'&%)#++3! #8#)+#<+'_!7/='8'&G! #,! ,7/=$!
)$! :#<+'! #G! ,/6'! /9! (7'6! #&'! %.&&'$(+3! )$! "7#,'! K! #$-! KK!
%+)$)%#+!(&)#+,1!J6/$0!(7'!9)&,(!-),%/8'&'-!24S!)$7)<)(/&,!#&'!
R+#8/")&)-/+! #$-!`/,%/8)()$'! >FDG!UM@1!N',)-',!R+#8/")&)-/+!
#$-!`/,%/8)()$'G!$'=!6/+'%.+',!7#8'!<''$!-',)0$'-!=)(7!(7'!
9)$#+! 0/#+! /9! /<(#)$)$0! 6/&'! "/('$(G! ,"'%)9)%! #$-! (/+'&#<+'!
+)0#$-,!#0#)$,(!,"'%)9)%!24S,1!I/6'!/9! (7'6!#&'!#+&'#-3!)$!
%+)$)%#+!(&)#+,1!

9:;<=>?@?A=:,

! R+#8/")&)-/+!ZJ+8/%)-)<[!),!#!"#$*24S!)$7)<)(/&!(7#(!#%(,!
/$!24SBG!CG!LG!UG!a!#$-!D!#(!$#$/6/+#&!%/$%'$(&#()/$,1!J%()*!
!
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%(1H!$I$(2/1!J'(*3)K$#!I)&L1M!N$01&)!)303'1&)!1H)&/(23!O(2$/3!
$2*! ')&13(2! O(2$/3! <! M$/! $#/&! P332! )3'&)13*! PQ1! $1! K(0)&.
K&#$)! 0&20321)$1(&2/! RB?ST! C30321#HU! "#$%&'()(*&#! L$/! 0&.
0)H/1$##(V3*! $2*! /&#%3*! L(1M! FEW@.0H0#(2! =?! $1! ;T8! X!
)3/&#Q1(&2! RB;ST! </! /M&L2! (2! "(IT! ,$=-U! "#$%&'()(*&#! (/!
$#K&/1!321()3#H!PQ)(3*!(2! 1M3!<=A.P(2*(2I!'&0O31U!L(1M!&2#H!
$!/K$##!'$)1!&N! (1/!/Q)N$03!$)3$!3Y'&/3*!1&! 1M3!/&#%321T!Z(1M!
)3I$)*!1&!1M3!K$(2!(213)$01(&2/!&N!"#$%&'()(*&#!(2!1M3!P(2*(2I!
/(13U! 1M3)3! $)3! MH*)&I32! P&2*/! N)&K! 1M3! N#$%&'()(*&#! [D!
&YHI32! $2*![>! MH*)&YH#! 1&! 1M3! M(2I3! )3/(*Q3/! FH/?:B! $2*!
</'?:D!&N!FEW@T!"Q)1M3)K&)3U! 1M3!')&1&2$13*!\?! $1&K!&N!
1M3! '('3)(*(2H#! I)&Q'! (213)$01/! L(1M! </'?B9U! $2*! 1M3! [7!
MH*)&YH#!I)&Q'!(213)$01/!L(1M!]H/D8!,/33!"(IT!,$>--T!

!

!

?1@*!A$B*!"#$%&'()(*&#!,*(/'#$H3*!$/!FAW-!(2!1M3!FEW@!P(2*(2I!/(13!
,#3N1-!$2*!$!/0M3K$1(0!)3')3/321$1(&2!&N!1M3!K$(2!(213)$01(&2/!&N!1M3!
#(I$2*!(2!1M3!P(2*(2I!/(13T!

! +2!;::8!W$)$K$2!$2*!0&.L&)O3)/!'QP#(/M3*!$!)3K$)O$P#3!
'$'3)! (2! LM(0M! 1M3H! ')3/3213*! 1M3! (213)$01(&2! K$'/! N&)! 78!
O(2$/3! (2M(P(1&)/! $0)&//! $!'$23#!&N!7?9!O(2$/3/! )3')3/321(2I!
^>:_! &N! 1M3! ')3*(013*! MQK$2! ')&13(2! O(2&K3! RB7ST! "#$%&.
'()(*&#! L$/! &23! &N! 1M3! 13/13*! 0&K'&Q2*/! $2*! 1M3! P(2*(2I!
$//$H/! )3%3$#3*! #&L! /3#301(%(1H! N&)! FEW/! 0&K'$)3*! 1&! 1M3!
&1M3)/!O(2$/3/T!</! /M&L2! (2!=$P#3!"U!"#$%&'()(*&#! $''3$)3*!
1&!'&//3//!$!M(IM!2$2&K&#$)!$NN(2(1H!N&)!$##! 1M3!13/13*!FEW/!
$2*! $#/&! N&)! ;>! &1M3)! O(2$/3/T! 5&)3&%3)U! P3H&2*! 1M3/3!
O(2$/3/U!"#$%&'()(*&#!'&//3//3/! $!W*! ,*(//&0($1(&2! 0&2/1$21-!
$NN(2(1H!0&K')(/3*!P31L332!?:::!$2*!>:::!25!N&)!79!&1M3)!
O(2$/3/T!!

! 5$2H!'M$/3!+!$2*!++!0#(2(0$#!1)($#/!$)3!*3/0)(P3*!RBDST!</!
$! /(2I#3! $I321U! 'M$/3! ++! 0#(2(0$#! 1)($#/! L3)3! 0&K'#313*! N&)!
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"#$%&'$(!")($*"+!,-./0!"($+1*"+!,--/!+12!(12*"(%3&+$!+2(4
1*5+35&1*"+! ,-6/! 7&%8! 2&95*#3+:&1:! 3(9#$%9;! <&+338(+! +12!
")($*9#''3(99&*1! +5%&=&%)! 7(3(! %8(! "+>*3! %*?&5&%&(9! *@9(34
=(2;!A*3(!+5%&=&%)!8+9!@((1!2(953&@(2!&1!8("+%*$*:&5+$!"+$&4
:1+15&(9! +12! &1! 5*"@&1+%&*1! 7&%8! *%8(39! 23#:9;! B! '8+9(! C!
9%#2)!&1!583*1&5!$)"'8*'8*5)%&5! $(#D("&+!EFGGH!98*7(2!+!
'+3%&+$! 3(9'*19(! &1! IJK! *L! '+%&(1%9! E1M.NH! 7&%8! +! '3*:3(4
99&*14L3((!9#3=&=+$!*L!ON!"*1%89!,-P/;!C1!+5#%(!")($*:(1*#9!
$(#D("&+! EBAGH! '8+9(! CC! 5$&1&5+$! %3&+$90! Q$+=*'&3&2*$! 5*"4
@&1(2! 7&%8! F)%+3+@&1(! +12! A&%*?+1%3*1(! 23#:90! :+=(! +!
5*"'$(%(!3(9'*19(!&1!6.K!*L!'+%&(1%9!,-R/;!

$%&'%()*)+,-

! S*95*=&%&1(!ET($&5&5$&@H!&9!+!'#3&1(!2(3&=+%&=(!%8+%!&18&@&%9!
F<UO0!N0!.0!6!+12!R!&1!!"#$!%&'!D&1+9(!+99+)9!+%!"&53*"*$+3!
5*15(1%3+%&*19! ,6J/;!V*7(=(30! %8&9! 5*"'*#12! &9! *1(! *L! %8(!
WP! D&1+9(! &18&@&%*39! %(9%(2! @)! U+3+"+1! +12! 5*47*3D(39!
+53*99! +! '+1($! *L! WO6! D&1+9(9! ,-W0! 6O/0! 7&%8! 9#3'3&9&1:!
3(9#$%9;!B9!&$$#9%3+%(2!&1!X+@$(!.0!7&%8!3(9'(5%!%*!Q$+=&'&3&2*$0!
S*95*=&%&1(! 98*79! +! 8&:8(3! 2(:3((! *L! 9($(5%&=&%)! +9! &%!
'*99(99(9!+!L+&3$)!:**2!U2!+LL&1&%)!EU2!Y!.!!AH!L*3!*1$)!OO!
D&1+9(9;!V*7(=(30! &%!7+9!2&95*=(3(2! L3*"! %8&9! +1+$)9&9! %8+%!
*%8(3!%8+1!'3&"+3)!%+3:(%9!EF<UN0!F<U.!+12!F<URZ!F<UO!
7+9! 1*%! %(9%(2H0!S*95*=&%&1(! '*99(99(2! +! 8&:8(3! +LL&1&%)! L*3!
9&?!*LL4%+3:(%!'3*%(&19!+12!&1!'+3%&5#$+3!&%!&9!+@*#%!9(=(14L*$2!
"*3(!+5%&=(!+:+&19%!2($%+!+12!('9&$*1!5+9(&1!D&1+9(!O;!

! [43+)! 9%3#5%#3(9! *L! %8(! 5*"'$(?(9! @(%7((1! S*95*=&%&1(!
+12!F<UN!,6O0!6N/!+12!F<U.0!3(9'(5%&=($)!,6W/0!8+=(!@((1!
3('*3%(2;! C1! @*%8! D&1+9(90! %8(! '#3&1(! 3&1:! &9! (1:+:(2! &1!
&2(1%&5+$! &1%(3+5%&*19! 7&%8! %8(! 8&1:(! 3(:&*10! 1+"($)! G(#PW!
L*3! F<UN! +12! F)9PW! L*3! F<U.;! X8(! @(1\)$! 9#@9%&%#(1%!

'3*%3#2(9! &1%*!+!8)23*'8*@&5!'*5D(%! $&1(2!@)! %8(!5*19(3=(2!
C$(OJ! +12! ]8(PN! *L! %8(! %7*! F<U90! 78(3(+9! %8(! &9*'3*')$!!
!

/012,-.3- 4)+5)+6-$,&72*&- 895- )+-+:;-%<-$%&'%()*)+,-=60)+&*-

.#>-9)+0&,&3-=22-=<<)+)*?-$,&72*&-@)*A-0-95-B-C"""-

+:-0D,-$,E%D*,53-8F0*0-/0G,+-<D%H-$,<3-IJ.K;-

-

='',&&)%+-L7H1,D- 9)+0&,-/0D6,*- 95-8+:;-

^]_JJO6PR;N! F<UN! WIJJ!

^]_JJIRN-;O! F<U.! ORJJ!

^]_JJO6RJ;O! F<U6! OPJJ!

^]_JJINR.;N! BGU! NWJJ!

BBB-OIPJ;O! FGUO! ONJJ!

^]_JJWRPI;N! FGUN! 6JJ!

^]_-NJ-RW;O! FT^UO<! N-J!

^]_JJOPP.;O! FT^UO`! WNJ!

^]_JJIW6.;N! FT^UOaW! NRJJ!

^]_JJI6J.;O! <bSUOc! OOJJ!

^]_JJWWJR;N! XXU! O-JJ!

!

:3*#'! *L! S*95*=&%&1(! &9! &19(3%(2! &1! +! $&'*'8&$&5! '*5D(%! 2*4
"+&1!"+&1$)!2($&"&%(2!@)!%8(!5*19(3=(2!3(9&2#(9!d+$-I!+12!
]8(PJ!E9((!Q&:;!!H;!X8(!"+&1!2&LL(3(15(!&1!%8(!&1%(3+5%&*19!*L!
S*95*=&%&1(!7&%8!3(:+329! %*!F<UN!+12!F<U.!&9! %8(!5*1%+5%!
7&%8! %8(! O4(%8)$4N48)23*?)4(%8)$+"&1*! 9#@9%&%#(1%;! C1! %8(!
F<UN! @&12&1:! 9&%(0! %8(! 8)23*?)$! :3*#'! 2*(9! 1*%! '*99(99!

/012,-!3- 4)+5)+6-$,&72*&-895-)+-+:;-%<-M20(%E)D)5%2-=60)+&*-.#>-9)+0&,&3-=22-=<<)+)*?-$,&72*&-@)*A-0-95-B-#"""-+:-0D,-$,E%D*,53-

8F0*0-*0G,+-<D%H-$,<3-IJ.K;-

-

='',&&)%+-L7H1,D- 9)+0&,-/0D6,*- 95-8+:;- ='',&&)%+-L7H1,D- 9)+0&,-/0D6,*- 95-8+:;-

^]_JJO6PR;N! F<UN! ..J! ^]_JJNJPI;N! aTUWc! 6WJ!

^]_JJONIR;O! F<UW! IOJ! ^]_JJ-ORN;O! ]FXUO! IIJ!

^]_JJIRN-;O! F<U.! OOJ! ^]_JJN.P-;N;! ]FXUN! IPJ!

^]_JJO6RJ;O! F<U6! NW! ^]_JW-.N6;O! ]QXUO! OOJ!

^]_JJON.O;O! F<UP! ONJ! ^]_JJN-WR;O! ]CAO! .-J!

^]_JJON.N;O! F<UR! -;I! ^]_JJ-P--;N! ]CAN! 66J!

^]_J..PRO;O! F<UOO! .6! ^]_JJOJJOP.N;O! ]CAW! -JJ!

^]_JJINR.;N! BGU! -6J! ^]_JJ-NI.;N! ]SUF<! .RJ!

^]_OO.-6J;O! FBAUUO! 6R! ^]_JJ.WRO;O! ]SUF`! WPJ!

^]_JJ-.IJ;W! FBAUUN! IWJ! ^]_JJ-NI-;N! ]SUFV! W.J!

^]_JJROJ.;O! FCX! OOJ! ^]_JJ-NIP;O! ]SUFe! W.J!

^]_JJIIJJ;I! <A]U! -.J! ^]_JJN6WW;N! ]SU<O! .NJ!

^]_JJI6J.;O! <bSUOc! PI! ^]_JJ.PJI;O! ]SU<W! O6J!

^]_JJN6IJ;N! `SU.! -NJ! ^]_JJNRII;N! S]T-UBO! 6NJ!

^]_-NJ.RJ;N! `SUP! WWJ! ^]_J..WOO;O! S]T-UB-! PJJ!

^]_JJ.NI-;O! aBU! W6J! ^]_J.6J-N;O! X^^CWU! ..!

!
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"#$%&'()'! ")'*&(+'"%),-! '.*! *'./0! $%&'"%)! ")'*&(+',! 1"'.!
2*3456!()7!80(466!()7!(!1('*&!#%0*+30*!#*7"('*,!'.*!")'*9
&(+'"%)! %:! '.*! (#")*! ()7! .*'*&%+/+0"+! )"'&%;*)!1"'.!8,$<=>!
?)! @ABC-! '.*! 49*'./09D9./7&%E/9*'./0(#")%! ,3F,'"'3*)'! ",!
&%'('*7! 4<GH! ()7! ")! '.",! %&"*)'('"%)-! '.*! ./7&%E/0! ;&%3$! ",!
(F0*! '%!:%&#!I9F%)7,!1"'.!8,$<=!()7!J0)45G!()7!'.*!*'./0!
;&%3$!",!*);(;*7!")!./7&%$.%F"+!")'*&(+'"%),!1"'.!?0*4G!()7!
K(04<>!

! 8! $.(,*! ?! ,'37/! %:! L%,+%M"'")*! ")! +%#F")('"%)! 1"'.!
+",$0('")!()7!;*#+"'(F")*!1(,!$*&:%&#*7!")!DN!$('"*)',!1"'.!
)%)9,#(00! +*00! 03);! +()+*&! '%! 7*'*&#")*! '.*! #(E"#(0! '%0*9
&('*7!7%,*!()7! '.*! ,(:*'/! '.*&*%:>!L%,+%M"'")*!1(,!(7#")",9
'*&*7!:%&!:%3&!7(/,!:%&!,"E!+/+0*,>!O.*!7%,*!0"#"'");!'%E"+"'/!
PA2O,Q! +%),",'*7! %:! J&(7*! 5! *0*M('"%)! %:! 0"M*&! *)R/#*,-!
)(3,*(-!M%#"'");-!()7!'&(),"*)'!./$%S(0*#"(>!O.*!#(E"#3#!
'%0*&('*7! 7%,*! PTOAQ!1(,! L%,+%M"'")*! <GG!#;! '1"+*! 7("0/!
1"'.!;*#+"'(F")*!4GGG!#;U#

D
!()7!+",$0('")!NC!#;U#

D
!VN6W>!

! 8! $.(,*! ?! ,'37/! %:! L%,+%M"'")*! ")! D4! $('"*)',! 1"'.!
#(0";)()'! ,%0"7! '3#%&,! .(,! F**)! +%#$0*'*7>! X%! ,";)":"+()'!
7%,*!'%E"+"'/!1(,!%F,*&M*7!3)'"0! '.*!DGG!#;!7%,*! 0*M*0!1(,!
&*(+.*7>!8'! '.*!#(E"#3#! '%0*&('*7!7%,*! P<GG!#;U#

D
! '1"+*!

7("0/!;"M*)!:%&!,*M*)!7(/,!*M*&/! '.&**!1**S,Q-! '.*!+%##%)!
,"7*! *::*+',! 1*&*! ./$%S(0*#"(-! ./$%)('&*#"(-! ./$*&;0/9
+*#"(-! *0*M('*7! ;(##(9;03'(#/0! '&(),$*$'"7(,*! ()7! ,S")!
&(,.>!?)!()%'.*&!$.(,*!?!,'37/-!M%#"'");-!,S")!&(,.!()7!./$%9
S(0*#"(! 1*&*! &*$%&'*7! VNCW>! O.*! A2O,! 1*&*! ./$%S(0*#"(-!
&(,.!()7! :('";3*>!X%!%FY*+'"M*! &*,$%),*,!1*&*! &*$%&'*7-!F3'!
7",*(,*!,'(F"0"R('"%)!%++3&&*7!")!*";.'!$('"*)',!VN=W>!!

! 8!$.(,*!??!,'37/!%:!L%,+%M"'")*!(,!(!,");0*!(;*)'!")!)%)9
,#(00!+*00!03);!+()+*&!PXZ@2@Q!$('"*)',!.(,!F**)!+0%,*7>!X%!
7('(!.(M*!/*'!F**)!&*$%&'*7>!

%&'()*+#)"!

! [TZ95<NG5D! PZXZ9G5DQ! ",! (! '."(R%0*! 7*&"M('"M*! 1"'.! (!
&*$%&'*7! (+'"M"'/! (;("),'! @AB4-! D-! 6-! N-! \! 0%1*&! '.()! 4GGG!
)T!VNNW>!O.*!0%1*,'!?@CG!",!&*$%&'*7!1"'.!@AB\!P6!)TQ!()7!
%)! (! $()*0! %:! 4\G! .3#()! S")(,*,-! "'! .(,! F**)! ,.%1)! '%!
")."F"'!%)0/!JZB5!!()7!JZB5"!1"'.!(!?@CG!0%1*&!'.()!4GGG!
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7(.)6"%! ;:&(&;7:! *),-=G!EO!$7)&"()*!9&)6!7-87(;"-!'7:&L(7(4
;&"*!*6.9"-!)67)!BHM212X3J!97*!*7/"!7(-!9"::4).:"%7)"-!7)!
)6"! %";.''"(-"-! $67*"! 1! -.*"! ./! A1!'L^'

1
+!b.! .<c";)&8"!

%"*$.(*"*!<=!P"*$.(*"!d87:,7)&.(!H%&)"%&7! &(!B.:&-!N,'.%*!
YPdHUBNZ!678"!=")!<""(!.<*"%8"-! CX1F+!I!$67*"! UU! ;:&(&;7:!
)%&7:! &(! <%"7*)! 7(-! :,(L! ;7(;"%! $7)&"()*! &*! $%"*"():=! ;.'$74
%&(L! )6"! "//&;7;=! ./! BHM212X3J! 9&)6! H7$7;&)7<&("! 7(-!
d%:.)&(&<+!I!$67*"!UU!;:&(&;7:!)%&7:!&(!$7)&"()*!9&)6!7;,)"!'="4
:.L"(.,*! :",T"'&7! 7(-! $7)&"()*! 9&)6! 7;,)"! :='$6.<:7*)&;!
:",T"'&7!YIKKZ!&*!;,%%"():=!*)7%)&(L+!!
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!"#$%&'()(*+,-$ !.,,/&*$",.0$12,0/*-3$!"#"3$4+56$773$8+6$3$$$$287!

$%$&'()*+%,)-(.(./-*.$0.1.(%23*

! "#$! %&'()! *)(+,$%-! )$,&.$/! .(! .#$! 0"1! 2(%*$.3.34$!
35#3+3.()-! &)$! .#$! #36#! #(%(,(63$-! +$.7$$5! 0"1! +35/356!
-3.$-! &%(56! &,,! .#$! *)(.$35! 835&-$-! 35! .#$! 2$,,-9! :()! .#$-$!
)$&-(5-;! %(-.! (<! .#$-$! /)=6-! #&4$! (<<>.&)6$.! $<<$2.-! .#&.!
$4$5.=&,,?! 7(=,/! ,3%3.! .#$! /(-&6$! &5/! 3.-! $<<32&2?9! @5$!
&,.$)5&.34$!-.)&.$6?!)$2$5.,?!/$4$,(*$/!3-!+&-$/!(5!5(5>0"1!
2(%*$.3.34$! 35#3+3.()-! .#&.! 35#3+3.! 835&-$! -=+-.)&.$-! &5/!
)$6=,&.()?! +35/356! -3.$-9! "#$! /(28356! -3.$-! &5/! +35/356!
35.$)&2.3(5-! &)$! =-=&,,?! /3<<$)$5.! &%(56! /3<<$)$5.! *)(.$35!
)$6=,&.()-9! A5! .#3-! 2&-$;! .#$)$! &)$! %&5?! (**().=53.3$-! .(!
/$4$,(*! 2(%*$.3.34$! 35#3+3.()-! 73.#! &! #36#! -*$23<323.?! BCD;!
EFG9! H.&).356! <)(%! .#3-! *(35.;! (=)! 6)(=*! &,(56! 73.#! (.#$)-!
#&4$! /$4$,(*$/! 5$7! -%&,,! %(,$2=,$-! .#&.! #&4$! &! 6)$&.!
*(.$5.3&,! <()! 2,3532&,! &**,32&.3(5-! &5/! -(%$! #&4$! &,)$&/?!
/$%(5-.)&.$/! *)$2,3532&,! $<<32&2?9! "#$-$! 5$7! 2(%*(=5/-!
2&5! +$! 2,&--3<3$/! &-! &I! 35#3+3.()! /$)34&.$-! <)(%! JKL!
-=+-.)&.$-;! +I! 35#3+3.()-! (<! JKLM2?2,35! 2(%*,$N$-;! &5/! 2I!
35#3+3.()-!(<!.#$!2?2,35!+35/356!6)((4$9!

.4567689:*;<:6=>8<?*@:9A*+;B*3C7?8:>8<?*

! @5$! (<! .#$! <()$)=55$)! *$*.3/$-! (<! .#3-! 2,&--! (<! 5$7!
35#3+3.()-!7&-!/$4$,(*$/!35!(=)!,&+()&.()?!BOPG9!Q&-$/!(5!.#$!
&%35(! &23/! -$R=$52$-! .#&.! %$/3&.$! .#$! 35.$)&2.3(5! +$.7$$5!
*S+TM*CPU!&5/!JKLTM2?2,35!0!2(%*,$N$-;! &!*$*.3/$!(<!PO!
)$-3/=$-! 7&-! /$-365$/! V-*&PCUI! .#&.! 3-! &+,$! .(! 35#3+3.! .#$!
&2.343.?!(<! .#$!JKLT!*)(.$359!H352$! .#$! 35.$)&2.3(5!+$.7$$5!
*S+TM*CPU! 73.#! 2?2,350! 3-! %$/3&.$/! +?! .#$! -*&2$)! )$63(5;!
.#$! /(%&35!7&-! /343/$/! 35.(! .#)$$! /(%&35-! VH*&!0;! Q! &5/!
JI9!@5,?!.#$!H*&!0!/(%&35;!<)(%!&9&9!ECE!.(!DTD;!3-!&+,$! .(!
35#3+3.! .#$!&2.343.?!(<!JKLT! <)(%! 35.$)&2.356!73.#! 3.-! -=+->
.)&.$;! #3-.(5$! WC9! H=+-$R=$5.! /$,$.3(5! %=.&5.-! 3/$5.3<?! &!
%353%&,! )$63(5! +$.7$$5! &9&9! EFC! &5/! EXO! .#&.! )$.&35-! .#$!
&+3,3.?! .(! 35#3+3.! JKLT! &2.343.?9! H=)*)3-356,?;! .#3-! *$*.3/$!
$N2,=/$-!.#$!2&5(532&,!SYZ!%(.3<!V&9&9!EDU>EDTI;!-=66$-.356!
.#$!*$*.3/$!/($-!5(.!*,&?!&!8$?!)(,$! 35!2?2,35!0!35.$)&2.3(59!
[34$5!.#&.;! &!*$*.3/$!<)(%!&9&9!EFC!.(!EXP!#&-!5(!35#3+3.()?!
$<<$2.! (5! JKLT! &2.343.?9! "#$-$! )$-=,.-! -=66$-.! .#&.! &%35(!
&23/-!<)(%!EXP!.(!EXO!&)$!3%*().&5.!<()!.#$!-.&+3,3\&.3(5!&5/!
35#3+3.()?! &2.3(5! (<! -*&PCU9! ")&5-<$2.3(5! $N*$)3%$5.-! 35!
]AWP"P! 2$,,-! #&4$! /$%(5-.)&.$/! &! 5=2,$&)! &5/! 2?.(*,&->
%&.32! ,(2&,3\&.3(5!(<! .#$!*$*.3/$-!&5/! .#$3)!&+3,3.?! .(! 35#3+3.!
$5/(6$5$(=-!JKLT!&2.343.?!(5!#3-.(5$!WC9!^()$!3%*().&5>
.,?;! -*&PCU! 3-! &+,$! .(! )$/=2$! .#$! 2$,,=,&)! *)(,3<$)&.3(5! (<!
]AWP"P! 2$,,-! +?! &+(=.! EU_! &-! /$%(5-.)&.$/! +?! 2(,(5?!
<()%&.3(5!&--&?-9!"#3-!&+3,3.?! 3-!)$.&35$/!!"#$!$%!35!&5!0`FO!
N$5(6)&<.! %(=-$! %(/$,9! "#)$$>! .(! <(=)><(,/! .=%()! 4(,=%$!
)$/=2.3(5! 7&-! (+-$)4$/! 7#$5! .#$! -*&PCU! *$*.3/$! 7&-!
35'$2.$/! 35.(! .#$! %32$! $4$)?! <(=)! /&?-! BOPG9! H.&).356! <)(%!
2)?-.&,,(6)&*#32! /&.&! (<! .#$! JKLT>2?2,350! #$.$)(/3%$)!
2(%*,$N$/!73.#!&!*$*.3/$!/$4$,(*$/!<)(%!.#$!*CUX!*)(.$35;!
&! 2(%*=.$)>+&-$/! %(/$,! 7&-! 6$5$)&.$/! <()! .#$! *S+TM*CPU!
*$*.3/$! V&9&9! EFC>EFOI! &5/! JKLT>2?2,350! 2(%*,$N9! A.! 3-!
3%*().&5.! .(!5(.$! .#&.! .#$!J>.$)%35&,!/(%&35!(<! .#$!*$*.3/$!
3-! ,38$,?! .(! 35.$)<$)$! 73.#! .#$! JKLT! 2&.&,?.32! -3.$! &5/M()!
JKLT>2?2,35!0!35.$)&2.3(5!BOFG9!!

! 05(.#$)!3%*().&5.!.&)6$.!(<!.#$!JKL!<&%3,?;!35!*&).32=,&)!
JKLC! &5/! T;! 3-! .#$! .=%()! -=**)$--()! 6$5$! *`P9!0! *$*.3/$!
35.$5/$/! .(! 35.$)&2.!73.#! .#$!JKLT! .$.)&%$)3\&.3(5!/(28356!
-3.$!#&-!+$$5!/$-365$/9!0!TU!%$)!*$*.3/$!5&%$/!JA1!3-!&+,$!

.(! 35#3+3.! .#$! *`P! *#(-*#()?,&.3(5!%$/3&.$/! +?! JKLT! &5/!
35/=2$!2$,,!/$&.#!35!0PX`!%$,&5(%&!2$,,-!BXC;!O`G9!!

.4567689:?*9@*+;BD+EFG64*+9AHG<I<?*

! "#$!2)?-.&,!-.)=2.=)$!(<!.#$!JKLT>2?2,35!0!2(%*,$N!#&-!
-#(75!.#&.!/3<<$)$5.!35.$)&2.3(5-!&)$!5$2$--&)?!.(!&2.34&.$!.#$!
-=+-.)&.$! +35/356! -3.$;! 35! *&).32=,&)! .#$! 1H"0ASa! #$,3N! (<!
JKLT! &--(23&.$/! 73.#! .#$! !P! &5/! !`! #$,3N! (<! 2?2,35! 0!
<(,,(7$/!+?!JKLT!"!,((*!$N*(-=)$!&5/!*#(-*#()?,&.3(5!+?!
.#$! J0L! 2(%*,$N! BOE>OOG9! 0! !`! *$*.3/$! VJFI! +$&)356! &!
*(35.! %=.&.3(5! aTO`0! .#&.! 3%*)(4$-! -(,=+3,3.?! #&-! +$$5!
/$-365$/9! A.! 3-! #36#,?! -*$23<32! <()! JKLTM2?2,35! 0Ma!
VAJ`UbT!^I! &5/! /($-! 5(.! &<<$2.! JKLC>2?2,35! Q;! 1L0! &5/!
1LQ! *)(.$35! 835&-$-9! "#$! *$*.3/$! 3-! &+,$! .(! 35.$)&2.! (5,?!
73.#! JKLT>2?2,35! 0! 35! &! 2(%*,$N! &-! /$%(5-.)&.$/! +?!
H=)<&2$! 1,&-%(5! S$-(5&52$9! "#$-$! )$-=,.-! -=66$-.! .#&.! .#$!
*$*.3/$! 3-! &+,$! .(! +,(28! .#$! 2(%*,$N! 35! &5! 35&2.34$! <()%!
BCUU;!CUCG9!

! 0! /3<<$)$5.! &**)(&2#! -.&).356! <)(%! .#$! -2)$$5356! (<!
2(%+35&.()3&,! ,3+)&)3$-! ,$/! .(! .#$! /3-2(4$)?! (<! &! 5$7!
#$N&*$*.3/$;!]QAC;!.#&.!3-!&+,$!.(!2(%*$.$!<()!.#$!+35/356!(<!
2?2,35!0!.(!JKLT9!AJ`U!4&,=$-!-#(7!&!-*$23<323.?!<()!JKLT>
2?2,35! 0;! JKLC>2?2,35! QC! &5/! JKLE>2?2,35! KP! 73.#! &!
)$/=2$/! &2.343.?! (5! (.#$)! 835&-$! <&%3,3$-9! H.=/3$-! 35! 2$,,!
2=,.=)$!#&4$!2(5<3)%$/!.#&.!&!/$)34&.34$;!"0">]QAC;! 3-!&+,$!
.(! 35#3+3.! WJ"CCE! *)(,3<$)&.3(5! (<! &-?52#)(5(=-! 2$,,-! 35! H!
*#&-$!&5/!-?52#)(53\$/!2$,,-!35!H!&5/![TM^!BCUTG9!

.4567689:?*9@*85<*+EFG64*164J64K*L:99=<*

! ^&5?!JKL!+35/356!*)(.$35-!-=2#!&-!aT:C;!*TC!&5/!*TX!
-#&)$!&!)$2(653.3(5!-3.$9!0!*3(5$$)!*$*.3/$!/$)34$/!<)(%!.#$!
aT:C! *)(.$35!7&-! &+,$! .(! 35#3+3.! .#$! *#(-*#()?,&.3(5! (<! 3.-!
*S+! -=+-.)&.$! BCUPG9! "#3-! /3-2(4$)?! ,$/! (.#$)! 6)(=*-! .(!
354$-.36&.$! #(7! *TC! &5/! *TX! 35#3+3.()-! +,(28! .#$! <=52>
.3(5&,3.?!(<!JKL>2?2,35!2(%*,$N$-9!"#$!*TC!35#3+3.()!3-!&+,$!
.(! 2(%*$.$!73.#! .#$!835&-$! -=+-.)&.$! .(! .#$!2?2,35! -=+-.)&.$!
)$2)=3.%$5.! -3.$! VJSQI9! 05! (2.&*$*.3/$! .#&.! %3%32-! *TC! 3-!
&+,$! .(! 35#3+3.!835&-$!&2.343.?! BCUF>CUEG9!0!/)=6!*3*$,35$! 3-!
5(7! =5/$)! /$4$,(*%$5.! +&-$/! (5! .#3-!%$2#&53-%9! H.&).356!
<)(%!.#$!,$&/!(2.&*$*.3/$;!&!,(7$)!%(,$2=,&)!7$36#.!*$*.3/$;!
J(%*(=5/! T;!7&-! /$4$,(*$/9! ")=52&.3(5! (<! .#$! J>.$)%35&,!
&,(56! 73.#! -3/$>2#&35! (*.3%3\&.3(5;! .#$! &//3.3(5! (<! 5&.=)&,!
&5/!=55&.=)&,!&%35(!&23/-;!&5/!)363/3<32&.3(5!#&4$!3%*)(4$/!
.#$!$<<32&2?!(<!.#$!2(%*(=5/!BCUXG9!!

$-M(*3(-)3*

! H352$! .#$! <3)-.! /3-2(4$)?! (<! .#$! 3%*().&52$! (<!JKLC! 35!
/)34356! 2$,,! 2?2,$! 35! &'"%(%)*# +,'$!*! &5/! -,../,0%12.'*#
.'0'$!*!,';!-3653<32&5.!*)(6)$--!#&-!+$$5!%&/$!.(!=5/$)-.&5/!
.#$!<35$,?!2(5.)(,,$/!*)(2$--!(<!2$,,!2?2,$!)$6=,&.3(59!H.&).356!
<)(%!&5&,?-$-!=-356!%32$!.=%()!%(/$,-;!3.!3-!5(7!2,$&)!.#&.!&!
%&'()! $<<().! -#(=,/! +$! %&/$! .(! /$4$,(*! %()$! *)$2,3532&,!
%(/$,-! +&-$/! (5! JKL-! ()! .#$3)! %(/=,&.()-9! J(5/3.3(5&,!
.3--=$>-*$23<32! $N*)$--3(5! -#(=,/! +$! .$-.$/! .(! 2,&)3<?! .#$!
2(5.)3+=.3(5!(<!&!-356,$!JKL!35!$&2#!.=%()!.?*$!BCUDG9!c5.3,!
5(7;!3.!#&-!5(.!+$$5!2,$&)!7#$.#$)!35#3+3.3(5!(<!JKL!&2.343.?!
#&-!#&/!&!+$5$<3.!35!2&52$)!.#$)&*?!&5/!-356,$!&6$5.!=-$!()!35!
2(%+35&.3(5! 73.#! 2(54$5.3(5&,! 2#$%(.#$)&*?! /)=6-! -#(=,/!
+$!.$-.$/!=.3,3\356!.#$!)$-=,.-!(+.&35$/!<)(%!&53%&,!%(/$,-9*
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! "#$%! &! '(&#%&)*+,-)&.! '$-/,! $0! 1-*23!456! )$%'*,-,-1*!
-/(-7-,$#8! &#*! ,(*! '#-%&#9! )($-)*! 0$#! +8*! -/! :*8-;/-/;! /*2!
,&#;*,! :#+;8<! =*1*#,(*.*883! ,(*8*! )$%'$+/:8! (&1*! %+.,-'.*!
,&#;*,8! &/:!+/:*8-#&7.*! 8-:*! *00*),8! &#*! ,$!7*! *>'*),*:<!5(*!
&7-.-,9! ,$! 8*.*),-1*.9! ,&#;*,! &! 8'*)-0-)! '#$,*-/! ?-/&8*! -%'.-@
)&,*:!-/! ,+%$#-;*/*8-8!2(-.*!/$,!&00*),-/;!,($8*!-/1$.1*:!-/!
/$#%&.! '(98-$.$;-)&.! '#$)*88*8! #*%&-/8! ,(*! ?*9! ,$! $',-%-@
A-/;! BCD8! &8! ,(*#&'*+,-)! &;*/,8<! "#$%! ,(-8! '$-/,! $0! 1-*23!
,(*!:*1*.$'%*/,!$0!BCD!-/(-7-,$#8!,(&,!-/,*#&),!-/!/$/@456!
7-/:-/;! 8-,*8! -8! &! '#$%-8-/;! &''#$&)(<! 5(*! :*8)#-7*:!
'#$,*-/E'#$,*-/! -/,*#&),-$/8! -/1$.1*:! -/! ?-/&8*! #*;+.&,-$/!
&/:! 8+78,#&,*! #*)$;/-,-$/! $00*#! ,(*! '$,*/,-&.! 0$#! ,(-8! 8*.*)@
,-1-,9! &/:! &.8$! &1$-:! :*)#*&8*:! *00-)&)9! &8! &! #*8+.,! $0!
)$%'*,-,-$/!2-,(!(-;(!-/,#&)*..+.&#!456!)$/)*/,#&,-$/8<!5(*!
#*'$#,*:! *>&%'.*8! 0$#! BCD! -/(-7-,-$/! &#*! */)$+#&;-/;!
'#$$08!$0! ,(*!%$1*%*/,! ,$2&#:! ,(-8! ,#*/:<!F$2*1*#3! -/!$+#!
$'-/-$/3! ,(*! :*1*.$'%*/,! $0! /*2! /$/@456! )$%'*,-,-1*!
-/(-7-,$#8!(&8!7**/!:*.&9*:!79!,(*!.&)?!$0!*>'*#-%*/,&.!:&,&!
$/! BCD8! &/:! ,(*-#! '#$,*-/! '&#,/*#8<!G*! *>'*),! ,(&,! -/! ,(*!
)$%-/;!9*&#83!,(*!:*1*.$'%*/,!$0!/*2!/$/@456!)$%'*,-,-1*!
BCD! -/(-7-,$#8!2-..! -/)#*&8*! 8-;/-0-)&/,.9!2-,(!/*2!*>'*#-@
%*/,&.! :-8)$1*#-*8! ,(&,! 7*,,*#! ).&#-09! ,(*! -/,*#&),-$/8! $0!
BCD8!2-,(!?-/&8*!8+78,#&,*8!&/:!#*;+.&,$#9!'#$,*-/8<!

%&'()*+,-.,/,(01!

! 5(*! &+,($#8! ,(&/?! H8<! H&#-*! I&88$! 0$#! (*#! (*.'0+.!
)$%%*/,8!&/:! ,(*!J7&##$!F*&.,(!K*8*&#)(!L#;&/-A&,-$/!0$#!
-,8!8+''$#,<!

2,3,2,(&,1!

MNO! 1$/! F&/8*%&//! C<! P*7*#! &89%%*,#-8)(*! Q*..,(*-.+/;! -/! *'-,(*.!
D#*78*/! +/:! :*#*/! 7-$.$;-8)(*! I*:*+,+/;<! R-#)($28! 4#)(! 6&,(!

4/&,!NSTUV!NNTW!XTT@YXZ<!
MXO! I$1*#-! 5<! Q+#! "#&;*!:*#! [/,8,*(+/;!H&.-;/*#! 5+%$#*/<! NTN\V! N@

Z\<!
MYO<! K$2.*9!]C<!^*,,*#W!4!/*2!)$/8-8,*/,!)(#$%$8$%&.!&7/$#%&.-,9!-/!

)(#$/-)! %9*.$;*/$+8! .*+?&*%-&! -:*/,-0-*:! 79! _+-/&)#-/*!
0.+$#*8)*/)*!&/:!`-*%8&!8,&-/-/;<!=&,+#*!NTaYV!X\YW!XTU@Y<!

M\O! 5&7-/! B]3! I#&:.*9! JH3! I&#;%&//! Bb3! !"# $%&! H*)(&/-8%! $0!
&),-1&,-$/!$0!&!(+%&/!$/)$;*/*<!=&,+#*!NTSXV!YUUW!N\Y@T<!

McO! K*::9![63!K*9/$.:8!KD3!J&/,$8![3!I&#7&)-:!H<!4!'$-/,!%+,&,-$/!
-8!#*8'$/8-7.*!0$#!,(*!&)_+-8-,-$/!$0!,#&/80$#%-/;!'#$'*#,-*8!79!,(*!

5X\!(+%&/!7.&::*#!)&#)-/$%&!$/)$;*/*<!=&,+#*!NTSXV!YUUW!N\T@
cX<!

MZO<! J,#&,,$/!HK3!B&%'7*..!6]3!"+,#*&.!64<!5(*!)&/)*#!;*/$%*<!=&,+#*!
XUUTV!\cSW!aNT@X\<!

MaO! H$#;&/! CL<! J/&'J($,W! )*..@)9).*! #*;+.&,$#8! b<! B*..! XUUSV! NYcW!
aZ\*N<!

MSO! H$#;&/! CL<! J/&'J($,W! B*..@)9).*! #*;+.&,$#8! bb<! B*..! XUUSV! NYcW!
Ta\*N<!

MTO! 6&#:**! 4I<! 4! #*8,#-),-$/! '$-/,! 0$#! )$/,#$.! $0! /$#%&.! &/-%&.! )*..!
'#$.-0*#&,-$/<!6#$)!=&,.!4)&:!J)-!PJ4!NTa\V!aNW!NXSZ@TU<!

MNUO<! H&.+%7#*8! H3! I&#7&)-:! H<! 5$! )9).*! $#! /$,! ,$! )9).*W! &! )#-,-)&.!
:*)-8-$/!-/!)&/)*#<!=&,!K*1!B&/)*#!XUUNV!NW!XXX@YN<!

MNNO! C&//*/7*#;!]F3!1&/!K$88+%!43!J)(+-d00!^3!,*!K-*.*!F<!47.&,-$/!$0!
,(*! #*,-/$7.&8,$%&! ;*/*! 0&%-.9! :*#*;+.&,*8! `eNf! )$/,#$.! )&+8-/;!

-%%$#,&.-A&,-$/! &/:! -/)#*&8*:! )*..! ,+#/$1*#! +/:*#! ;#$2,(@
#*8,#-),-/;!)$/:-,-$/8<!`*/*8!C*1!XUUUV!N\W!YUcN@Z\<!
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PIN1 

Phosphorylation is a key post-transcriptional event involved in cell cycle 

control, cellular growth, differentiation, stress response and many others 

processes. Serine or threonine followed by a proline are major 

phosphorylation motifs in the cells but their significance was obscured until 

the discovery of the PIN1 protein (protein interacting with NIMA (never in 

mitosis A)-1) [14]. PIN1 is a member of the evolutionarily conserved peptidyl-

prolyl isomerase (PPIase) family of proteins. PIN1 has a two-domain structure 

that consists of an N-terminal WW domain (amino acids 1–39) and the C-

terminal PPIase domain (amino acids 45–163). The WW domain binds only to 

specific pSer/Thr-Pro-motifs and the PPIase isomerase domain catalyzes the 

conformational switch from cis to trans of target proteins. This fact is 

especially important because Pro-directed kinases and phosphatases are 

conformation-specific and act only on the trans isoform [3, 4]. For this reason, 

PIN1 is important for many physiological activities of the cell (Fig. 1).  
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Fig. 1. The different roles of PIN1 in cellular physiology 

 

In cell cycle control, PIN1 was originally identified and defined as a protein 

important in mitosis. Many of PIN1’s substrates contain a single 

phosphorylation target in the form of CDC25, WEE1 and RPB1[15]. Others, 

like CK2 and Sil, have multi-phosphorylation sites, suggesting a different 

mechanism in PIN1 function [16, 17]. Depletion of PIN1 in yeast and human 

cells induces mitotic arrest and its over-expression blocks the cells in the G2 

phase of the cell cycle [14]. Since the discovery of PIN1, a plethora of protein 

targets have been discovered, many of which are involved in the G0 and 

G1/S control [11]. Evidence emerged from in vitro and in vivo animal models. 

PIN1 controls Cyclin D1 mRNA levels and it is involved in regulation of 

CyclinD1, c-MYC and Cyclin E protein stability [5, 11]. PIN1 -/- MEF showed 
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proliferative defects in cell cycle entry after serum deprivation. In addition, 

PIN1 is a target of E2F transcription factors and its mRNA and protein levels 

fluctuate during cell cycle [18]. This data suggests a possible oncogene and 

conditional tumor suppressor function of PIN1, but more studies are 

necessary to distinguish PIN1’s function in different cellular contexts. 

Moreover, these observations pointed toward a role of PIN1 in the cell cycle 

progression from G0 to G1 and in mitosis. 

In cancer pathology, PIN1 over-expression was found in 38 different tumour 

types out of 60, including most common human cancers such as prostate, 

cervical, brain, ovary, lung, breast, liver cancer, and melanoma [8]. Moreover, 

PIN1 expression is an excellent prognostic marker in prostate cancer [9].  

Overall this data confirms PIN1 as a fundamental player in cell cycle control 

and in the tumorigenesis process. Here, we demonstrated that PIN1 could 

control cell cycle proliferation through direct interaction with pRb and it 

regulates pRb phosphorylation. 
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RESULTS 

T98G PIN1 knockdown cells show proliferative defects 

Different papers reported that the loss of PIN1 in tumor cell lines causes a 

defect in cell proliferation. Mouse embryonic fibroblasts (MEFs) derived from 

PIN1 -/- mice showed a reduced proliferation rate [5], [6], [7]. The cause of 

this altered phenotype has been attributed to Cyclin D1. In fact, PIN1 loss in 

breast and MEF cells results in Cylin D1 downregulation and pRb hypo-

phosphorylation [6]. On the contrary, analysis of several mouse tissues 

derived from PIN1 KO animals demonstrated that the Cyclin D1 expression 

level does not change in every tissue. For example in the heart and kidney, 

the level of cyclin D1 expression in normal and PIN1 KO mice is comparable 

[19]. These results suggest that PIN1 can control pRb activity through an 

indirect mechanism mediated by cyclin D1 or, since pRb contains many pS/T-

P, a direct mechanism could be hypothesized.  

In order to clarify the role of PIN1 in the RB/E2F pathway, we generated a 

PIN1 knock down (kd) T98G glioblastoma cell line. These cells are well 

described as being easily synchronized and cell cycle control depends on 

functional pRb [20]. In addition, cyclin D1 was expressed at very low levels, 

cyclin D2 levels were not detectable and cyclin D3 exhibited a half-life of less 

than one hour [21]. 

We decide to use an shRNA system for knockdown experiments. The 

technology of RNA interference emerged in its earliest form following a 1998 

study in Caenorhabditis elegans and has since rapidly evolved to its current 
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form as a revolutionary tool for studying gene function, biological pathways, 

and the physiology of disease [22]. Pioneering studies in C. elegans provided 

breakthrough experiments that clearly established that double-stranded RNA 

(dsRNA) interfered with gene function. This discovery was called RNA 

interference or RNAi. 

Further advances have shown that siRNAs can be expressed from DNA 

vectors within the host cell, providing methods for longer term silencing, 

inducible silencing, and a plasmid DNA format that can be replicated for 

unlimited supply. In addition, these vector-based RNAi platforms may be 

integrated with viral delivery systems allowing investigators to perform gene 

knockdown in a myriad of cell lines. Recent studies of endogenous 

microRNAs (miRNAs) suggested that synthetic miRNA mimics could be used 

to induce the RNAi pathway rather than directly using the standard 21 bp 

siRNA sequence. These synthetic forms of miRNA, termed short hairpin 

RNAs (shRNAs), are expressed from pol II or pol III promoters. The hairpin 

structure is recognized and cleaved by Dicer (RNase Enzyme) to form siRNA 

that is subsequently taken up by RISC (RNAi-Induced Silencing Complex) for 

silencing of the target gene. RISC unwinds the double strand siRNA and the 

activated complex with the associated anti-sense siRNA strand targets the 

homologous mRNA transcript for cleavage and subsequent degradation. 

Five different plasmids expressing PIN1-shRNA were tested. Cells were 

infected with one MOI (Molteplicity of infection) PIN1-shRNA lentivirus and 

selected for 72 hours with puromycin. Stable polyclonal cells were analyzed 
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by western blot. Two shRNA (TRCN1033, TRCN10577) gave the strongest 

PIN1 downregulation. PIN1 kd cells (TRCN1033) showed a reduction of more 

than 90% protein level compared to normal and shRNA scrambled infected 

cells (Fig. 2a). We have used indifferently both shRNAs in the experiments. 

We then evaluated the effect of PIN1 depletion with an in vitro cell 

proliferation assay. T98G cells were plated in 96 well plates and after 3 days 

were analyzed by XTT assay. The assay is based on the cleavage of the 

yellow tetrazolium salt XTT to form an orange formazan dye by metabolically 

active cells [23]. Therefore, this conversion only occurs in viable cells. Cells, 

grown in a 96 well tissue culture plate, are incubated with the yellow XTT 

solution (final concentration 0.3 mg/ml) for 4–24 h. After this incubation 

period, orange formazan solution is formed, which is spectrophotometrically 

quantified using an ELISA plate reader. An increase in the number of living 

cells results in an increase in the overall activity of mitochondrial 

dehydrogenases in the sample. This increase directly correlates to the 

amount of orange formazan formed, as monitored by the absorbance. 

As illustrated in fig. 2b, the PIN1 kd cells proliferate 25% less compared to 

normal cells (p_value < 0.001). To discriminate which phase of the cell cycle 

was altered, cells were analyzed by FACS (fluorescent activated cell sorting) 

analysis. FACS is a technique for counting and examining microscopic 

particles, such as cells and chromosomes, by suspending them in a fluid 

stream and passing them by an electronic detection apparatus. It allows 

simultaneous multiparametric analysis of the physical and/or chemical 
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characteristics of up to thousands of particles per second. Before analysis, 

the cells are permeabilized and treated with a fluorescent dye that stains DNA 

quantitatively, usually propidium iodide (PI). The fluorescence intensity of the 

stained cells at certain wavelengths will therefore correlate with the amount of 

DNA they contain. As the DNA content of cells duplicates during the S phase 

of the cell cycle, the relative amount of cells in the G0 phase and G1 phase 

(before S phase), in the S phase, and in the G2 phase and M phase (after S 

phase) can be determined as the fluorescence of cells in the G2/M phase will 

be twice as high as that of cells in the G0/G1 phase. 

PIN1 kd cells have 7.1% more cells in G0/G1 cell cycle phase than normal 

cells (75.7% vs 68.6%, Fig. 2c).  
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Fig. 2. Cell proliferation defects in T98G PIN1 knockdown cells. a) T98G cells were 

untreated (n= normal) or treated with scrambled (scr), PIN1 (TRCN1033, TRCN10577) 

shRNAs. 50 µg of protein was loaded and analyzed by western blot with PIN1 specific 

antibodies. The samples were normalized with an α-tubulin antibody. b) XTT assay showing 

that PIN1 kd cells have reduced proliferation rate. The picture is the media of three 

experiments. ** p_value <.001, two tailed t-test . All the values were normalized to normal 

cells. c) A representative experiment that shows PIN1 kd cells (kd) have an increased 

number of cells in G1 compare to normal (n) and scrambled (scr) cells.  
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It has been previously demonstrated that siRNA targeting PIN1 in LNcaP and 

PC3 prostate cancer cells showed significantly reduced cell proliferation, 

anchorage-dependence, and -independent colony formation. In addition, 

increased cellular senescence and apoptosis was also observed after stress 

stimuli [24].  

Since we observed reduced proliferation level in T98G cells, we tested as for 

prostate cancer cells [24], if apoptosis or senescence could be involved in our 

cellular model. Apoptosis was detected with a Caspase 3/7 assay. The assay 

includes a profluorescent caspase-3/7 consensus substrate, rhodamine 110 

bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-aspartic acid amide) (Z-DEVD-

R110). Upon cleavage on the C-terminal side of the aspartate residue in the 

DEVD peptide substrate sequence by caspase-3/7 enzymes, the rhodamine 

110 becomes fluorescent when excited at a wavelength of 498nm. The 

emission maximum is 521nm. The amount of fluorescent product generated is 

representative of the amount of active caspase-3/7 present in the sample. 

The caspase assay showed that the apoptotic pathway is not activated in 

PIN1 kd cells compared to normal cells (Fig. 3a). The results were confirmed 

by FACS analysis (Fig. 2c) in which no apoptotic cells were detected in 

normal and PIN1 kd cells. To corroborate these finding, microscopy analysis 

of normal and knockdown cells revealed no difference in cell morphology (Fig. 

4a).  

Senescence was detected by the β-galactosidase method. β-galactosidase is 

a hydrolase enzyme highly expressed and accumulated in lysosomes in 
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senescent cells and is able to hydrolyze β-D-galactosides. Senescence-

associated β-galactosidase staining confirmed no statistical difference 

between PIN1 kd and normal cells (Fig. 3b). 
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Fig. 3 Cell proliferation defects in T98G PIN1 knockdown cells. a) Caspase assay. The 

figure shows the average of three experiments: (n) normal, (scr) scrambled, (kd) PIN1 

knockdown cells. (c+) positive control cells were treated with 1 µM doxorubicin for 18 hours. 

The y axis shows the total value of RLU per second. b) β-galactosidase staining showed no 

difference between scrambled and PIN1kd cells. 
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G1/S cyclins and CDKs protein levels in T98G cells are unchanged 

Starting from the observed phenotype in T98G cells, we analyzed the 

CDK/cyclin complex protein level that controls the G0 and G1/S transition cell 

cycle phase. Cells were synchronized in G0 and G1 through serum starvation 

and serum starvation combined with hydroxyurea treatment, respectively (see 

material and methods). The inhibitory mechanism of hydroxyurea is 

postulated to involve inhibition of the enzyme ribonucleotide reductase, and 

thus, the synthesis of deoxyribonucleotides from ribonucleotides. 

Synchronization was analyzed by FACS analysis. As an example, fig. 4c 

shows that normal cells are synchronized at more than 88%. Western blot 

analysis of cyclin D1, cyclin A, cyclin E and the relative partners CDK2 and 

CDK4 demonstrated that no differences were detectable between normal, 

scrambled and PIN1 knockdown cells (Fig. 4b).  

To test the activity of the CDK4-, CDK6- and CDK2-cyclin complex, 

scrambled and PIN1 kd cells were immunoprecipitated with an antibody 

directed to CDK4, CDK6 and CDK2 proteins and tested for the ability to 

phosphorylate a specific substrate. The assay was performed in two steps; 

first, after the kinase reaction, an equal volume of ADP-Glo™ Reagent was 

added to terminate the kinase reaction and deplete the remaining ATP. 

Second, the Kinase Detection Reagent is added to simultaneously convert 

ADP to ATP and allow the newly synthesized ATP to be measured using a 

luciferase/luciferin reaction. The light generated is measured using a 

luminometer. Luminescence can be correlated to ADP concentrations by 
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using an ATP-to-ADP conversion curve. This assay is sensitive enough to 

detect very low amounts of ADP (20nM) and can detect generated ADP in a 

reaction containing up to 1mM ATP in a linear range. As shown in fig. 4d, 

PIN1 kd cells have similar CDK activity to scrambled cells. 



  42 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Cyclin/CDK complexes are unchanged. a) Light microscope images at 10X showing 

no difference between scrambled and PIN1 kd cells. b) Normal (n), scrambled (scr) and PIN1 

knockdown (Kd) cells were synchronized as described in the material and methods. 50 µg of 

protein was loaded in each lane and analyzed by western blot with specific antibodies as 

specified on the left. (As) asynchronous, G0 and G1/S cell cycle phases. c) A representative 

example of T98G normal cells synchronized in G0 and G1/S and analyzed by FACS. d) 

Kinase assay. Upper panel. Total protein lysates were immunoprecipitated with indicated 

kinases and tested with ADP-glo kinase assay on scr (black) and PIN1kd (white) cells. An 

average of three experiments is shown. Lower panel. The IP (1/20) was loaded on a 10% 

polyacrylamide gel and probed with the same antibody as in the IP. 
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To verify the quantity of pRb protein and its phosphorylation level, scrambled 

and PIN1 knock down cells were synchronized in G0 and G1. Western blot 

analysis confirmed that no difference in total pRb was detectable in 

asynchronous, G0 and G1/S cells. Consistent with the previous observation, 

reduced phosphorylation was evident in asynchronous and G1 cells (Fig. 5a). 

To further confirm this result, a phospho-specific antibody against ser780 was 

utilized. A reduced phosphorylation level of pRb is clearly evident (Fig. 5a). At 

RNA level no difference was observed (Fig. 5b) suggesting a post-

transcriptional mechanism by which PIN1 controls the pRb phosphorylation 

level. 
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Fig. 5 pRb is hypo-phosphorylated in T98G PIN1 knockdown cells. a) Cells were 

syncronized as described in the material and methods. 50 µg of protein was analyzed using a 

western blot analysis with pRb and pRbser780 phospho-specific antibodies. (p) 

phosphorylation. The membrane was normalized with α-tubulin. b) Real-time PCR of pRb in 

PIN1 knockdown cells. 
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PIN1 directly interacts with pRb 

Since the CDK/cyclin complexes are not altered in PIN1 knock down cells and 

pRb is still hypo-phosphorylated, we hypothesized that the two proteins can 

directly interact. pRb has more than fifteen Ser/Thr-Pro motifs that can be 

phosphorylated and could be potential targets of PIN1 (Fig. 6a).  

The interaction between PIN1 and pRb was demonstrated by GST 

(glutathione S-transferase)-pulldown. In a GST gene fusion system, the GST 

sequence is incorporated into an expression vector alongside the gene 

sequence encoding the protein of interest. Induction of protein expression 

from the vector's promoter results in expression of a fusion protein. This GST-

fusion protein can then be purified from cells via its high affinity for 

glutathione. It is fused to the N-terminus of a protein. Agarose beads can be 

coated with glutathione, and such glutathione-Agarose beads bind GST-

proteins. These beads are then washed, to remove contaminating bacterial 

proteins. 

Total lysate proteins were pulled-down with GST or GST-PIN1. Fig. 6b 

demonstrated that pRb interacts with PIN1. The band has the same molecular 

weight of the hyper-phosphorylated form of pRb. It is widely accepted that 

PIN1 interacts with phosphorylated ser/thr motifs followed by proline. To test if 

this was the case for pRb, T98G cells were treated with shrimp alkaline 

phoshatase. In Fig. 6c the total input showed that the treatment completely 

dephosphorylated pRb. Again, the interaction was detected in GST-PIN1 but 

not in the GST pull-down of the T98G cell lysate and it is absent in the shrimp 
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alkaline phosphatase treated samples. Phospho- specific antibody directed to 

ser780 confirmed that the interaction is phosphorylation dependent (Fig. 6c). 
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Fig. 6. In vitro and in vivo interaction between PIN1 and pRb. a) Potential PIN1 binding 

site targets in pRb protein. b) GST-PIN1 interaction with pRb. A specific band was detected in 

the GST-PIN1 lane and no band is detected in GST control lane. Of note, the band 

corresponds to the high molecular weight of phospho-pRb. As a control, the membrane was 

probed with anti GST antibody. c) Total lysate were untreated (u) or phosphatase treated (s) 

and pull-down with GST or GST-PIN1 protein. The interaction between PIN1 and pRb is 

phospho-dependent as a band is clearly visible only in the untreated sample. Hsp 70 

antibody was utilized to normalize. In the middle panel, the phospho-dependent interaction 

was confirmed with pRbser780 phospho-specific antibody. (I) input, (G-PIN1) GST-PIN1, (G) 

GST.
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To assess the in vivo interaction between PIN1 and pRb, T98G cells were 

immunoprecipitated with anti-PIN1 antibody and analyzed by western blot 

with anti-pRb antibody.  

Co-immunoprecipitation is a purification procedure to determine if two 

different proteins interact. An antibody specific to the protein of interest is 

added to a cell lysate. Then the antibody-protein complex is pelleted usually 

using protein-A/G agarose, which binds most antibodies. If there are any 

proteins that bind to the first protein, they will also be pelleted. Identification of 

proteins in the pellet can be determined by western blot. 

Since the interaction is barely detectable (data not shown), we fractionated 

the nucleus from the cytoplasm. As shown in fig. 7a, the interaction is 

primarily localized in the nucleus. As a negative control, we 

immunoprecipitated the PIN1 kd cells as normal cells. α-tubulin is used to 

normalize and to test the quality of the nuclear-cytoplasm fraction. This data 

demonstrated that PIN1 and pRb form a macromolecular complex. To 

demonstrate direct interaction between PIN1 and pRb, FAR-western blot 

experiments were done [25].  

In a classical Far-Western analysis, a labelled or antibody-detectable “bait” 

protein is used to probe and detect the target “prey” protein on the 

membrane. The sample (usually a lysate) containing the unknown prey 

protein is separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis) or native PAGE and then transferred to the surface of the 

membrane, making the prey protein accessible to probing. After transfer, the 
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membrane was blocked and then probed with a known bait protein, which 

usually is applied in pure form. Following binding of the bait protein with the 

prey protein, a detection system specific for the bait protein is used to identify 

the corresponding band. 

T98G cell lysate was immunoprecipitated with anti-pRb and transferred on a 

nitrocellulose membrane. The membrane was incubated with GST-PIN1 or 

GST and probed with anti-PIN1 antibody. The western blot showed a band 

that had the same molecular weight of pRb. HSP70 antibody was used to 

normalize samples (Fig. 7b). 
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Fig. 7 a) PIN1 interacts with pRb in the nucleus. Cells were immunoprecipitated with anti-

PIN1 antibody, analyzed by western blot with anti-pRb antibody. As control, PIN1 kd cells are 

treated as normal cells. The interaction is evident in the nucleus. α-tubulin antibody was 

utilized to verify the nuclear/cytoplasmic fraction. (n) normal, (kd) PIN1 knockdown, (nuc) 

nucleus, (cit) cytoplasm, (i) input, (IP) immunoprecipitation, (IB) immunoblot. b) Far-western 

blot experiment showing direct interaction between PIN1 and pRb. Proteins were 

immunoprecipitated with anti-pRb and transferred onto a nitrocellulose membrane. 

Membrane was incubated with GST or GST-PIN1 (see material and methods). After washing, 

the membrane was probe with anti-PIN1 or anti-pRb (diluted four times) as control. 50 µg of 

input was probed with Hsp70 antibody to normalize samples. Two representative results are 

shown. 
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PIN1 controls proliferation through pRb 

PIN1 is demonstrated to control the phosphorylation of many proteins that are 

important in the G1/S and G2/M cell cycle transition [11]. Many studies and 

herein suggested that the proliferation from G1 to S phases could be 

controlled through direct and indirect regulation of pRb. To demonstrate that 

slower proliferation of T98G PIN1 kd cells is due to pRb, we used a specific 

shRNA direct to pRb and generated T98G PIN1/pRb double knockdown cells 

(Fig. 8a). The cell proliferation was tested by XTT assay. As illustrated in fig. 

8b, PIN1 kd cells proliferate less than wild-type cells whereas PIN1/pRb 

double knockdown cells proliferate as normal cells. pRb knockdown cells 

proliferate normally as previously observed in other cell lines [26, 27]. This 

data reveal that pRb is the major target of PIN1 in controlling the cell cycle 

without affecting cyclin/CDK protein complexes in T98G cells. 

To further confirm the contribution of PIN1 and pRb in cell proliferation, we 

perform a colony forming assay. This method is based on the capacity of 

single tumor cells to grow and give visible colonies of progeny after specific 

staining. Thus, this method is a direct measure of proliferation activity. 

As shown in fig. 8c, pRb kd cells rescue the proliferation defects of PIN1 kd 

cells. 
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Fig. 8. pRb is the effector of PIN1 in G1/S cell cycle control. a) T98G cells were untreated 

(n= normal) or treated with scrambled (scr), PIN1 and pRb shRNA. 50 µg of protein were 

loaded and analyzed by western blot with pRb and PIN1 specific antibodies. The samples 

were normalized with α-tubulin antibody. b) Cell proliferation was assessed by XTT assay. All 

the cells were normalized to control cells. c) Colony forming assay. A representative 

experiment showing pRb kd cells rescue the PIN1 null phenotype. On the right, the average 

of three independents experiments. The values were normalized to scrambled cells. 1) 

normal, (2) scrambled, (3) PIN1 kd, (4) pRb kd, (5) PIN1/pRb double kd cells. ** p value < 

.01.  
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Finally, we tested the expression level of some pRb/E2F target genes in PIN1 

kd cells. Quantitative real time PCR was done on E2F1/2/3, DHFR, POLA 

and c-MYC genes. The results in fig. 9 demonstrated that c-MYC and POLA 

genes are down regulated. E2F2 is an example of a gene whose expression 

was not altered. This data confirmed that the RB/E2F pathway in PIN1 T98G 

cells is changed and is responsible for reduced proliferation.  

 

 

 

Fig. 9. Real-time PCR of c-MYC, POLA and E2F2 pRb/E2F target genes. The columns 

represent the average of at least two different experiments. All the values were normalized to 

control cells. * p value < .05.  

 



  54 

 These data are in favour of a model by which PIN1 can control the cell cycle 

through direct and indirect interactions with pRb. PIN1 can stabilize cyclin D1 

[19] [28] with the final result of pRb phosphorylation or destabilized cyclin E 

[10]. As shown in this paper, PIN1 can also control pRb phosphorylation 

through direct interaction (Fig. 10). PIN1 is important for correct pRb 

phosphorylation and its over-expression in tumor samples could be 

responsible for pRb hyper-phosphorylation and inactivation. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 PIN1 and pRb interaction model. Direct interaction between PIN1 and pRb is 

sufficient to control pRb phosphorylation. An unidentified kinase allows the interaction 

between PIN1 and pRb. This step is necessary for complete pRb phosphorylation and 

inactivation. 
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DISCUSSION 

Previous studies suggested that PIN1 could control cell proliferation through 

regulation of cyclin D1, cyclin E or more recently Kip1/p27 protein [29]. These 

data are also confirmed in in vivo models. From mouse models, mice 

homozygous for the targeted disruption of PIN1 gene in a mixed genetic 

background revealed several defects that resembled those previously 

reported to occur in cyclin D1 null mice including lack of breast epithelial 

expansion during pregnancy. These studies indicated that PIN1 controls the 

G1–S transition cell cycle phase in breast cancer cells through cyclin D1 [19] 

[28]. To reinforce these results, PIN1-null mouse embryo fibroblasts grow 

slower than wild-type cells and markedly delayed cell cycle re-entry in 

response to mitogenic signal [5]. Additional studies by an independent group 

confirmed the cell growth defects by showing that serum-arrested PIN1–/– 

MEFs were resistant to cell cycle re-entry in response to insulin-like growth 

factor 1 (IGF1). Western blot analysis demonstrated a reduced level of cyclin 

D1 and hypophosphorylation of pRb protein in knockdown cells. PIN1 -/- cells 

challenged with PIN1 restore the level of cyclin D1 but the pRb protein was 

still hypo-phosphorylated [6]. This data suggests that cyclin D1 and other 

cellular signals are necessary for correct pRb phosphorylation and different 

mechanisms should be considered. 

In this paper, we provide evidence that PIN1 controls tumor cell proliferation 

through direct interaction with pRb protein. First, our hypothesis stemmed 

from the evidence that pRb has more than fifteen ser/thr motifs followed by 
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proline that when phosphorylated became a possible substrate of PIN1 [30]. 

As with many other regulators of cell cycle, the interaction could be through 

single or multiple sites. Currently, we are mapping the essential residues 

involved in the interaction. Importantly, since the decreased level of 

phosphorylation appears to involve different residues (loss of phosphorylation 

is evident with total pRb antibody), this analysis will identify the critical motif or 

motifs that regulate the total pRb phosphorylation. As a result of the 

isomerization process, pRb could be more prone to the activity of 

phosphatase enzymes or inhibit the activity of CDK/cyclins complexes. One of 

the well-characterized examples is the RNAPII CTD phosphorylation. PIN1 

can stimulate CDK1 phosphorylation and inhibit the activity of FCP1 

phosphatase [31]. Further experiments will clarify these points. Different from 

the effects seen in prostate cancer cells and in neuronal cells [14, 24, 32], 

PIN1 knockdown T98G glioblastoma cells have an increase in the number of 

cells in G1 without an  increase in the number of apoptotic or senescent cells, 

suggesting a cell specific function of PIN1 in different pathways that control 

equilibrium between growth and death. 

Second, cyclin/CDK complexes involved in pRb phsphorylation showed 

normal levels when comparing PIN1 knockdown and normal cells. Although 

the CDK complexes are unaltered, the pRb protein is still hypo-

phosphorylated. Third, in vitro and in vivo experiments showed that PIN1 is in 

the same complex with pRb and the interaction is phosphorylation dependent. 

Since, pRb ser780 is a specific target of CDK4 kinase suggesting a 
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conformational structural inhibition of pRb mediated by PIN1 as a more likely 

mechanism. Strikingly, we demonstrate direct interaction between PIN1 and 

pRb suggesting a new mechanism for PIN1 to control cell cycle proliferation.  

Fourth, the proliferation defect of PIN1 knockdown cells can be rescued by 

knockdown of the pRb protein, highlighting pRb as the major target of PIN1 to 

control the G1-S cell cycle transition. However, some RB/E2F target genes 

are down regulated in PIN1 deficient cells. Among them, c-MYC proto-

oncogene is implicated in many tumors and tumoral transformation can be 

driven from its over-expression. In quiescence, c-MYC is barely detectable 

and its expression increases together with mitogenic signals during cell 

proliferation. After the exit from G0, pRb is phosphorylated and E2F binds the 

c-MYC promoter to increase its expression. How c-Myc functions as 

oncogene is a matter of debate. It is reported that c-Myc can control 10-15% 

of all cellular genes and recently, it can regulate chromatin structure in a 

global fashion [33]. In addition, c-Myc interacts with a pre-replicative complex 

and increases the replication of the replicative origin [34].  

Another important point is to understand if the other two members of the 

pocket protein family, Rb2/p130 and p107, are substrates of PIN1. Due to the 

high homology, p130/Rb2 and p107 have different conserved ser/thr motifs 

followed by proline [30]. We hypothize that a similar mechanism of pRb could 

be involved. Further studies are necessary to clarify if Rb2/p130 and p107 are 

modulated by PIN1 during the cell cycle.  
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The interaction between pRb and E2F proteins is the “classical” model to 

control cell cycle. Moreover, there are at least one hundred different proteins 

that are reported to interact with pRb. Seventy percent of these proteins are 

transcription factors. Following this evidence, it could be interesting to analyze 

how PIN1 regulates these interactions with a major emphasis in cell cycle 

control. 

Interestingly from a therapeutic point of view, PIN1 knockout mice develop 

normally. They showed a deficiency in cell proliferation only in specific 

organs. Most of the tissues that develop tumors with high incidence like 

prostate, lung and colon are unaffected. Loss of PIN1 in normal fibroblasts 

didn’t show any significant phenotype [24, 35]. These results suggest that 

PIN1 could be essential for tumors cells but not in normal cells. Different 

groups are currently developing small-molecule inhibitors that should be 

tested in vivo as effective anticancer therapy [35-40]. 

In summary, a number of studies suggest that PIN1 has a role in 

tumorigenesis. First, PIN1 is over-expressed in most common human cancers 

such as prostate, ovary, cervical, brain, lung, breast, liver cancer, and 

melanoma human cancers [8]. Second, mouse models confirm PIN1 as a  

gene involved in cancer pathology. PIN1 null mice prevent tumor formation 

induced by Hras or Erbb2 [18, 41]. In p53 null mice, ablation of PIN1 

accelerates thymic hyperplasia [42]. Ectopic expression of PIN1 in mammary 

cells induces tumor formation. In MMTV-PIN1 transgenic mice mammary 

epithelia hyperplasia is evident at 10 months and different types of mammary 
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tumors are evident at ages as early as 13 months.  Molecular analysis 

showed that MMTV-PIN1 mice have an increased number of centrosomes. 

Analysis of primary cell culture showed that most of the cells undergo bipolar 

divisions, but in a short period a multipolar spindle appears resulting in 

chromosome missegregation and aneuploidy [43]. Third, PIN1 is a 

fundamental player in cell cycle control, one of the first steps in transforming a 

normal cell. Many phospho-substrate proteins are regulators of the G1/S and 

G2/M phases of the cell cycle. Our study adds a new layer on the complex 

mechanism of PIN1 action and finds pRb and most likely pocket proteins as 

the major actors in PIN1 cell cycle control. 
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MATERIALS AND METHODS 

Materials and methods 

Cells culture conditions 

T98G glioblastoma cell lines were purchased from American Type Culture 

Collection (ATCC, Rochville, MD, USA). Cells were grown at 37 oC, in a 5% 

CO2/95% atmosphere, in Dulbecco’s modified Eagle’s medium (Mediatech 

Inc., Herndon, VA, USA) supplemented with fetal bovine serum (FBS) 

(Mediatech Inc., Herndon, VA, USA).  

For G0 synchronization experiments, cells were blocked by contact inhibition 

and serum starvation for 48 hours. For G1/S, cells were split and grown in 

DMEM 10% FBS in 2 µM hydroxyurea for 24 hours as described [44].  

 

Lentiviral production 

To generate knock down cells, lentiviral particles were produced as described 

(http://www.broadinstitute.org/genome_bio/trc/publicProtocols.html). Briefly, 

1x106 293FT cells (Invitrogen Corp, Carlsbad, CA, USA) were transfected 

with 2.25 µg of PAX2 packaging plasmid, 0.75 µg of PMD2G envelop plasmid 

and 3µg of pLKO.1 hairpin vector utilizing 30 µl of Fugene HD (Roche Applied 

Science, Indianapolis, IN, USA) in 10 cm plate. The lentivirus were collected 

and filtered (45um) after 48 hours. 2.5x105 T98G cells were plated in a multi 6 

wells plate. The following day, the cells were transduced with 1 MOI of 

lentiviral particle in 10% FBS DMEM medium. After 3 days post-infection, the 
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cells were selected with 2 µg/ml of puromycin (Sigma-Aldrich, St Louis, MO, 

USA) for 1 week.  

 

Reagents 

Antibodies were purchased from: PIN1 (600-401-A20), cyclin A (100-401-151) 

from Rockland Immunochemicals, Gilbertsville, PA, USA; pRb (sc-102), 

Hsp70 (sc-24), cyclin E (sc-481), CDK2 (sc-163), CDK4 (sc-260), CDK6 (sc-

177), GST (sc-459) from Santa Cruz Biotechnology, Santa Cruz, CA, USA; α-

tubulin (T-6074) from Sigma Inc., St Louis, MO, USA; cyclin D1 (556470) from 

BD Biosciences, San Jose, CA, USA; pRbser780 (9307) from Cell Signaling, 

Beverly, MA, USA. 

shRNA plasmids for pRB (SHCLNG-NM_000321), PIN1 (SHCLNG-

NM_006221) were from Sigma Inc., St Louis, MO, USA. Scrambled shRNA 

(17920), psPAX2 packaging plasmid (12260), pMDG.2 envelope plasmid 

(12259) were from Addgene Inc, Cambridge, MA, USA.  

 

Fluorescent-activated cell sorting 

Cultured cells were harvested after incubation with Trypsin solution (Sigma, 

St Louis, MO, USA). Cells were fixed by adding ice-cold 70% ethanol while 

vortexing. Fixed cells were stored at 4 oC for at least 30 min and then washed 

once with PBS. Cells were stained with 10 mg/ml propidium iodide (Sigma, St 

Louis, MO, USA), 250 mg/ml RNase (Sigma, St Louis, MO, USA) in PBS and 
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incubated at 37 oC for 30 min in the dark. The percentage of cells in the 

different phases of the cell cycle was measured with a FACS Calibur 

instrument (Becton-Dickinson, San Jose, CA, USA).  

 

Cell proliferation assay 

Cell proliferation assay was measured by using the Cell proliferating kit II 

(XTT, Roche Diagnostic, Basel, Switzerland). Briefly, 2x103 T98G cells were 

plated in triplicate in 96- wells plate. After 3 hours, XTT solution was added to 

normalize all samples. Cell proliferation was tested after 60 hours. Statistical 

analysis was done with a two-tailed student’s t-test.  

Colony forming assay. 2x103 cells were plated in a 6 multi-wells plate and 

grown for two weeks. Cells were stained with methylene blue/ethanol and 

counted by two independent investigators. 

 

Caspase 3/7 assay 

Caspase 3/7 activities were measured using a Caspase-Glo assay kit (G-

7792, Promega, Madison, WI, USA). Briefly, the proluminescent substrate 

containing the DEVD sequence (sequence is a single letter amino acid code) 

is cleaved by caspase 3. After caspase cleavage, a substrate for luciferase 

(aminoluciferin) is released; this results in the luciferase reaction and the 

production of luminescent signal. Cellular extracts were obtained and lysed. 

The protein concentration of supernatant was adjusted to 1mg/ml. 10µg/10µl 
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of proteins were incubated with 10 µl of reconstituted caspase 3/7 glo reagent 

for 1h at room temperature. The luminescence of each sample was measured 

in a single tube luminometer (Berthold Technologies, GmbH & CO, Germany) 

 

B-galactosidase assay.  

Sub-confluent cells were treated as described [45]. Briefly, cells were washed 

in PBS, fixed for 3-5 min (room temperature) in 2% formaldehyde/0.2% 

glutaraldehyde, washed and incubated at 37ºC (no CO2) with fresh 

senescence associated β-Gal (SA-β-Gal) stain solution:  

- 1mg of 5-bromo-4-chloro-3-indolyl β-D-Galactoside (X-Gal) per ml (from 

20mg/ml dimethylformamide stock) 

-  40mM citric acid/ sodium phosphate, pH 6.0 

- 5mM potassium ferrocyanide 

- 5mM potassium ferricyanide 

- 150 mM NaCl 

- 2mM MgCl2 

Staining was evident after 12-16 hr. To detect lysosomal β-Galactosidase, the 

citric acid/sodium phosphate was pH 4.0. 
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Real-time PCR 

Total RNA was prepared from tissues using the RNA extraction kit Rnaeasy 

(Qiagen Inc, Valencia, CA, USA). One µg of total RNA was reverse 

transcribed in a 20 µl reaction using M-MLV reverse transcriptase (Invitrogen, 

Carlsbad, CA, USA). Primers to amplify pRb, GAPDH, cMYC, POLA, E2F2 

are the following: pRb/p105-f CACCAATACCTCACATTCCTC, pRb/p105-r 5-

TTCTCAGAAGTCCCGAATG, GAPDH-f 5-GAAGGTGAAGGTCGGAGT, 

GAPDH-r 5-CATGGGTGGAATCATATTGGA, RTMYC-F 5-

CCTTGCCGCATCCACGAAAC, RTMYC-R GGTGGGCAGCAGCTCGAATT, 

hPOLART-for 5-TAAATATGAAGTCGAGGACTTCAC, hPOLART-rev 5-

GCGTGCTTTACCATCTTTTCCTT, RTE2f2-f 5-

TAGCATCATGGAGCCCACAGC, RTE2f2-r TCAGTCTGCTGCAGGAGTGG. 

Quantitative Real Time PCR (qRT-PCR) was performed with SYBR Green 

PCR Master Mix (Roche Diagnostic, Basel, Switzerland) in a 7300 ABI 

instrument (Invitrogen, Carlsbad, CA, USA). Samples were run in triplicates 

and the efficiency of each primer was calculated utilizing an internal standard 

control [46]. All values were normalized for GAPDH. 

 

Pull-down analyses  

For GST pull-down experiment, the IMAGE: 3941595 clone was utilized to 

amplify the PIN1 human gene with the oligonucleotide primers PIN1-BamHIF 

GCGGATCCGCGGCAGGAGGGAAGATGG at the 5’ end and PIN1-EcoRIR 

GCGAATTCCTGGGCTCCCCACCCTCAC at the 3’ with BamHI and EcoRI 
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adaptor sequences, respectively. The PCR generated products were ligated 

in the pGEX-2T plasmid for the prokaryotic expression vector (Stratagene 

Inc., La Jolla CA, USA). All the plasmids were sequenced verified. GST and 

GST-PIN1 proteins were produced in BL21 bacteria cells. Cells were grown to 

mid log phase and then induced to express protein by adding 0.25mM of 

isopropyl-1-thio-b-D-galactopyranoside (IPTG, Roche Applied Science, 

Indianapolis, IN, USA). The cultures were shaken for 4 h; bacteria were then 

pelleted and resuspended in NENT buffer (20mM Tris (pH 8), 100mM NaCl, 

1mM ethylenediaminetetraacetic acid (EDTA), 0.5% NP-40). Cell 

suspensions were sonicated and pelleted so that the supernatant could be 

collected. The remaining bacteria were then resuspended in NENT buffer plus 

2% of N-lauryl-sarcosine, then pelleted and finally, the supernatants were 

collected again. The combined supernatants were incubated with glutathione 

agarose beads (Sigma Inc., St Louis, MO, USA) overnight at 4 oC. The 

agarose was then pelleted and washed three times in NENT buffer. The GST 

protein was analyzed by electrophoresis gel and blue coomassie staining. 

1mg of protein was pulled-down with 10 ug of GST or GST-PIN1. To 

dephosphorylate proteins, 1mg of protein lysate was treated with 50 U of 

shrimp alkaline phosphatase for 1h at 37 oC. 

 

Co-immunoprecipitation assay 

Sub-confluent T98G cells were harvested and nuclear/cytoplasmatic proteins 

were prepared as follows: the cell pellet was resuspended in NP40 lysis 
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buffer (0.01M Tris-HCl, 0.01M NaCl, 0.003M MgCl2, 0.03M Sucrose, 0.5% 

NP40) to prepare the cytoplasmatic fraction. Afterwards, nuclei were pelleted 

and resuspended in lysis buffer (20 mM Tris HCl pH 8, 137 mM NaCl, 10% 

glycerol, 1% NP40, 2 mM EDTA). 1mg of proteins was immunoprecipitated, 

utilizing 4 µg of PIN1 antibody. 50 µg of total lysate and IP proteins were run 

on 8% polyacrylamide gel and probed with pRb antibody (1:250). 

 

Far-western blot  

Detection of protein-protein interaction was done essentially as described [47] 

by far western blotting. Briefly, 3 mg of proteins from total cell lysate were 

immunoprecipitated with 3 µg of pRb antibody. The samples were run on 7% 

acrylamide gel and transferred on a nitrocellulose membrane. After 

separation on SDS-PAGE, the resulting proteins were denatured by SDS. To 

preserve an intact 3D structure comprising of a functional interaction site, the 

membrane was subjected to a denaturing/renaturing process. AC buffer (100 

mM NaCl, 20 mM Tris (pH 7.6), 0.5 mM EDTA, 10% glycerol, 0.1% Tween-

20, 2% skim milk powder and 1 mM DTT. These solutions should be freshly 

prepared.) with varying concentrations of Guanidine HCl was used: an initial 

incubation was done in AC buffer containing 6M of Guanidine-HCL for 30 min 

a room temperature. The membrane was then washed with the AC buffer 

containing 3M Guanidine-HCL for 30 min a RT. This was followed by washing 

with the AC buffer containing 0.1 and no Guanidine-HCl at 4ºC, for 30 min 

and 1 h, respectively.  The membrane was incubated with 5 µg of GST or 
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GST-PIN1 protein at 4ºC overnight. Finally, the membrane was probed with 

anti PIN1 antibody and anti-pRb antibody as control. 25 µg of total lysate 

were loaded on the gel and probed with anti-HSP70 to normalize. 

 

Kinase assay 

Detection of kinase activity was performed using Kinase Glo luminescence 

assay (Promega, Madison, WI, USA). 1 mg of protein from total cell lysate 

was immunoprecipitated with 1µg of CDK2, CDK4, CDK6 antibodies and 

rabbit polyclonal IgG (sc-66931, Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) as negative control. After overnight incubation at 4ºC, Protein A/G 

agarose beads (20421, Pierce, Rockford, IL 61105 USA) were added and 

after 3 hours washed three times with lysis buffer. Beads were resuspended 

in 10 µl kinase reaction buffer (40mM THCl, 20mM MgCl2, 0.1 mg/ml BSA, 

0.2mM, ATP, 2mM DTT) and incubated 30 minutes at RT with specific 

substrate (CDk4/6: p107 and CDK2: p53). The reaction was terminated by 

adding 10 µlADP-GLO reagent 40 minutes at RT and 10 µl kinase detection 

reagent 5 minutes at RT. 1µl from each experiment was loaded and analyzed 

by western blot with CDK specific antibodies. 
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Future aims and prospective 

The following future aims are designed to dissect the cooperation between 

PIN1 and RBf (pRb, Rb2/p130 and p107) in cancer development and to find 

which pathways cooperate with PIN1 in  tumorigenesis.  

AIM1. To dissect the molecular pathway of PIN1 and RBf interaction.  

We will: - map which domains are involved in the interaction, defining in which 

phase of the cell cycle PIN1 and RBf interact, which protein kinases and 

specific growth factor signalling are involved. - correlate the expression of 

PIN1 and phospho-RBf in human tissue microarray (TMA) by 

immunonohistochemistry. The planned experiments will shed light on the 

molecular complexity that regulates RBf protein phsphorylation and activity by 

PIN1.  

AIM2. To assess the in vivo cooperation between PIN1 and pRb in mouse 

models.  

We will test: - if PIN1 is a driver of oncogenesis through the RB pathway in 

vitro and in vivo by ectopic expression of PIN1 by lentiviral and transgenic 

mouse (PIN1TG) approaches. - if PIN1 is important for tumor progression by 

a defined p53/pRb loss tumor model in epithelia ovarian cells. These 

experiments will provide information on PIN1 in the tumorigenesis process.  

AIM3. To test new pathways that cooperates with PIN1 in oncogenesis 

utilizing a transposon-tagged insertional mutagenesis.  
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We will screen for genetic lesion that cooperate with PIN1 in the 

tumorigenesis process. PIN1TG will be crossed with transposon-tagged mice 

to discovery which pathways cooperate for tumor development. These 

experiments will provide new potential “druggable” targets to counteract the 

tumorigenesis process. 

The proposed aims will have a broad impact on the mechanism that governs 

cell cycle control. Since the fundamental concept of target therapy is based 

on an understanding of the mechanisms that regulate the molecular 

pathways, the project will start from the molecular analysis of PIN1 and pRb 

interaction to move forward utilizing the innovative approach of transposon-

tagged technology that will allow us to define new pathways that cooperate 

with PIN1 in tumorigenesis and discovery new players for target therapy. 



  70 

REFERENCES 

1.  Giordano, A., et al., A 60 kd cdc2associated polypeptide complexes with the 
E1A proteins in adenovirusinfected cells. Cell, 1989. 58(5): p. 981‐90. 

2.  Yeung, R.S.,  et  al., The  retinoblastomarelated  gene,  RB2, maps  to  human 
chromosome  16q12  and  rat  chromosome  19.  Oncogene,  1993.  8(12):  p. 
3465‐8. 

3.  Lu,  K.P.,  et  al.,  Prolyl  cistrans  isomerization  as  a  molecular  timer.  Nat 
Chem Biol, 2007. 3(10): p. 619‐29. 

4.  Lu, K.P.  and X.Z.  Zhou, The prolyl  isomerase PIN1:  a  pivotal  new  twist  in 
phosphorylation signalling and disease. Nat Rev Mol Cell Biol, 2007. 8(11): 
p. 904‐16. 

5.  Fujimori, F., et al., Mice lacking Pin1 develop normally, but are defective in 
entering cell cycle from G(0) arrest. Biochem Biophys Res Commun, 1999. 
265(3): p. 658‐63. 

6.  You, H., et al., IGF1 induces Pin1 expression in promoting cell cycle Sphase 
entry. J Cell Biochem, 2002. 84(2): p. 211‐6. 

7.  Joseph,  J.D., S.N. Daigle, and A.R. Means, PINA  is essential  for growth and 
positively  influences  NIMA  function  in  Aspergillus  nidulans.  J  Biol  Chem, 
2004. 279(31): p. 32373‐84. 

8.  Bao, L., et al., Prevalent overexpression of prolyl  isomerase Pin1  in human 
cancers. Am J Pathol, 2004. 164(5): p. 1727‐37. 

9.  Ayala, G., et al., The prolyl  isomerase Pin1  is a novel prognostic marker  in 
human prostate cancer. Cancer Res, 2003. 63(19): p. 6244‐51. 

10.  Yeh, E.S., B.O. Lew, and A.R. Means, The  loss of PIN1 deregulates cyclin E 
and sensitizes mouse embryo fibroblasts to genomic instability. J Biol Chem, 
2006. 281(1): p. 241‐51. 

11.  Yeh, E.S. and A.R. Means, PIN1, the cell cycle and cancer. Nat Rev Cancer, 
2007. 7(5): p. 381‐8. 

12.  Ding,  L.,  et  al.,  Somatic  mutations  affect  key  pathways  in  lung 
adenocarcinoma. Nature, 2008. 455(7216): p. 1069‐75. 

13.  Comprehensive  genomic  characterization  defines  human  glioblastoma 
genes and core pathways. Nature, 2008. 455(7216): p. 1061‐8. 

14.  Lu,  K.P.,  S.D.  Hanes,  and  T.  Hunter,  A  human  peptidylprolyl  isomerase 
essential for regulation of mitosis. Nature, 1996. 380(6574): p. 544‐7. 

15.  Shen, M.,  et  al., The essential mitotic peptidylprolyl  isomerase Pin1 binds 
and regulates mitosisspecific phosphoproteins. Genes Dev, 1998. 12(5): p. 
706‐20. 

16.  Messenger, M.M., et al., Interactions between protein kinase CK2 and Pin1. 
Evidence  for  phosphorylationdependent  interactions.  J  Biol  Chem,  2002. 
277(25): p. 23054‐64. 

17.  Campaner,  S.,  et  al., Sil  phosphorylation  in  a  Pin1  binding  domain  affects 
the  duration  of  the  spindle  checkpoint.  Mol  Cell  Biol,  2005.  25(15):  p. 
6660‐72. 



  71 

18.  Ryo,  A.,  et  al., PIN1  is  an  E2F  target  gene  essential  for  Neu/Rasinduced 
transformation of mammary epithelial cells. Mol Cell Biol, 2002. 22(15): p. 
5281‐95. 

19.  Liou,  Y.C.,  et  al.,  Loss  of  Pin1  function  in  the  mouse  causes  phenotypes 
resembling  cyclin  D1null  phenotypes.  Proc  Natl  Acad  Sci  U  S  A,  2002. 
99(3): p. 1335‐40. 

20.  Mayol, X., J. Garriga, and X. Grana, Cell cycledependent phosphorylation of 
the retinoblastomarelated protein p130. Oncogene, 1995. 11(4): p. 801‐8. 

21.  Garriga, J., et al., A dynamic equilibrium between CDKs and PP2A modulates 
phosphorylation of pRB, p107 and p130. Cell Cycle, 2004. 3(10): p. 1320‐
30. 

22.  Fire, A., et al., Potent and specific genetic  interference by doublestranded 
RNA in Caenorhabditis elegans. Nature, 1998. 391(6669): p. 806‐11. 

23.  Gerlier, D. and N. Thomasset, Use of MTT colorimetric assay to measure cell 
activation. J Immunol Methods, 1986. 94(1‐2): p. 57‐63. 

24.  Ryo, A.,  et  al., Stable  suppression  of  tumorigenicity  by Pin1targeted RNA 
interference in prostate cancer. Clin Cancer Res, 2005. 11(20): p. 7523‐31. 

25.  Gianni, M., et al., Inhibition of the peptidylprolylisomerase Pin1 enhances 
the  responses  of  acute  myeloid  leukemia  cells  to  retinoic  acid  via 
stabilization of RARalpha and PMLRARalpha. Cancer Res, 2009. 69(3): p. 
1016‐26. 

26.  Dannenberg,  J.H.,  et  al.,  Ablation  of  the  retinoblastoma  gene  family 
deregulates  G(1)  control  causing  immortalization  and  increased  cell 
turnover under growthrestricting conditions. Genes Dev, 2000. 14(23): p. 
3051‐64. 

27.  Sage,  J.,  et  al., Targeted  disruption  of  the  three  Rbrelated  genes  leads  to 
loss  of  G(1)  control  and  immortalization.  Genes  Dev,  2000.  14(23):  p. 
3037‐50. 

28.  Wulf,  G.M.,  et  al.,  Pin1  is  overexpressed  in  breast  cancer  and  cooperates 
with  Ras  signaling  in  increasing  the  transcriptional  activity  of  cJun 
towards cyclin D1. EMBO J, 2001. 20(13): p. 3459‐72. 

29.  Zhou,  W.,  et  al.,  Pin1  catalyzes  conformational  changes  of  Thr187  in 
p27Kip1 and mediates its stability through a polyubiquitination process. J 
Biol Chem, 2009. 

30.  Gallo, G. and A. Giordano, Are RB proteins a potential substrate of Pin1 in 
the regulation of the cell cycle? J Cell Physiol, 2005. 205(2): p. 176‐81. 

31.  Xu,  Y.X.,  et  al., Pin1 modulates  the  structure  and  function  of  human RNA 
polymerase II. Genes Dev, 2003. 17(22): p. 2765‐76. 

32.  Lu, P.J., et al., The prolyl isomerase Pin1 restores the function of Alzheimer
associated phosphorylated tau protein. Nature, 1999. 399(6738): p. 784‐8. 

33.  Knoepfler,  P.S., Myc  goes  global:  new  tricks  for  an  old  oncogene.  Cancer 
Res, 2007. 67(11): p. 5061‐3. 

34.  Dominguez‐Sola, D.,  et al., Nontranscriptional  control of DNA replication 
by cMyc. Nature, 2007. 448(7152): p. 445‐51. 

35.  Hennig,  L.,  et  al.,  Selective  inactivation  of  parvulinlike  peptidylprolyl 
cis/trans isomerases by juglone. Biochemistry, 1998. 37(17): p. 5953‐60. 



  72 

36.  Guo,  C.,  et  al.,  Structurebased  design  of  novel  human  Pin1  inhibitors  (I). 
Bioorg Med Chem Lett, 2009. 19(19): p. 5613‐6. 

37.  Zhang,  Y.,  et  al.,  Structural  basis  for  highaffinity  peptide  inhibition  of 
human Pin1. ACS Chem Biol, 2007. 2(5): p. 320‐8. 

38.  Wu,  B.,  et  al.,  Discovery  and  binding  studies  on  a  series  of  novel  Pin1 
ligands. Chem Biol Drug Des, 2009. 73(4): p. 369‐79. 

39.  Dong, L., et al., Structurebased design of novel human Pin1 inhibitors (II). 
Bioorg Med Chem Lett. 20(7): p. 2210‐4. 

40.  Liu, T., et al., Membrane permeable cyclic peptidyl inhibitors against human 
Peptidylprolyl Isomerase Pin1. J Med Chem. 53(6): p. 2494‐501. 

41.  Wulf,  G.,  et  al.,  Modeling  breast  cancer  in  vivo  and  ex  vivo  reveals  an 
essential role of Pin1 in tumorigenesis. EMBO J, 2004. 23(16): p. 3397‐407. 

42.  Takahashi, K., et al., Ablation of a peptidyl prolyl isomerase Pin1 from p53
null  mice  accelerated  thymic  hyperplasia  by  increasing  the  level  of  the 
intracellular form of Notch1. Oncogene, 2007. 26(26): p. 3835‐45. 

43.  Suizu,  F.,  et  al.,  Pin1  regulates  centrosome  duplication,  and  its 
overexpression  induces  centrosome  amplification,  chromosome  instability, 
and oncogenesis. Mol Cell Biol, 2006. 26(4): p. 1463‐79. 

44.  Balciunaite,  E.,  et  al.,  Pocket  protein  complexes  are  recruited  to  distinct 
targets in quiescent and proliferating cells. Mol Cell Biol, 2005. 25(18): p. 
8166‐78. 

45.  Dimri,  G.P.,  et  al.,  A  biomarker  that  identifies  senescent  human  cells  in 
culture and in aging skin in vivo. Proc Natl Acad Sci U S A, 1995. 92(20): p. 
9363‐7. 

46.  Rizzolio,  F.,  et  al.,  Highly  conserved  noncoding  sequences  and  the  18q 
critical  region  for  short  stature:  a  common  mechanism  of  disease?  PLoS 
One, 2008. 3(1): p. e1460. 

47.  Wu, Y., Q. Li, and X.Z. Chen, Detecting proteinprotein  interactions by Far 
western blotting. Nat Protoc, 2007. 2(12): p. 3278‐84. 

 
 


