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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 (PPlase) 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



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 GO 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:



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. 6¢).

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, TOPIlla. 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 GO 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)



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 | have acquired the necessary skills to become an expert
in cancer biology. | am very convinced that this training puts me at the
forefront of cancer biology research and will permit me to become a

productive scientist.



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, Whnt,
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
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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 govern many biological processes. In this review we 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

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
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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-Glstages, 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 Brgl 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.

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 during mid-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.

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 GO
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
etal., 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 GO, 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 GO 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; laquinta 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 MCE7 breast cancer cells. Only 4% of estrogen binding
sites mapped within 1kb promoter. By combining transcriptional
profiling arrays and chip-on-chip data, the authors demonstrated a
positive correlation between binding sites within 50kb of
transcription start site and gene expression activation [Carroll
et al., 2006]. Although the mechanism of action of ERa protein is cell
type specific, these results correlate with data obtained on c-Myc,
p53 and Spl 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 GO/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.

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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CDKl/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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Abstract: Cell cycle deregulation is one of the first steps that transform normal cells into tumor cells. CDKs are a family
of proteins devoted to controlling cell cycle entry, progression and exit. Studies from animal models show a tissue-
specific essentiality of the single CDKs. In cancer cells, mis-regulation of CDK function is a common event. For this
reason the pioneer compound Flavopiridol was developed and many new drugs are currently under development. ATP and
the last generation of non-ATP competitive inhibitors are now emerging as one of the most potentially powerful target
therapies. Many clinical trials are ongoing, as either a single agent or in combination with the classical cytotoxic agents.
In this review, we discuss new strategies and methods to design more potent, selective and specific CDK inhibitors,
starting from evidence emerging from animal and cancer cell models.

Keywords: CDK, kinase inhibitors, CDK clinical trials.

INTRODUCTION

Since the first discovery from Boveri and von
Hansemann in which bizarre chromosomes in cancer cells
were observed under the microscope [1, 2], the translocation
between chromosomes 9 and 22 (Philadelphia translocation)
in chronic myeloid leukemia [3], and the first naturally
occurring mutation in the HRAS gene [4, 5], the number of
new gene mutations discovered in cancer has dramatically
increased. Among them, driver mutations are causally
implicated in oncogenesis and confer growth advantages to
cancer cells. Ninety percent of known somatically mutated
cancer genes have a gain-of-function mutation and are
defined as oncogenes. Systematic sequencing of the cancer
genome showed that among oncogenes, a high number are
kinases and a wave of drug discoveries started to identify
new molecules with an anti-cancer inhibitory function [6].

The alteration of mechanisms that regulate cell cycle
control is a common feature of most cancer types. Since the
majority of somatic cells are quiescent, fine controls of cell
cycle re-entry, progression and control are fundamental for
the normal life of the cells [7, 8]. Fundamental to maintain-
ing the quiescent state is what is termed the “restriction
point” (R). The original definition was given by Arthur
Pardee [9], who described it as an event after which cells can
proliferate in the absence of a mitogenic signal. Thirty years
after it was first described, the term restriction point is now
known as the point that divides the early and late G1 cell
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cycle phases [10]. The pools of proteins that control this
mechanism are still not well-defined. However, one of the
major players is the RB gene family (pocket proteins) since
ablation of these proteins eliminates R [11, 12]. Once the
cells have left the G state, they enter the cell cycle. The two
basal steps of the cell cycle involve copying the genetic
material (S) and dividing the entire cellular component into
two identical daughter cells (M). The two other phases are
called the gap period (Gl and G2), in which the cells are
prepared for the S and M phases [13]. To ensure that
daughter cells acquire all the characteristics of their parental
cells, different checkpoints are in place, controlling each step
of cell cycle. CDKs are a family of proteins that control
many aspects of the cell cycle and their alterations are at the
core of different cancer types [10, 14].

Many reviews published in recent years focus on drugs
that target kinases in cancer [10, 15-18] and some of them
focus on CDK inhibitors. Among CDK inhibitors, the ATP
competitive inhibitors are the most discussed because
clinical trials are already in progress. More recently, new
CDK inhibitors that are non-ATP competitive inhibitors are
being reported and discussed. The majority of reviews are
written either from a biological or pharmacological point of
view, with the former focusing on in vitro and in vivo models
that are useful in understanding the role of CDKs in normal
and/or cancerous cells and the latter discussing the
mechanism of action and selectivity of the drugs on the
target kinases.

The present review highlights the most important and
newly identified inhibitors of CDKs, starting from the
animal models with a discussion on the mechanism of action
of various drugs and ending with clinical trials.

© 2010 Bentham Science Publishers Ltd.
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CDK-CYCLIN FUNCTION

Most of the attention in cell cycle research is now
focused on CDKs since this protein family controls most of
the steps of the cell cycle, either directly or indirectly [19,
20]. Progression of the eukaryotic cell throughout the four
phases of the cell cycle is mediated by sequential activation
and inhibition of CDKs. CDKs are a well-conserved family
of serine/threonine protein kinases whose activity is regu-
lated by different proteins. Their activation requires associa-
tion 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 [15, 16].

Cyclins are small proteins whose expression changes
during the cell cycle. Upon mitogenic stimulation, cyclin D1
associates with CDK4 and CDK6 during early Gl to
phosphorylate the pRb family of proteins. The cyclin D-
CDK complexes are crucial to coupling extracellular signals
to the cell cycle and for cell progression from Gy to G;. pRb
phosphorylation and its partial inactivation permits the
transcription of genes necessary for S-phase [21]. In late Gy,
after passing the restriction point (R-point), cyclin E acti-
vates CDK2 during the G1-S transition phase. The CDK2-
cyclin E complex phosphorylates the RB family and irrever-
sibly inactivates it, a step that is necessary in order to pass
the restriction point. In fact, mouse embryonic fibroblast
(MEF) triple knockouts of pocket proteins loose the
restriction point and proliferate in the absence of mitogenic
stimuli [11, 12]. CDK2-cyclin E is fundamental for DNA
replication and acts by recruiting MCM proteins to the
replication origins. During S phase, cyclin E is degraded by
proteasomes and CDK2 binds cyclin A to phosphorylate
many proteins necessary to complete and exit from S phase.
Cyclin A is able to bind CDK2 and CDKI in the G2-M
transition phase. The two complexes share many protein
targets but the specific role of each complex on common
targets during the G2-to-M-phase transition is not well
understood. After cyclin A degradation, CDK1 binds B-type
cyclins to trigger mitosis. More than 70 proteins are
phosphorylated by this complex, all of which participate in
different steps of mitosis from entry to progression and
finally to exit [22, 23].

CDK activity inhibition is mediated by the CDK-inhi-
bitory subunits (CKIs). In mammalian cells, two classes of
CKIs, the Cip/Kip and the Ink4 families, provide a tissue-
specific mechanism by which cell cycle progression can be
restrained in response to extracellular and intracellular sig-
nals. The Cip/Kip family includes p21Cipl, p27Kipl and
p57Kip2 and predominantly inhibits the CDKs of the G1-to-
S-phase transition [24]. The Ink4 (inhibitors of CDK4)
family contains four members, p15Ink4b, p16Ink4, p18Inkdc
and p19Ink4d, several of which are mutated or deleted in
certain types of human cancers.

In addition to interphase CDKs (CDK2, CDK4 and
CDKG6) and the mitotic CDK1, there are other CDKs that are
related to cell cycle control and cancer. Among them, CDK8
and CDK10 have recently been shown to contribute to colon
cancer by a mechanism involving gene amplification [25]
and resistance to endocrine therapy in breast cancer, respec-
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tively [26]. Moreover, antisense and dominant negative
CDK 10 mutants are able to arrest the cell in G2-M cell cycle
phase. Very recently, CDK9 and cyclin T1 complex (pTEFb)
has been shown to control the expression of Gl-specific
genes such as cyclin D1 and early transcription factors such
as c-Myc and JunB through interaction with BRD4 protein.
During the M-G1 transition, the pTEFb complex associates
with chromosomes to control the expression of specific cell
cycle regulatory genes, illustrating a new role for CDK9 in
cell cycle control [27].

IN VIVO LESSON

The unique role of each CDK complex has been derived
from cell culture studies. In mice, Cdk proteins have shown
some unexpected results [28]. The only Cdk that is essential
for the cell cycle is Cdkl [29]. Cdk1 knockout (KO) mice
die at the two-cell embryo stage. Triple knockout Cdk2,
Cdk4 and Cdk6 are able to develop until the mid-gestation
stage due to hematopoietic defects, suggesting that they are
not essential for basic cell cycle function [29]. More impor-
tantly, the analysis of single Cdk knockouts highlights the
specificity of each Cdk in different cell types. For instance,
Cdk4 is important for proliferation of pituitary lactotrophs
and pancreatic B-cells. Cdk4 homozygous mice result in
growth retardation defects, most probably a consequence of
deficiency in hormone production. MEF-/- cells proliferate
normally and show a delay in cell cycle entry. These data
highlight the importance of Cdk4 in the proliferation of
specific types of endocrine cells [30-33]. Cdk6 KO mice
have defects in the erythroid lineage with a decreased
number of red blood cells [34]. Double KO mice die at mid-
gestation due to a defect in the erythroid lineage that leads to
a severe anemia. But overall, cell proliferation and organo-
genesis are comparable to single knockout mice [34].

Surprisingly, Cdk2 is not important for mitotic cells but
has a fundamental role during meiotic division. In particular,
Cdk2 plays a role in chromosome pairing during meiotic
prophase [35, 36]. Double Cdk2/Cdk6 knockouts are viable
and have defects as single mutants [29]. These data suggest
that each Cdk cannot completely compensate each other. In
line with this evidence, elegant knock-in experiments in
which Cdk2 was inserted in the Cdkl locus, confirm that
Cdk1 has a unique role in cell proliferation and compen-
sation is not a common mechanism [37]. Despite the evolu-
tionary difference between human and yeast cells, these data
emphasize the fact that the basic aspects of the cell cycle are
not substantially different and only one Cdk (Cdkl) is
indispensable for the cell cycle.

Ablation of cyclins in mice, the Cdk activators, has
underlined the role of this protein family in cell cycle
control. Single cyclin D knockouts are viable and have
specific developmental defects. Cyclin D1 null mice have
reduced body size, hypoplastic retinas and neurological
defects. In addition, these mice failed to have mammary
gland proliferation during pregnancy. Cyclin D2 knockout
mice females are infertile. Oocyte maturation is unaffected
whereas granulosa cells do not proliferate after FSH
stimulation. Males are fertile but have hypoplastic testes and
a reduced sperm count. In the somatic tissues, the organs
affected in Cyclin D2 -/~ mice included b-lymphocytes,
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pancreatic B-cells and neurogenesis. Cyclin D3 null mice
have defects in the development of T-lymphocytes. Triple
cyclin knockouts have been generated. These animals show
specific defects in myocardial cells and hematopoietic stem
cells and die at mid-gestation [38]. These data suggest that
cyclin D proteins are not essential for basic cell cycle but
only for the development of specific organs.

Cyclin E1 and E2 mutant mice develop normally [39].
Only double knockout mice die at the E11.5 embryonic
stage, most likely due to defects in extra-embryonic tissues.
Since Cdk2 has no phenotype, these data suggest an extra
function for cyclin E not related to its Cdk2 protein partner.

The two cyclin as show a different expression profile.
Cyclin Al is germ cell-specific and knockout mice have
defects in spermatogenesis. The meiotic cells are blocked
before the first meiotic division. In the female, the ovary is
normal [40]. Cyclin A2 knockout mice are embryonically
lethal at E5.5 [41]. These results indicate that cyclin A2 is
not essential in early development at least until the blastocyst
stage. Other proteins, most likely cyclin B3, compensate for
the loss of cyclin A2.

The three cyclin Bs are important during mitosis. Cyclin
Bl and B2 form protein complexes with Cdkl, whereas
cyclin B3 is a partner of Cdk2. Cyclin Bl null mice die at
mid-gestation, where cyclin B2 null mice have no obvious
defects [42]. The differences can be ascribed to the pattern of
localization. Cyclin Bl translocates to the nucleus in G2
phase and is important for mitotic spindle assembly, chromo-
some condensation and nuclear envelope breakdown. Cyclin
B2 is localized in the cytoplasm, where it functions to
reorganize the Golgi apparatus during mitosis. No cyclin B3
null mice are available as of yet. From the expression
pattern, cyclin B3 could have a role in the testes and fetal
ovary.

These data illustrate the necessity to study the basis of
cell cycle machinery in a cell-specific context. Single and
combined mutant mice suggest that each CDK and cyclin
complex act at specific stages in development and in specific
cellular contexts. As such, in clinical practice, inhibitory
CDK drugs should be administered for specific cancers
where CDKs have been demonstrated to have a key role in
the oncogenic process. The point is to define whether normal
cells have the same requirements as cancer cells.

CDK-CYCLIN COMPLEXES IN CANCER

In most primary tumors, alterations of CDK-cyclin
complexes have been reported. One of the more frequently
altered is the CDK4-cyclin D1 complex. A CDK4 or cyclin
D1 mutation has been reported in breast, lung, pancreatic,
gastrointestinal, endometrial, bladder, bone marrow, head
and neck, lymphocytic, skin, liver, prostate, gonadal and
bone tumors and sarcoma. The first and one of the few
discovered point mutations of CDK4, Arg24Cys, was found
in melanoma patients and it is a mutation that abolishes the
binding of the INK4 inhibitor. CDK6 is mutated in a smaller
number of human cancers including, lymphomas, sarcomas
and gliomas. Overall, CDK4 is preferentially mutated in
epithelial tumors and CDK6 in mesenchymal tumors.
Although CDK2 is rarely mutated in cancer, the activator
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and inhibitor partners are frequently altered in cancer,
suggesting an involvement of CDK2 [16].

Different from knockout mice, the loss of specific Cdk-
cyclin complexes inhibits the proliferation of human cancer
cells [43]. For instance, CDK2 inhibition prevents the
proliferation of glioblastoma, non-small cell lung cancer, and
melanoma cells. On the other hand, CDK2 does not interfere
with several colon cancer cell lines [44, 45]. CDK4-cyclin
D1 affects proliferation in most cell types [46-50] and CDK6
appears more important for proliferation of hematopoietic
cells. Finally, CDK1 loss interferes with G2-M transition in
NCI_HI1299 and U20S cells and a compensatory
mechanism involving CDK2 could be hypothesized [51].

Mice with gain-of-function mutations of CDK or cyclin
partners are still lacking. A knock-in CDK4 line that expre-
sses the activating mutation Arg24Cys displays endocrine
neoplasia, epithelial hyperplasia (liver, breast and gut) and
sarcomas. Unlike in humans, melanoma is induced only after
treatments with skin carcinogens [52-54]. In line with the
evidence obtained from primary tumors, Cdk/cyclin loss in
mouse tumor models inhibits cancer development. Mam-
mary tissue expressing Erbb2 or Hras is resistant to form
tumors in CDK4 null background. Over-expression of Erbb2
in cyclin D1 KO mice is resistant to tumor formation. In the
skin, tumors induced by Myc are prevented if CDK4 is lost
but not cyclin D1 [55-58].

These results suggest that inhibition of CDK-cyclin
complexes may have a therapeutic benefit if tissue and
molecular alterations in specific tumors are taken into
account. At least in mice, and unlike tumor cell lines, normal
and tumor cells have specific sensitivity to each type of
CDK. This proves to be a key point necessary in designing a
therapeutic program.

ATP COMPETITIVE INHIBITORS IN CLINICAL
TRIALS

Genetic, epigenetic and gene expression studies have
suggested that CDK-cyclin pathways could be useful targets
in oncology. Many academic and private companies have
started developing drugs that target these pathways. Since
CDK activity is dependent on ATP binding molecules, most
of the current drugs are based on ATP competitive inhibitors.

At least eleven classes of CDK ATP competitive inhibi-
tors have been developed: Staurosporine, Flavonoid, Purine,
Indole, Pyridine, Pyrimidine, Indirubin, Pyrazole, Thiazole,
Paullone, and Hymenialdisine derivatives. None of these
compounds are commercially available; however, as shown
in Table 1, some of them are currently in phase I and II
clinical trials. Among the first discovered CDK inhibitors are
Flavopiridol and Roscovitine [59, 60]. Besides Flavopiridol
and Roscovitine, new molecules have been designed with the
final goal of obtaining more potent, specific and tolerable
ligands against specific CDKs. Some of them are already in
clinical trials.

Flavopiridol

Flavopiridol (Alvocidib) is a pan-CDK inhibitor that acts
on CDK1, 2, 4, 6, 7 and 9 at nanomolar concentrations. Acti-
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Table 1. CDK Inhibitors in Clinical Trials
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vity against Epidermal growth factor receptor tyrosine kinase
and protein kinase A has also been reported but at micro-
molar concentrations [61]. Recently, Flavopiridol was co-
crystallized and solved with CDK9-cyclin T1 at 2.8 A
resolution [62]. As shown in Fig. (1A), Flavopiridol is
almost entirely buried in the ATP-binding pocket, with only
a small part of its surface area exposed to the solvent. With
regard to the main interactions of Flavopiridol in the binding
site, there are hydrogen bonds from the flavopiridol O4
oxygen and OS5 hydroxyl to the hinge residues Cys106 and
Asp104 of CDK9. Furthermore, the protonated N1 atom of
the piperidinyl group interacts with Aspl167, and the O3
hydroxyl group interacts with Lys48 (see Fig. (1B)).

r "

Fig. (1). Flavopiridol (displayed as CPK) in the CDK9 binding site
(left) and a schematic representation of the main interactions of the
ligand in the binding site.

In 2008 Karaman and co-workers published a remarkable
paper in which they presented the interaction maps for 38
kinase inhibitors across a panel of 317 kinases representing
>50% of the predicted human protein kinome [63]. Flavo-
piridol was one of the tested compounds and the binding
assays revealed low selectivity for CDKs compared to the
others kinases. As shown in Table 2, Flavopiridol appeared
to possess a high nanomolar affinity for all the tested CDKs
and also for 25 other kinases. Moreover, beyond these
kinases, Flavopiridol possesses a Kd (dissociation constant)
affinity comprised between 1000 and 5000 nM for 37 other
kinases.

Many phase I and II clinical trials are described [64]. As
a single agent, phase II clinical trials were completed for
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Table 2. Binding Results (Kd in nM) of Flavopiridol Against 317 Kinases. All Affinity Results with a Kd <1000 nM are Reported.
(Data taken from Ref. [63])

Accession Number Kinase Target Kd (nM) Accession Number Kinase Target Kd (nM)
NP_001789.2 CDK2 550 NP_002084.2 GSK3B 730
NP_001249.1 CDK3 410 NP_006192.1 PCTK1 440
NP_004926.1 CDK5 110 NP_002586.2. PCTK2 480
NP_001790.1 CDK7 23 NP_036527.1 PFTK1 110
NP_001251.1 CDK8 120 NP_002639.1 PIMI 560
NP_001252.1 CDK9 6.4 NP_006866.2 PIM2 770
NP_055891.1 CDKI11 57 NP_001001852.1 PIM3 600
NP_004295.2 ALK 670 NP_006245.2 PRKCD 590
NP_115670.1 CAMKKI1 79 NP_005391.1 PRKCE 380
NP_006540.3 CAMKK2 430 NP_006246.2 PRKCH 350
NP_009105.1 CIT 110 NP_006248.1 PRKCQ 350
NP_004400.4 DMPK 650 NP_002733.2 PRKDI1 520
NP_004705.1 DYRKIB 84 NP_005804.1 PRKD3 170
NP_002740.2 ERKS 620 NP_002944.2 RPS6KAL 720
NP_620590.2 ERKS 330 NP_055311.1 RPS6KA6 800
NP_005246.1 GAK 370 NP_057062.1 TNNI3K 55

multiple myeloma [65], melanoma [66] and endometrial ade-
nocarcinoma [67] with discouraging results. Diarrhea and
myelosuppression activity were the major toxicities obser-
ved. More activity has been described in hematological mali-
gnancies and in combination with others drugs. A phase 1
study in chronic lymphophocytic leukemia (CLL) showed a
partial response in 40% of patients (n=52) with a progre-
ssion-free survival of 12 months [68]. In acute myelogenous
leukemia (AML) phase II clinical trials, Flavopiridol com-
bined with Cytarabine and Mitoxantrone drugs, gave a
complete response in 75% of patients [69].

Roscovitine

Roscovitine (Seliciclib) is a purine derivative that inhibits
CDK1, 2, 5, 7 and 9 in in vitro kinase assays at micromolar
concentrations [70]. However, this compound is one of the
38 kinase inhibitors tested by Karaman and co-workers
across a panel of 317 kinases [63, 71], with surprising
results. As illustrated in Table 3, with respect to Flavipiridol,
Roscovitine shows a higher degree of selectivity as it
possesses a fairly good Kd affinity (Kd <5 pM) for only 11
kinases. However, it was discovered from this analysis that
other than primary targets (CDK2, CDK5 and CDK9; CDK1
was not tested), Roscovitine possessed a higher affinity for
six off-target proteins and in particular it is about seven-fold
more active against delta and epsilon casein kinase 1.

X-ray structures of the complexes between Roscovitine
and CDK2 [71, 72] and CDKS, respectively [73], have been
reported. In both kinases, the purine ring is engaged in
identical interactions with the hinge region, namely Leu83
for CDK2 and Cys83 for CDKS5. The benzyl substituent

protrudes into a hydrophobic pocket lined by the conserved
Ile10 and Phe82 of the two CDKs, whereas the isopropyl

Table3. Binding Results (Kd in nM) of Roscovitine Against
317 Kinases. All Affinity Results with a Kd < 5000

nM are Reported. (Data Taken from Ref. [63])

Accession Number Kinase Target Kd (nM)
NP_001789.2 CDK2 3400
NP_004926.1 CDK5 1900
NP_001790.1 CDK7 1800
NP_004295.2 ALK 2300
AAA61480.1 CLK1 1200
NP_003984.2 CLK2 700
NP_620693.1 CSNKI1D 260
NP_001885.1 CSNKIE 320
NP_004375.2 CSNKI1G3 2900
NP_004705.1 DYRKIB 1100
NP_003309.2 TTK 1600

group of Roscovitine is inserted in a lipophilic pocket do-
main mainly delimited by the conserved residues Val64 and
Phe80 (see Fig. 2). The main difference in the interactions of
Roscovitine with regards to CDK2 and CDKS is the contact
with the 1-ethyl-2-hydroxy-ethylamino substituent. In the
CDK2 binding site, the hydroxyl group does not possess
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Fig. (2). Superimposition of Roscovitine complexed with CDK2 (black) and CDKS5 (white) and schematic representation of the main

interactions of Roscovitine in the binding site of CDK2 and CDKS5.

important interactions, the ethyl portion interacts with
Leul34 and Alal44 and a water molecule mediates the inte-
raction of the amine and heterocyclic nitrogen with Asp86.
In CDKS, the l-ethyl-2-hydroxy-ethylamino substituent is
rotated 180° and in this orientation, the hydroxyl group is
able to form H-bonds with Asp86 and GIn130 and the ethyl
group is engaged in hydrophobic interactions with Ile10 and
Vall8.

A phase I study of Roscovitine in combination with
cisplatin and gemcitabine was performed in 27 patients with
non-small cell lung cancer to determine the maximal tole-
rated dose and the safety thereof. Roscovitine was adminis-
tered for four days for six cycles. The dose limiting toxicity
(DLTs) consisted of Grade 3 elevation of liver enzymes,
nausea, vomiting, and transient hypokalemia. The maximum
tolerated dose (MTD) was Roscovitine 800 mg twice daily
with gemcitabine 1000 mg/m? and cisplatin 75 mg/m® [74].

A phase I study of Roscovitine in 21 patients with
malignant solid tumors has been completed. No significant
dose toxicity was observed until the 200 mg dose level was
reached. At the maximum tolerated dose (800 mg/m’ twice
daily given for seven days every three weeks), the common
side effects were hypokalemia, hyponatremia, hypergly-
cemia, elevated gamma-glutamyl transpeptidase and skin
rash. In another phase I study, vomiting, skin rash and hypo-
kalemia were reported [75]. The DLTs were hypokalemia,
rash and fatigue. No objective responses were reported, but
disease stabilization occurred in eight patients [76].

A phase II study of Roscovitine as a single agent in non-
small cell lung cancer (NSCLC) patients has been closed. No
data have yet been reported.

BMS-387032

BMS-387032 (SNS-032) is a thiazole derivative with a
reported activity against CDK1, 2, 4, 7, 9 lower than 1000
nM [77]. The lowest ICsy is reported with CDK9 (4 nM) and
on a panel of 190 human kinases, it has been shown to
inhibit only GSK3a and GSK3p with a ICsy lower than 1000
nM. However, as shown in Table 4, the work developed by
Karaman and co-workers across the panel of 317 kinases
[63] highlights that beyond the above-mentioned kinases,
SNS-032 showed a nanomolar binding affinity for 20 other
kinases. With respect to the primary targets CDK2, 7 and 9,
SNS-032 possesses a high affinity for CDK3 and the
PCTAIRE protein kinases 1, 2 and 3.

Table 4. Binding Results (Kd in nM) of SNS-032 Againsts 317
Kinases. All Affinity Results with a Kd < 1000 nM
are Reported. (Data Taken from Ref. [63])
Accession Kinase Kd Accession Kinase Kd
Number Target (nM) Number Target | (nM)
NP_277023.1 | CDC2L1 98 NP_002739.1 ERK3 500
NP_076916.1 | CDC2L2 48 NP_002740.2 ERKS 650
NP_055891.1 CDKI11 950 NP_620590.2 ERKS 120
NP_001789.2 CDK2 69 NP_063937.2 | GSK3A 28
NP_001249.1 CDK3 56 NP_002084.2 | GSK3B 37
NP_004926.1 CDK35 740 NP_149109.1 | MYLK2 980
NP_001790.1 CDK7 31 NP_006192.1 PCTK1 7.1
NP_001252.1 CDK9 76 NP_002586.2. | PCTK2 13
AAA61480.1 CLK1 410 NP_002587.2 PCTK3 44
NP_065717.1 CLK4 800 NP_036527.1 PFTK1 690
NP_001885.1 | CSNKIE 950 NP_005804.1 PRKD3 750
NP_004751.2 DRAKI1 440 NP_056505.1 STK36 260
NP_004705.1 | DYRKIB | 200

The three-dimensional X-ray structure of SNS-032 in
complex with CDK?2 [78] shows that the ¢-butyl oxazole ring
is directed toward the ribose pocket without hydrogen bonds
between the oxazole ring and the protein. The piperidinyl
ring extends toward the external side of the protein whereas
both the thiazole nitrogen and exocyclic amide proton form
important H-bonds with the backbone of Leu83 (see Fig. 3).

In agreement with the inhibitory activity against CDKs,
the compound inhibits cell cycle progression and transcrip-
tion. A phase I clinical trial to treat selected advanced solid
tumors and advanced B-lymphoid malignancies is ongoing.
A phase I study in metastatic refractory solid tumors was
discontinued due to a change in portfolio priorities from the
sponsor. Partial results showed that the ligand could be well
tolerated with the only minor adverse events such as fatigue
and nausea. Average oral bioavailability is 19%, suggesting
that continuing studies could be useful to test the efficacy of
this ligand [77, 79].
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Fig. (3). Schematic representation of the main interactions of BMS-
387032 in the binding site of CDK2.

L134

AT7519

AT7519 was derived from a fragment-based X-ray crys-
tallographic screening to detect small molecules that interact
with CDK2, followed by lead optimization [80]. The com-
pound is shown to inhibit CDK1, 2, 4, 5, 6 and 9 in vitro
with a concentration range from 10 to 210 nM (ICs) [81].
The compound showed minor potency on CDK3, 7 and
GSK3P. Tests on 23 other kinases showed an ICs, greater
than 10000 nM (see Table 5).

Table5. Binding Results (ICso in nM) of AT7519 Against 32
Kinases. All Affinity Results with a ICsy < 1000 nM
are Reported. (Data Taken from Ref. [81])

Accession Number Kinase Target ICsp (nM)
NP_001777.1 CDK1 210
NP_001789.2 CDK2 47
NP_001249.1 CDK3 360

NP_000066 CDK4 100
NP_004926.1 CDK35 13
NP_001138778 CDK6 170
NP_001790.1 CDK7 2400
NP_001252.1 CDK9 <10
NP_002084.2 GSK3B 89

X-ray structure of the CDK2-AT7519 complex reveals
that the pyrazole ring and the 6-amide nitrogen forms H-
bonds with the backbone of Glu81 and Leu83 and the
carbonyl of the 4-benzamide group interacts with the
backbone of Aspl45. Finally, the piperidinyl ring creates an
H-bond with the backbone of His84 (see Fig. 4).

A phase I clinical trial is currently recruiting patients.
The aim is to identify the efficacy of this new compound in
advanced or metastatic solid tumors or refractory non-
Hodgkin's lymphoma [82].

AT7519 inhibits cellular proliferation in 26 tumor cells
from 40 to 920 nM and is p53- and Rb- independent. Interes-
tingly, no activity is reported in non-proliferating fibroblasts.
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Fluorescent-activated cell sorting (FACS) analysis, tunnel
and colony formation assays have shown an induction of
apoptosis. The antitumor properties have also been verified
in early and late stages of HCT116 colon carcinoma tumor
xenograft mouse model. More importantly, compared to
other previously published drugs such as Flavopiridol and
more newly discovered compounds such as R547 and P276-
00, AT7519 is able to cause regression of subcutaneous
tumors [81].
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Fig. (4). Schematic representation of the main interactions of
AT7519 in the binding site of CDK2.

P276-00

P276-00 was generated from an anticancer drug scree-
ning against CDK4 activity [83]. As reported in Table 6, on
a panel of 14 kinases, this compound yielded a nanomolar
activity in CDK4-D1, CDKI-B, CDK2-A, CDK6-D3, and
CDKO-T1 enzyme assays and a low micromolar activity in
the CDK7-H and GSK3p assays.

Table 6. Binding Results (ICsy in nM) of P276-00 Against 14
Kinases. All Affinity Results with a ICso < 5000 nM

are Reported. (Data Taken from Ref. [83])

Kinase Target 1Csp (nM)
CDKI1-B 79
CDK2-E 2540
CDK2-A 224

CDK4-D1 63
CDK6-D3 396
CDK7-H 2870
CDK9-T1 20
GSK3B 2771

A phase I clinical trial has been completed in patients
with advanced refractory neoplasms. A phase II study has
begun for the treatment of recurrent and/or locally advanced
head and neck cancers and relapsed and/or refractory Mantle
cell lymphoma [83]. In vitro studies show that the compound
inhibits proliferation of 12 tumor cell line panels between the
300-800 nM range and is inactive on normal fibroblasts. In
HL60 cells, P276-00-activated apoptotic signals are
measured with caspase 3 activity and DNA fragmentation
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experiments. /n vivo studies of P276-00 have shown a tumor
volume decrease by >70% in MMI1.S plasmacytomas [84],
CA-51, Lewis lung sarcoma, HCT116 and H-460 [83] tumor
xenograft mouse models.

R547

R547 is a dyaminopyrimidine derivative that shows a
sub-nanomolar inhibitory activity for CDK1, 2, 3, 5 and a
nanomolar activity for CDK6 and CDK?7. Furthermore, this
compound was tested on a panel of 115 other kinases and it
proved to be very selective. It has an ICs activity lower than
5 uM only for GSK3a and GSK3p [85]. X-ray structure of
the R547-CDK2 complex [86] shows that the diamino-
pyrimidine core forms two hydrogen bonds with the back-
bone of Glu81 and Leu83. The sulfonamide group gives both
direct and water-mediated hydrogen bonds with Asp86,
Lys89, and the backbone of His84. The 2,6 difluoro ring is
located in a hydrophobic pocket near Phe80 and the alkyl
chain of Lys33 (see Fig. 5).
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Fig. (5). Schematic representation of the main interactions of R547
in the binding site of CDK2.

This compound is currently in phase I clinical trial in
patients with advanced solid tumors [87]. In vitro studies
demonstrate R547 to be a potent inhibitor of cell proli-
feration in 19 cell lines irrespective of p53, pRb and multi-
drug resistance status. The compound induces G1 and G2
cell cycle block followed by apoptosis, with the dose
concentration ranging from 0.05 to 0.6 uM.

PD 0332991

PD 0332991 is a complete inhibitor of CDK4 and 6
activities with ICsy values < 15 nM. Within a panel of
enzymes, PD 0332991 exhibits selectivity for CDK4/6 with
little or no activity against 36 additional protein kinases
including CDKI1, 2, and 5 and a variety of tyrosine and
serine threonine kinases [88].

The low resolution X-ray structure of the CDKG6-
PDO0332991 complex [89] suggests the presence of three
hydrogen bonds between the ligand and the protein. As
shown in Fig. (6), there are hydrogen bonds between the
ligand and the backbone of Vall01 of CDKG6 that correspond
to Leu83 of CDK2. Moreover, there is an additional hydro-
gen bond between the acetyl group and the backbone of
Aspl63. The cyclopentyl substituent is closely bound to
what it is supposed binding from the ribose of the natural
ligand ATP. The C5 and C6 substituents are positioned in
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the pocket in front of the gatekeeper residue Phe98 with the
piperazinylpyridine substituent pointing out from the binding
pocket near Thr107.
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Fig. (6). Schematic representation of the main interactions of PD
0332991 in the binding site of CDK6.

In support of its CDK4/6 activity, the compound shows
proliferation inhibition only in pRb- positive cells. The cells
are blocked in G1 phase with pRb hypophosphorylated. Oral
administration in tumor xenograft mouse models results in
tumor regression and no resistance occurs. Several clinical
trials are ongoing. A phase I dose escalation trial of PD
0332991 administered daily as an oral single agent was
conducted in 57 patients with breast, colorectal, liposarcoma,
and melanoma tumors. A dose escalation from 25 mg to 150
mg QD was administered for 21 days in 28-day cycles. Six
patients manifested stable disease for 10 cycles and three
patients for 20 cycles. The most common adverse events
were neutropenia, anemia, fatigue, nausea, constipation,
vomiting and diarrhea [90]. Clinical trials on Mantle cell
lymphoma and Non-Hodgkin Lymphoma in combination
with the proteasome inhibitor, bortemizib, in multiple
myeloma is ongoing.

SCH 727965

SCH 727965 is a pyrazolo[1,5-a]pyrimidine derivative
that selectively inhibits CDK1, 2, 5 and 9 with an 1Csy of <
S5nM. SCH 727965 induces apoptosis in >100 tumor cell
lines and results in tumor growth inhibition or regression in
multiple xenograft models. In a phase I clinical trial, 23
subjects with advance malignancies were treated at doses
from 1.85 to 58 mg/mz. SCH 727965 is safe and well-
tolerated at dose levels below the maximum administered
dose of 58 mg/m’. The most common adverse events were
nausea/vomiting, diarrhea, neutropenia, and fatigue [91]. In
another clinical study, 43 patients with advanced malignan-
cies showed that SCH727965 was safe and well-tolerated at
the recommended phase 2 dose of 12 mg/mz. No objective
responses by Response Evaluation Criteria in Solid Tumors
(RECIST) have yet been observed [92]. A phase II clinical
trial in breast and lung cancer patients is presently compa-
ring the efficacy of SCH727965 with Capacitabine and
Erlotinib. A phase II clinical trial in patients with acute mye-
logenous leukemia and patients with acute lymphoblastic
leukemia (ALL) is currently starting.
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NON-ATP COMPETITIVE INHIBITORS

The major problems related to the ATP competitive
inhibitors are the high homologies between ATP binding
sites among all the protein kinases in the cells. For these
reasons, most of these drugs have off-target effects that
eventually would limit the dosage and its efficacy. One
alternative strategy recently developed is based on non-ATP
competitive inhibitors that inhibit kinase substrates and
regulatory binding sites. The docking sites and binding
interactions are usually different among different protein
regulators. In this case, there are many opportunities to
develop competitive inhibitors with a high specificity [18,
64]. Starting from this point, our group along with others
have developed new small molecules that have a great
potential for clinical applications and some have already
demonstrated preclinical efficacy. These new compounds
can be classified as a) inhibitor derivates from CDK
substrates, b) inhibitors of CDK/cyclin complexes, and c)
inhibitors of the cyclin binding groove.

Inhibitor Derivates from CDK Substrates

One of the forerunner peptides of this class of new
inhibitors was developed in our laboratory [93]. Based on the
amino acid sequences that mediate the interaction between
pRb2/p130 and CDK2/cyclin A complexes, a peptide of 39
residues was designed (spa310) that is able to inhibit the
activity of the CDK2 protein. Since the interaction between
pRb2/p130 with cyclinA is mediated by the spacer region,
the domain was divided into three domains (Spa A, B and
C). Only the Spa A domain, from a.a. 616 to 828, is able to
inhibit the activity of CDK2 from interacting with its subs-
trate, histone H1. Subsequent deletion mutants identify a
minimal region between a.a. 641 and 679 that retains the
ability to inhibit CDK2 activity. Surprisingly, this peptide
excludes the canonical RXL motif (a.a. 680-682), suggesting
the peptide does not play a key role in cyclin A interaction.
Given that, a peptide from a.a. 641 to 673 has no inhibitory
effect on CDK2 activity. These results suggest that amino
acids from 673 to 679 are important for the stabilization and
inhibitory action of spa310. Transfection experiments in
NIH3T3 cells have demonstrated a nuclear and cytoplas-
matic localization of the peptides and their ability to inhibit
endogeneous CDK2 activity on histone H1. More importan-
tly, spa310 is able to reduce the cellular proliferation of
NIH3T3 cells by about 60% as demonstrated by colony
formation assays. This ability is retained in vivo in an A549
xenograft mouse model. Three- to four-fold tumor volume
reduction was observed when the spa310 peptide was
injected into the mice every four days [93]. Starting from
crystallographic data of the CDK2-cyclinA heterodimer
complexed with a peptide developed from the p107 protein,
a computer-based model was generated for the pRb2/p130
peptide (a.a. 641-649) and CDK2-cyclinA complex. It is
important to note that the C-terminal domain of the peptide
is likely to interfere with the CDK2 catalytic site and/or
CDK2-cyclin A interaction [94].

Another important target of the CDK family, in particular
CDKI1 and 2, is the tumor suppressor gene p53. A peptide
intended to interact with the CDK2 tetramerization docking
site has been designed. A 20 mer peptide named CIP is able
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to inhibit the p53 phosphorylation mediated by CDK2 and
induce cell death in A375 melanoma cells [71, 95].

Inhibitors of CDK/Cyclin Complexes

The crystal structure of the CDK2-cyclin A complex has
shown that different interactions are necessary to activate the
substrate binding site, in particular the PSTAIRE helix of
CDK2 associated with the a3 and oS5 helix of cyclin A
followed by CDK2 T loop exposure and phosphorylation by
the CAK complex [96-99]. A a5 peptide (C4) bearing a
point mutation E295A that improves solubility has been
designed. It is highly specific for CDK2/cyclin A/E
(IC5p<2uM) and does not affect CDK1-cyclin B, PKA and
PKB protein kinases. The peptide is able to interact only
with CDK2-cyclin A in a complex as demonstrated by
Surface Plasmon Resonance. These results suggest that the
peptide is able to block the complex in an inactive form
[100, 101].

A different approach starting from the screening of
combinatorial libraries led to the discovery of a new
hexapeptide, NBI1, that is able to compete for the binding of
cyclin A to CDK2. ICs, values show a specificity for CDK2-
cyclin A, CDKl-cyclin Bl and CDK6-cyclin D3 with a
reduced activity on other kinase families. Studies in cell
culture have confirmed that a derivative, TAT-NBII, is able
to inhibit HCT116 proliferation of asynchronous cells in S
phase and synchronized cells in S and G2/M [102].

Inhibitors of the Cyclin Binding Groove

Many CDK binding proteins such as E2F1, p21 and p27
share a recognition site. A pioneer peptide derived from the
E2F1 protein was able to inhibit the phosphorylation of its
pRb substrate [103]. This discovery led other groups to
investigate how p21 and p27 inhibitors block the func-
tionality of CDK-cyclin complexes. The p21 inhibitor is able
to compete with the kinase substrate to the cyclin substrate
recruitment site (CRB). An octapeptide that mimics p21 is
able to inhibit kinase activity [104-106]. A drug pipeline is
now under development based on this mechanism. Starting
from the lead octapeptide, a lower molecular weight peptide,
Compound 2, was developed. Truncation of the C-terminal
along with side-chain optimization, the addition of natural
and unnatural amino acids, and rigidification have improved
the efficacy of the compound [107].

NEXT STEPS

Since the first discovery of the importance of CDK1 in
driving cell cycle in Xenopous Laevis and Saccharomyces
cerevisiae, significant progress has been made to understand
the finely controlled process of cell cycle regulation. Starting
from analyses using mice tumor models, it is now clear that a
major effort should be made to develop more preclinical
models based on CDKs or their modulators. Conditional
tissue-specific expression should be tested to clarify the
contribution of a single CDK in each tumor type [108]. Until
now, it has not been clear whether inhibition of CDK activity
has had a benefit in cancer therapy and single agent use or in
combination with conventional chemotherapy drugs should
be tested utilizing the results obtained from animal models.
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From a pharmaceutical point of view, ATP competitive
inhibitors are the primary choice for use in designing new
target drugs. Nevertheless, these compounds have multiple
targets and undesirable side effects are to be expected. The
ability to selectively target a specific protein kinase impli-
cated in tumorigenesis while not affecting those involved in
normal physiological processes remains the key to optimi-
zing CDKs as therapeutic agents. From this point of view,
the development of CDK inhibitors that interact in non-ATP
binding sites is a promising approach. The described
protein—protein interactions involved in kinase regulation
and substrate recognition offer the potential for this selec-
tivity and also avoid decreased efficacy as a result of
competition with high intracellular ATP concentrations. The
reported examples for CDK inhibition are encouraging
proofs of the movement toward this trend. However, in our
opinion, the development of new non-ATP competitive
inhibitors has been delayed by the lack of experimental data
on CDKs and their protein partners. We expect that in the
coming years, the development of new non-ATP competitive
CDK inhibitors will increase significantly with new experi-
mental discoveries that better clarify the interactions of
CDKs with kinase substrates and regulatory proteins.
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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 (PPlase) 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 PPlase domain (amino acids 45-163). The WW domain binds only to
specific pSer/Thr-Pro-motifs and the PPlase 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 GO 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 GO 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.

31



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 RNAIi 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 Il or pol Ill 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

34



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 GO 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 GO/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 ug of protein was loaded and analyzed by western blot with PIN1 specific
antibodies. The samples were normalized with an a-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 p-galactosidase method. f-galactosidase is

a hydrolase enzyme highly expressed and accumulated in lysosomes in
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senescent cells and is able to hydrolyze B-D-galactosides. Senescence-
associated p-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 uM doxorubicin for 18 hours.
The y axis shows the total value of RLU per second. b) p-galactosidase staining showed no

difference between scrambled and PIN1kd cells.

39



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 GO and G1/S transition cell
cycle phase. Cells were synchronized in GO 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 1TmM ATP in a linear range. As shown in fig. 4d,

PIN1 kd cells have similar CDK activity to scrambled cells.
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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 ug of
protein was loaded in each lane and analyzed by western blot with specific antibodies as
specified on the left. (As) asynchronous, GO and G1/S cell cycle phases. c) A representative
example of T98G normal cells synchronized in GO 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 GO and G1. Western blot
analysis confirmed that no difference in total pRb was detectable in
asynchronous, GO 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 ug of protein was analyzed using a
western blot analysis with pRb and pRbser780 phospho-specific antibodies. (p)

phosphorylation. The membrane was normalized with a-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. 6¢ 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. 6¢).
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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. (1) 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. a-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. a-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 ug 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 ug of protein were
loaded and analyzed by western blot with pRb and PIN1 specific antibodies. The samples
were normalized with a-tubulin antibody. b) Cell proliferation was assessed by XTT assay. All
the cells were normalized to control cells. ¢) 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.
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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.
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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.
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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 GO, 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 °C, 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 GO 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 yM 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,
1x10° 293FT cells (Invitrogen Corp, Carlsbad, CA, USA) were transfected
with 2.25 ug of PAX2 packaging plasmid, 0.75 pg of PMD2G envelop plasmid
and 3ug of pLKO.1 hairpin vector utilizing 30 pl of Fugene HD (Roche Applied
Science, Indianapolis, IN, USA) in 10 cm plate. The lentivirus were collected
and filtered (45um) after 48 hours. 2.5x10° 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 pg/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), CDK®6 (sc-
177), GST (sc-459) from Santa Cruz Biotechnology, Santa Cruz, CA, USA; a-
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 °C 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 °C 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 Il
(XTT, Roche Diagnostic, Basel, Switzerland). Briefly, 2x10° 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. 2x10° 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. 10ug/10pl
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of proteins were incubated with 10 pl 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 37°C (no CO;) with fresh

senescence associated p-Gal (SA-B-Gal) stain solution:

- 1mg of 5-bromo-4-chloro-3-indolyl B-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 NacCl

- 2mM MgCl,

Staining was evident after 12-16 hr. To detect lysosomal B-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 ug of total RNA was reverse
transcribed in a 20 pl 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 EcoRlI
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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 NacCl,
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 °C. 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 °C.

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-HCI, 0.01M NaCl, 0.003M MgClI2, 0.03M Sucrose, 0.5%
NP40) to prepare the cytoplasmatic fraction. Afterwards, nuclei were pelleted
and resuspended in lysis buffer (20 mM Tris HCI pH 8, 137 mM NaCl, 10%
glycerol, 1% NP40, 2 mM EDTA). 1mg of proteins was immunoprecipitated,
utilizing 4 ug of PIN1 antibody. 50 ug 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 ug 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 HCI 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-HCI at 4°C, for 30 min

and 1 h, respectively. The membrane was incubated with 5 ug of GST or
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GST-PIN1 protein at 4°C overnight. Finally, the membrane was probed with
anti PIN1 antibody and anti-pRb antibody as control. 25 ug 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 1ug of CDK2, CDK4, CDKG6 antibodies and
rabbit polyclonal IgG (sc-66931, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) as negative control. After overnight incubation at 4°C, 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 ul kinase reaction buffer (40mM THCI, 20mM MgCI2, 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 ulADP-GLO reagent 40 minutes at RT and 10 ul kinase detection
reagent 5 minutes at RT. 1ul 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.
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