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ABSTRACT

Today, cancer is a human tragedy that kills thediof our beloved people. Cancer in which cell mug of cells
display uncontrolled growth, invasion and metastaém normal condition, Cell division and death pesses are
equilibrated to keep tissues at the steady stade.sbme adult cell renewal is either fast i.e. legiial, endothelial
and certain white blood cells or low i.e. healtlwel cells rarely die and in the adult brain theisea slow loss of
cells with little or no replacement. Cell divisigga highly organized process since accurate reiutaof the cell
cycle is essential for normal cell growth and depehent. CDKs are classic Ser/Thr kinase with mdéeoneight
of 30-40 KDa. Displaying 11 sub domains shared ddiyarotein kinases. Phosphorylation of serine,&dnine and
tyrosine residue represents one of the most conpoetitranslational mechanisms used by cells to legutheir
enzymatic and their structural proteins. This rewis carried out on natural plant product (R) — Rogitine which
shows inhibitions of CDK activity. It will help toatural product chemist for finding out other soescof (R) -
Roscovitine from nature, for chemist to determiagious routes of its synthesis its analogues andlicneal
chemist/pharmacist to determine its effect towarttier CDKs and its pharmacokinetics properties.

Keywords: Plant derived anti-cancer agent, CDKs (cyclin delemt kinase), PDXK (pyridoxal kinase), pRB
(retino blastoma protein), and Cell cycle.

INTRODUCTION

Cyclin-dependent kinases (CDKs) are a family oft@irokinases first discovered for their role inuksging the cell
cycle. They are also involved in regulating traim@n, mRNA processing, and the differentiationnafrve cells
[1]. They are present in all known eukaryotes, #&ir regulatory function in the cell cycle has hewolutionarily
conserved. In fact, yeast cells can proliferatenaily when their CDK gene has been replaced wighhittimologous
human gene [1] [2]. CDKs are relatively small phase with molecular weights ranging from 34 to 4Dak and
contain little more than the kinase domain [1]. @sfinition, a CDK binds a regulatory protein calladcyclin.
Without cyclin, CDK has little kinase activity; onlthe cyclin-CDK complex is an active kinase. CDKs
phosphorylate their substrates on serines andrhres, so they are serine-threonine kinases [1¢ ddnsensus
sequence for the phosphorylation site in the araiid sequence of a CDK substrate is [S/T*|PX[KARhere S/T*
is the phosphorylated serine or threonine, P idingo X is any amino acid, K is lysine, and R igjiame
[1].Cancer is a class of diseases in which a oelly group of cells display uncontrolled growthv{glion beyond the
normal limits), invasion (intrusion on and destiotof adjacent tissues), and sometimes metagtasisad to other
locations in the body via lymph or blood). Theseesthmalignant properties of cancers differentisient from
benign tumors, which are self-limited, and do notade or metastasize. Most cancers form a tumosbute,
like leukemia, do not. The branch of medicine coned with the study, diagnosis, treatment, and gmgon of
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cancer is oncology. Cancer affects people at & agth the risk for most types increasing with.dgeaused about
13% of all human deaths in 2007(7.6 million) [3].[4

Plant product as the source of anti cancer-agents

Natural products continue to be a major source ldrmaceuticals and for the discovery of new mobacul
structures [5]. Various plant products like alkdki terpenes, sterols, flavanoids, lignans, sagoruzssinoids,
Ansa Macrolides, Antipyrazoles, Essential oils afidcelleneous compounds [6].Many of the claims déficacy
in the treatment of cancer, however, should be gtewith some skepticims because cancer, as a gpdigéase
entity, is likely to be poorly defined in terms fuflklore and traditional medicines. Natural plambgucts have
been used for the treatment of different diseasethbusands of years. Plants have been used @ablaimedicines
in India, China, Egypt and Greece from ancient tiane effective number of modern drugs has beenldese
from them. The first written records on the medatinses of plants appeared in about 2600 BC frarStmerians
and Akkaidians. The “Ebers Papyrus”, the best kn&gyptian pharmaceutical record, which documentest 300
drugs, represents the history of Egyptian medidaged from 1500 BC. The Chinese Materia Medica, dvhi
describes more than 600 medicinal plants, has ime#irdocumented with the first record dating froboat 1100
BC. Documentation of the Ayurvedic system recordte@ustra and Charaka Dates from about 10001 B@. Th
Greek physician described in his work “De matekiiddiaca” more than 600 medicinal plants. The Waikhlth
Organization estimates that approximately 80% efworld’s inhibites rely on tradicinal medicinakfiheir primary
health care. Cancer is a human tragedy that stakeskills the lives of our beloved people in depsd and
developing countries. It was estimated that thezeewl0.9 million people’s new cases, 6.7 millioattie and 24.6
million persons living with cancer around the woitd2002. Thus, nature origin is defined as natpraiducts,
derivatives of natural products or synthetic pharewutical based on natural product models [7].

2.1. Extraction protocol of anti-cancer agents fronplant specimens

To achieve anticancer agents from plant it musexteacted, concentrated and preserved during stonatiout
being altered through the processes. Then theseichléy complex matrix of an extract and availafile detection
by bioassay [7]. The scheme for production of pkatitacts for Biological Active Molecules as sholalow figure

Collection of Plant specimens

{1}.

Grinding of Plant specimens

Extraction of Plant specimens.

1) Extraction with organic

Removal of solvent by Ewaporation —_— e e e
‘Organic solvent scoluble plant Extract 2) Extraction With Water [ Removal of selvent by Freeze Drying
ig] : ving

HighVacowm Drving. JOB  woign: IO Giauscinble plan: Extace

Micro Plate Production
Evaluation of Biclogical activity

Figure {1}.The scheme for production of plant extrats for Biological Active Molecules.

3.0. Discovery and synthesis of (R) - Roscovitine
Several plant derived natural products leads tb @gtle modulators i.e. Roscovitine which is dedvfom
olomoucine, originally isolated from the cotylen@srof the Radish, Raphanus stavivus L. (Brassiea¢8h

3.1 Synthesis of (R) — Roscovitine

(R)-Roscovitine is synthesised by a simple andpeasive three-step procedure, starting from coroialéy
available 2, 6-dichloropurine (figure 2). The ovkerdeld is 50%. The reactive 6-chloro is first stituted by
benzylamine upon heating in butanol. Alkylationtw-bromo or 2- iodopropane, using@0O; as a base, is then
achieved at 20°C in DMSO. Finally, the less reacfvchloro is displaced upon heating with (R)-2+odbutan-1-
ol.This last step is improved when DMSO is used aslvent. The first two steps of the synthesis lmaswitched
(route B). However, alkylation of 2, 6-dichloropoei leads to the formation of a mixture (82/18) loé t9/7
regioisomers which need to be separated by columontatography [8].
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Figure 2. Chemical Synthesis of (R) - Roscovitine.

3.2 Physiochemical Properties of (R) — Roscovitine
The physiochemical properties of (R)-roscovitine sinown in the following tablel. [10]

Table 1
Sr. No. | Properties Functions
1. Chemical Names 2-(1-ethyl-2-hydroxyethylaminedeizylamino-9 isopropylpurine. 1-butanol, 2-[]
(1-methylethyl)-6-[(phenylmethyl)amino]-9H-purin-fgmino], (2R)- ( R )-2-(6-
benzylamino-9-isopropyl-9H-purin-2-ylamino)-butaroll
2. Other Names (R) —Roscovitine, CYC202, Seliciclib
3. State White Powder
4. Solubility Soluble in DMSO (up to 50 mM) and30 mM HCL with the pH adjusted to 2.5.
5. Atomic C1gH26NgO
Composition C=64.38%; H=7.39%; N=23.71%; 0=4.51%
6. Molecular Weight 354.45
7. Rotation Values ( R)- Roscovitine]f . 56.3, ( S )- Roscovitinen]-56.3
8. Melting point 106-108
9. pKa 4.4
10. Absorption A max: 230nm and 292nm
11. Chromatographic | HPLC/UV detection
Analysis LC-MS/MS
12. Crystal Structure Orthorhombic, Space grou222

Table: 2. Selectivity of Roscovitine towards CDKs

Sr. No.| Protein Kinase |  Kg(uM)
1. CDK1/cyclin B | 0.65, 2.69,23, 0.45/0.95 (R/S)p9Band 98% at 10uM, 14.1, 1.9,0.
2. CDK2/cyclin A | 0.7,0.25,0.71,1.2/1.8, > 80%iisition at 10 uM, 2.2, 2.1
3. CDK2/cyclin E | 0.7, 0.95/1.4, 0.10/0.24 (R/S)ibition at 10 uM,0.13,0.05,0.19
4. CDK3/cyclin E | 1.4/1.5
5. CDK4/cyclin D1| >100,14.5,75,14.7,14.6,10
6. CDK5/p25 0.16, >80%inhibiton at10 uM
7. CDK6/cyclin D1| 51
8. CDK6/cyclin D3| >100, 50
9. CDK7/cyclinH | 0.5-0.6, 0.49, <5, 1.46, 0.51
10. CDK8/cyclin C | >100, >50
11. CDK9/cyclin T1| 0.6, <5, 0.78

3.3 Selectivity of (R) —Roscovitine towards variouBrotein Kinases

(R)-Roscovitine has been optimized from the relgiadne olomoucine using an in vitro CDK1/cyclinkhase

assay [9]. During this initial work, it was reali@z¢hat (R) - roscovitine displayed rather good tgldy toward

CDK1, CDK2, and CDK5 compared to other kinases agrampanel of 24 kinases [9]. Since then, the seigc
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has been extensively investigated by various meatfiiost, (R)-roscovitine has been run on other &naelectivity
panels such as Sir Philip Cohen’s laboratory kirssdectivity panel (28 kinases) [11]. ProQinaselkestivity panel
(85 kinases), Invitrogen’s Select Screen TM Kin&sefiling panel (70 kinases), and Cerep’s kinadectigity
panel (50 kinases) . A total of 151 protein kinalsage been tested for their sensitivity to rosdogit IC50 values
are below M for CDK1, CDK2, CDK5, CDK7, and CDK9 only, whee&DK4, CDK6, and CDK8 are poorly, if
at all, sensitive to roscovitine (Table 2). [10].

Only a few kinases are sensitive to roscovitinghim 1 to 40uM range (CaM Kinase 2, CKl CK1 3, DYRKI1A,
EPHB2, ERK1, ERK2, FAK, and IRAK4), but most othénases are insensitive to roscovitine. Based @seh
data, roscovitine appears to be a reasonably seddgéhase inhibitor. However, this panel only egfis 29.2% of the
reported 518+ kinases of the human kinome. Thergboeethod used to address the selectivity of (Rouitine is
based on the identification by mass spectrometth@froscovitine-binding proteins that can be pedifoy affinity
chromatography on sepharose-immobilized roscovitioe various tissues and cell extracts [12]. Thisthod has
been successfully applied to purvalanol and otheade inhibitors [13, 14]. Roscovitine beads alldwibe
identification of expected targets such as CDK¢ aigp various CaM Kinase 2 isoforms, ERK1, ERK&#] €Klo.
Surprisingly, pyridoxal kinase (PDXK), the enzymasponsible for the phosphorylation and activatibritamin
B6, a cofactor of many enzymes, was identified agsaovitine-binding protein in all biological matds tested.
This interaction was investigated in detail andHar confirmed by the cocrystallization of (R) scovitine with
sheep brain PDXK [12, 15]. The third method thas baen used is a yeast three-hybrid screen [1@&ldbas the
reconstitution of an active transcription factasrr the close association of a DNA-binding domaiBII) and the
activation domain (AD) of a transcriptional actioat(GAL4) expressed separately. The DBD is fused to
dihydrofolate reductase (DHFR), and the AD is futed library of potential kinase targets. The kmanhibitor is
attached to methotrexate through a polyethyleneegliinker. The binding of methotrexate to DHFR, @me hand,
and the inhibitor to its target, on the other hamtonstitutes a functional DBD/AD transcriptiorctiar, allowing
the detection of the inhibitor’'s targets and thdantification [16]. This elegant method was usdthvpurvalanol
and roscovitine as proof of principle. The ressliswed that (R)-roscovitine interacts with its kmotarget CDK2,
but also with CK&, CK1g, and the CDK-like kinase PCTK1, and more weaklhviiLK1, PAK4, PCTK3, PKWA,
and GSK3 [16]. A fourth approach that has been used to dtigate the selectivity of (R)-roscovitine is a
guantitative competition assay carried out in theemce of ATP or protein substrate in contrasthto dlassical
kinase inhibition assays. It is based on the itéra of a given inhibitor immobilized to biotin thi a library of
protein kinases expressed as T7 bacteriophagedcppstein fusion proteins [17]. This method hasrbapplied to
20 known, ATP competitive, clinical kinase inhibi#cand to 113 kinases. It confirmed the rather gaadctivity of
(R)-roscovitine, which was found to bind to CDK2DK5, PCTK1, CK¥1, CK1y2, CKle, CLK1, CLK2, CLKA4,
TTK, and RPS6KA2 (Kinase Domain 1). These and othethods used to identify the targets of inhibiir€DKs
[18] and other kinases [19].

3.4 Biochemical Properties (R)-Roscovitine/Target &crystal Structures

Classical enzymology has shown that (R)-roscovitioes by competing with ATP for binding at the Abfding

site of CDK1/cyclin B [20]. This binding at the a#tic site was confirmed by direct cocrystallipatiof (R)-

roscovitine with and later with CDK5/p25 (1UNL) a@DK2/cyclin A. A CDK1/roscovitine model has alsedn

described [21]. These crystal structures reveairttezaction between (R) - roscovitine and the ananids that line
up the ATP-binding pocket of the CDK catalytic snlFigure {3} A, B and C).

- e
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Figure {3} A. Interaction of (R) - roscovitine with tis targets.
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Figure 3. {B} Left, crystal structure of CDK2 in complex with (R)-roscovitine, illustrating the position of (R)-
roscovitine in the ATP-binding pocket and how its lenzyl ring is facing the outside of the kinase. {CRight,
roscovitine and its atoms involved in H-bonds witteither CDKs or PDXK.

Briefly, the interaction involves mostly hydropholzind van der Waals contacts and two hydrogen b@mesiving

N’ and N of the purine) with backbone atoms of Leu 83 (CIPKR addition, a weak hydrogen bond is formed
between O1 and a water molecule. A similar bindimgde is observed with CDK5 (involving Cys83) [2The
binding mode suggested that N6-methyl-(R)-roscogitr G-benzyl-(R)-roscovitine (Figure 4) would be unatide
interact at the ATP site, and would therefore dtutst useful kinase-inactive control. This was @onéd
experimentally by kinase assays and also by afficitromatography on immobilized®hethyl-(R)-roscovitine

[15].
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(R)- roscovitine N6-Methyl-(R)roscovitine 06-Methyl-(R)roscovitie
(CDK1: 0.45 pM) (CDK1: 45 uM) (CDK1: a@uMm)
(CDK2: 0.40 uM) (CDK2: 250 pM) (CDK2:5Q pM)

Figure 4. (R)-roscovitine and its control, proteinkinase inactive analogs, (N6-methyl-(R)-roscoviti), and
(O6- benzyl-(R)-roscovitine). Arrows point to the emical changes introduced in the roscovitine anaffs. The
IC 5o values for in vitro inhibition of CDK1/cyclin B and CDK2/cyclin E are shown in parentheses.

The binding mode suggested thaf-mNethyl-(R)-roscovitine or Bbenzyl-(R)-roscovitine (Figure 5) would be
unable to interact at the ATP site, and would tfeeeconstitute useful kinase-inactive controlsisias confirmed
experimentally by kinase assays and also by afficitromatography on immobilized®Methyl-(R)-roscovitine
[15]. The cocrystal structures also reveal thatltbiezyl ring is facing the outside of the ATP-bimglipocket. This
property selects the place where a linker can beth®r to roscovitine to immobilize it on sepharbsads while
still maintaining the potential interaction withsiprotein kinase targets. A control matrix is ob¢ai when R
methyl-(R)-roscovitine is immobilized to sephardseads (Figure 4). Affinity chromatography with sepise-
immobilized roscovitine revealed that roscovitinéeracts with PDXK from all species and tissues Have been
tested [12]. (R)-Roscovitine has been cocrystallingth sheep brain PDXK and the interaction invgestiiéd in
detail. Surprisingly, (R)-roscovitine is located time pyridoxal-binding site, rather than at the AfiRding site.
Furthermore, the atoms of roscovitine involvedhia binding to PDXK are not the same as those i@t in the
binding to CDKs. This has allowed us to synthesize compounds (Figure 4B & 4C) that interact withXX —
they were actually cocrystallized with PDXK [15]tbilnat do not bind to CDKs. We are currently systhiag
roscovitine analogs that should bind CDKs withaueracting with PDXK. The two sets of moleculesddallow
us to distinguish the cellular effects of roscawtidue to interaction with protein kinases fromsthalue to
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interaction with PDXK. These examples illustrate #xtraordinary diversity of information that cam drawn from
the structure of kinase/inhibitor complexes [22].

3.5 Functions of (R)-Roscovitine

(R)-Roscovitine is the natural Cdk inhibitors whiplay an important role in the regulation of thdl cgcle and
involved in signaling pathways required for seveaapects of cell division and proliferation E.ganscription,
apoptosis and neural development. Mal functiornth@$e enzymes have been associated to severaaides, 24].

(1) Cdks and cell cycleSeveral Cdks control the major steps of the gallecphase by proliferation of distinct cell
proteins such as transcription factors, histong®s&etal proteins, tumor suppressor genes [25yHssociate with
cyclin-subunits, whose concentrations soscillabm@glthe cell cycle, causing the stage specificrigrof the Cdks
[26], as described in (figure 5).
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Figure 5. Schematic representation of the cell cleand its regulatory components. Black arrows indiate the
possible action for roscovitne.

In higher eukaryotic organisms, cell cycle contneiolves a complex combination of Cdks and cyclibdk2-cyclin

E complex acts at the beginning of S phase andcesglunitiation of DNA synthesis, phospholates the
retinoblastoma protein (pRB) causing the releadeanfscription factors and regulates centrosomkcedfpn. Cdk-
cyclin B complex participates in mitosis initiatiophosphorylates different substrate, e.g. nuclaarins and
anaphase promoting factor and Cdk1 binds to cyslend contributes to preparation for mitosis [2Buring G1
Phase, Cdk4 and Cdk6 complexes can phosphorylatkdhhibit pRB resulting in release of transcriptifactors
[27]. These complexes can phosphorylate and inpRB resulting in release of transcription factors.

(2) Cdks and cancer:Normal Cdks activities are important for the omtbexecution of the processes that govern
cell growth, such as accurate and complete DNAigafbn, RNA transcription and mitotic transfertbe genome

to new daughter cells [28, 29]. Abnormal expressind activity of Cdks, their regulators and suliegdave been
associated with cancer development and progre$3@r24]. Some of these aberrations comprise oxpression

of cyclin D and CDk 4 encoding genes, mutation$NK4a gene (Cdk inhibitor) and inactivation of pRBhich
produce alterations in the RB pathway [31]. Anipéfion of MDM2, mutations on members of Cio/Kipfdy of
Cdk inhibitors, and mutations or deletions in P%he pathway. Since several cancerous cells havepted
control of the cell cycle and various Cdks arewatéid in many tumors compared to normal cells,etémg Cdks
would be an intelligent strategy to block and/aeifere with tumor cell proliferation as an alteima to classical
cytotoxic drugs.

(3) Effects on transcription: Roscovitine was reported to inhibit RNA synthesilhuman neonatal fibroblast and
in human colon carcinoma cell line by partially iinting the Phosphorylation of the C-terminal domaif RNA
polymerases Il [32]. The transcription of human iomodeficiency virus type 1 (HIV-1) and other viraseere
inhibited after exposure to roscovitine. HIV-1 poation in virally integrated lymphocytic and monticycell lines
and activated peripheral blood mononuclear ceftsched with different HIV-1 strains were inhibitbgt exposure to
roscovitine [9].

(4) Effects on apoptosis:Roscovitine seems to have contradictory effectsatd® apoptosis depending on the
cycling status of the cell. In highly dividing telroscovitine alone or in combination with ottieerapies stimulate
apoptosis [33, 34, 35, 36, 37]. In contrast, in-donding or differentiating cells such as neurarg thymocytes,
roscovitine exerted a protective effect. Activeopfasmic Cdk2 has been associated with in apoptosigveral
studies [38, 39]. A decrease in Cdk2 activity bgaavitine was related to reduction in apoptosisangil cells
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exposed to stress conditions such as serum ddprivatt UV exposure [40]. Roscovitine was also shdablock
thermocyte negative selection through CDK2 inhilpiti

(5) Effects on brain tissue:Cdk5 is mostly expressed in brain. Binding of Cekith p35 and p39 has been reported
to play an important role in brain development [4Rpscovitine was found to potent CDKS5 inhibitor2[47].
Roscovitine was also shown to activate specific@®D calcium channels in central neurons and toifypnod
transmitter release [43].

(6) Effects on viral replication: Cdks are involved in the replication of many cladlg important viruses including
papilloma, HIV-1, human cytomegalovirus (HCMV) ahdrps simplex virus (HSV) typel and type2. Thes&ama
Cdk inhibitors a promo sing alternative for theatraent of viral infection. In this context, rosciivé has been
shown to inhibit the replication of HSV via inhiloih of cellular Cdks and the replication of HCMVralgh
inhibition of cellular Cdk2 activity [44].

(7) Effects on tumor cells:Roscovitine was shown to inhibit the proliferatiohseveral tumor cell lines e.g. head
and neck, squamous-cell carcinoma [36] uterine opaa; lung and colorectal carcinoma [45]. Additidpal
roscovitine was reported to inhibit DNA synthesidiuman gliomas [46] and human cervical tumors.[47]

(8) Effects in combination therapy: The synergistic and sensitizing effect of roscontin combination with
chemotherapy and radiotherapy was demonstratedvieral studies. The selective sensitization of miRBeient
tumor cell lines to exposure of doxorubicin togethdth radiotherapy was demonstrated in severalistu The
selective sensitization of of pRB —deficient turaell lines to exposure of doxorubicin together witlscovitine and
flavopiridol has been demonstrated [48]. This dffeaelevant considering the abnormal activityp&B observed
in human tumors. Roscovitine in combination witmgathecin, a topoisomerase | inhibitor, showedumdr cell
lines synergestic activation of p53, nuclear acdatian of wild-type p53 and apoptosis [49]. The exgestic effect
of farnesyl-transferaser inhibitors in combinatisith roscovitine have been reported to cause agapio human
cancer cell lines [50]. The radio-sensitizatioreeffof roscovitine was described in in vitro in hambreast cancer
cell-lines (MDA-MB 231), which lacks functional pg8otein and in vivo in mice xenografted with MDABWR 31
[51].

(9) Effects in vitro reproduction: Several studies have described the effects of witst® on mammalian oocytes
maturating, because of its ability to inhibit Cdk&, 53] reported an enhancement in cloned calffandg survival
after embryo transfer of roscovitine- treated adwlinatic cells. Roscovitine synchronized donot cgtle and
increased the nuclear programming capacity of #lls {54]. Many Cdk inhibitors are currently beiagaluated for
the in vivo synchronization of oocyte cell cyclehaevement of fertilization and development of #rabryos and
improvement of survival rate of cloned domestiazails.

3.6 Mechanisms of action of (R) - Roscovitine towardseatl cycle and cell death.
(R)-roscovitine acts in different ways, all of whiczonverge towards cell cycle arrest and cell detitbreby
providing the observed anti-tumor effects. Inductaf cell cycle arrest originates from both a diretibition of

cell cycle- regulating CDKs (Figure 6A).
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Figure {6}A. Direct stochiometric interaction with CDKSs leads to inhibition of the catalytic activity of
various CDK/cyclin complexes with a direct effect o various cell cycle phases.

An indirect effect by inhibition of the upstream &Eactivating CDK7 and an increased level of the CiDKibitory
p27KIP1 (Figure 6B).
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Figure {6}B. Indirect inhibition of cell cycle progression

(i) Interaction with CDK7/Cyclin H MAT1 preventstiPhosphorylation of a key activating threoninddas
located on the T-loop of the substrate CDKs.
(ii) Inhibition of CDK2/Cyclin E prevents Phosphtation and subsequent proteolytic degradation of p2P1, a
natural CDK2/CDK4 inhibitor.

Induction of cell death originates from a transiegduction in transcription due to direct inhibitiof CDK7 and

CDK®9, leading to the down regulation of essenshbrt-lived survival factors that are typically eepsed in cancer
cells such as Mcl-1, XIAP, surviving (Figure 6C).
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Figure {6}C. Indirect interaction with CDK7/cyclin H and CDK9/cyclin T leads to inhibition of RNA
polymerase

Furthermore, we believe that the short half-lifgRj-roscovitine and the lack of activity of its tabolites together
prevent a long-term and massive inhibition of tcaimion, which is likely to be deleterious to nahtells. We
hypothesize that a brief inhibition of transcriptiselectively affects tumor cells that are highbpendent on short-
lived survival factors. The transient down reguatdf these survival factors then triggers an irsible activation
of apoptosis that can proceed even after roscevitas been metabolized away. In contrast, norntial @éhich do
not rely on these survival factors, are only trany and reversibly arrested in their cell cycl®gression. In
addition to these direct anti-tumor effects, rosiiog appears to display synergistic propertieshveitnumber of
anti-tumor treatments. These effects are highlyeddpnt on the sequence of drug treatment. Thes&vaddr
synergistic effects have strong implications far tise of (R)-roscovitine in chemotherapy. In casttweith the cell-
death-inducing properties described earlier, (Reowitine, similar to other CDK inhibitors, has Wwestablished
antiapoptotic properties, mostly but not exclusivid5], in non dividing cells such as neural cqdB$]. These
properties are being extensively investigated Heirtapplications in the neurodegeneration disefiskek[28]. It is
still largely unknown how CDK inhibitors are able protect cells from apoptosis induced by varioastdrs.
Depending on the model, CDK1 [55, 57, 58], CDK2,[60] or CDKS5 [61] is involved. The contribution @DKs
varies according to cell type, conditions, naturd aoncentration of the apoptosis-inducing druge @htiapoptotic
properties of CDK inhibitors may reduce the useth@dse compounds as anti-tumor drugs. Neverthel@dg
inhibitors might diminish their own side effectsdagven be used to counteract damaging effectshef ainti-tumor
drugs. For example, roscovitine could be used ey for cisplatin induced nephrotoxicity [62].dddition, these
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antiapoptotic properties of roscovitine might pae/some protection to normal cells. Understandiegpiaradoxical
apoptosis-inducing and apoptosis-preventing pragsedf roscovitine and other CDK inhibitors is ajonahallenge
for current research. CDK2 has been closely link#d melanoma growth [63]. The CDK2 gene overlapththe
melanocyte-specific gene SILVER/PMEL17, which ereo@dn antigen commonly used for melanoma diagnosis
and immune therapy. Both genes are regulated byntianocyte lineage transcription factor MITF. CD&@pears

to be an essential target gene for MITF, whichmpartant for survival of melanocytes and melanolhatations in
MITF lead to melanocyte defects. Expression of Miditd CDK2 are tightly correlated in human melanoma
samples and melanoma cell lines, and their levaddigt sensitivity to (R)-roscovitine [63]. Finallynteresting
studies have shown that cyclin E is expressed wsntolecular weight (LMW) forms in breast and melarzo
cancers [64, 65]. Expression of LMW cyclin E striyngprrelates with poor prognosis. CDK2 associatét these
LMW forms is quite active and resistant to inhibiti by protein inhibitors such as p27KIP1 and, tfeee
constitutes an attractive target in these clinsedtings.
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Figure {6}D. Other possible mechanism of action. lhibition of CDK2/cyclin E prevents phophorylation and
subsequent proteolytic degradation of cdx2, a traription factor involved in intentional cell differ entiation.

3.7 Pharmacology of (R)-Roscovitine
A correlation has been established between someiichke parameters of a molecule and its absorption o
permeation properties [66]. (R)-roscovitine appganseet all required parameters for favorable gism.

(1) Quantification of (R)-Roscovitine Two methods have been developed to quantify @Ryovitine. The first is
high performance liquid chromatography, associatid detection at 292 nm, and provides a workimgér range
of detection between 100 mg/ml to 5000 mg/ml (iCe28 to 14uM) [67]. The second is liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) alas the detection and quantification of (R)-rmgtine
over a range of 0.5 to 2000 mg/ml (i.e., 0.0018.6uM) [67, 68, 69].

(2) Pharmacokinetics: Pharmacokinetic studies of (R)-roscovitine injectedat (25 mg/kg body weight) show a
rapid, biphasic elimination of the drug with a 5nnaind a <30 min half-life, in accordance with afgempartment
open model [67, 70]. In mouse, the plasma levebs€ovitine also rapidly drops within 30 min to <Ifethe 1.V.
injected dose (40 mmol/g, i.e., about 15 mg/kg), [68, 72]. Detailed pharmacokinetic studies perfeatnin
BALB/c mice [50] and Tg26 mice. They show rapid, eoiponential clearance of (R)-roscovitine from plas
following I.V., I.P., or oral administration [6827 73]. (R)-Roscovitine uptake into the generatwiation was fast
and its plasma half-life was 1.19 h. Plasma comaéiohs could be maintained above 48 (the average 16
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values obtained with various tumor cell lines) 40112, and 24 h following oral administration at 500, and 2000
mg/kg, respectively [69]. The pharmacokinetics RJ-(oscovitine was recently studied in humans [Fsjllowing
oral administration of a single dose (50, 100, 2800, and 800 mg) in healthy men, (R)-roscovitimel és
carboxylated metabolite were measured in plasmausimg. (R)-Roscovitine undergoes rapid passage tiné¢
blood, distribution in tissues, and metabolism.

(3) Metabolism: When (R)-roscovitine was injected 1.V. at 100 mgikgmouse [72] or at 25 mg/kg in rat [70]
several metabolites were identified in the plasRigure 7). (R)-Roscovitine undergoes a rapid |dsh® isopropy!
group (M1), several oxidations (M2—M7), or conjugatof a glucose residue (M8). M3 is the most alzumly
produced metabolite, which is then excreted in eurfii0, 71, 72]. When (R)-roscovitine was incubatad
microsomal preparations, M1 to M6 metabolites wgeaerated, the COOH-(R)-roscovitine M3 being thestmo
abundant. Sensitivity to the absence of NADPH amdSKF-525A demonstrates that this main metabobte i
produced through an NADPH- and cytochrome-P450-dgget process. Glycosidation is also a major paghwa
observed in rodent and primate microsomes [75]hBéd8 and M6 were synthesized and found to be mash |
potent than the parent (R)-roscovitine at inhilgt®DK2 [72]. In humans, the carboxylated derivatives also the
main metabolite formed following oral administratiof (R)-roscovitine as shown in figure {7} [74].
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Figure {7}. (R)-Roscovitine and its metabolites. Sail arrows point to the chemical changes introducedh the
initial roscovitine structure.

(4) Toxicity: (R)-Roscovitine appears to be well tolerated. Treximum tolerated dose (MTD) in mice could not
be reached when (R)-roscovitine was delivered wetnausly; owing to poor solubility (maximal achible dose
was 20 mg/kg) [45]. Nor could MTD be reached whB)-foscovitine was given orally (maximal achievabtese
was 2000 mg/kg) [45]. When administered intrapegtlly, three doses of 100 mg/kg were well toletdéb]. In
BALB/c mice, the MTD was 100 mg/kg for intravenoiagection. For intraperitoneal injections, 150 mgivas
well tolerated. Finally, (R)-roscovitine was weadlérated up to 2000 mg/kg when administered aag@esbral dose
[69].

(5) Storage:Roscovitine is a rather stable compound as raw nhter in nonaqueous solutions. For long-term
storage, we recommend storage as a dry powdei0aC{20].

(6) Dilution: Roscovitine is usually dissolved in dimethylsulftex(DMSO) as a stock solution of 10 to 50 mM. It
can be aliquoted and stored at —20°C. However, smecpitation is sometimes observed, probably bseaf the
absorption of water by DMSO.

(7) Concentrations When tested in in vitro enzymatic assays, we esgghe following range of roscovitine
concentrations for initial testing: 0-0.01-0.02%53.0.1-0.25-0.5—- 1-2s.5-5-10-25-50-180 (a final ATP
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concentration of 1M ATP has been routinely used in our kinase asséyshitial cellular tests, we recommend
the following range of concentration: 0-0.1-0.25-0-2.5-5-10-25-50-1Q6M. For in vivo testing, several
routes have been used to deliver roscovitine. Exyggrtal data show that roscovitine displays higbakailability
when delivered intraperitoneally or orally [10].

(8) Affinity towards chromatography: For affinity chromatography on immobilized ros@e [12], extracts are
first prepared in a homogenization buffer and dfrged for 10 min at 14,000 g at 4°C. The supemtataassayed
for protein content and immediately loaded batchkewdn the affinity matrix. Just before use, pactastovitine

beads are washed with bead buffer and resuspendbis ibuffer. The cell or tissue extract supemiatap to 3 mg
total protein) or purified protein is then addedeTtubes are rotated at 4°C for 30 min. After &fbspin and
removal of the supernatant, the beads are waslhedifioes with bead buffer before addition of 2X haali sample
buffer. Following heat denaturation, the bound @ired are analyzed by SDS-PAGE and Western blodirgjlver

staining. Protein bands can then be excised arebtdid in gel with trypsin. The resulting peptides purified and
concentrated prior to mass spectrometry analysis.

CONCLUSION

Considerable review carried out from the early oy of roscovitine starting from the isopentedgaine and
olomoucine structures and using native CDK1/cy@irkinase purified from the highly synchronous ssirfM
phase oocytes. (R)-Roscovitine appears to be arratiective inhibitor of a few CDKs, but it intets with a few
other protein kinases and pyridoxal kinase. Tharatdtic and proapoptotic properties of (R)-ros¢me are to be
accounted for by a favorable combination of effextsverging both to multiple cell cycle arrest gsimnd to
induction of cell death by several parallel mechars. This multitarget effect of (R)-roscovitine stitutes a
weakness when the drug is used as a pharmacolagatah cell biology studies, and results shoudditerpreted
with care. In contrast, this diversity of molecutations becomes an advantage when (R)-roscov#timvestigated
as a potential drug for the treatment of cancenddeer, with such complexity of cellular targets do not expect
rapid resistance to develop following (R)-roscastitreatment. This is supported by the fact thespde several
serious efforts, no (R)-roscovitine-resistant d¢ieles have been reported. Also, despite the gemletisonstration
that CDK2 is dispensable for mitotic division [7@&he sensitivity of CDK2-/- cells to (R)-roscoviéinis only
slightly lower than that of CDK2+/+ wild-type cell$2]. The artificial absence of CDK2 appears tacbmpensated
by CDK1 [77], another target of (R)-roscovitine.€elbontribution of the interaction between (R)-rastine and
PDXK to its anti-tumor effects remains an open tjoas To address this issue, we are currently asig
roscovitine derivatives deprived of interaction twlPDXK but still inhibiting CDKs. Protein kinasedntive but
PDXK binding (R)-roscovitine derivatives are nothgaetely devoid of antiproliferative effects, biliese effects
may be unspecific as they require very high do$ég pharmacological parameters of (R)-roscovitingainly
could be improved by slight modifications of thergr# structure which becomes a challenge for chsniis
synthesize its analogues for anti-cancer (inhibitwfrcyclin dependent kinases) screening for fuye@s. Whether
the relatively short half-life of (R)-roscovitin@estributes an advantage or a disadvantage isastilé determined.
One way to address this issue would be to genenate metabolically stable (R) - roscovitine derives with
identical biochemical properties. The oral bioaaility of (R)-roscovitine certainly constitutesgaeat advantage.
Dosing frequency of administration and circadiatirojzation of drug delivery need to be investigafadher to
obtain the most suitable drug exposure. Furtherirtbeecombination of (R)-roscovitine with currentlged cancer
treatments represents a promising field of invesiig. Finally, the identification of the cancembtypes that are
most sensitive to (R)-roscovitine remains an opeldl.f Currently, B-cell malignancies, lung candareast cancer,
and melanoma seem to be promising clinical targets.
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