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Introduction

The balance between proliferation and cell death plays a cru-
cial role in tissue homeostasis. The cell cycle and cell death
pathways (apoptosis) are the two main mechanisms that
ensure the proper development of an organism. A deregula-
tion of the cell cycle mechanism emerges on the origin of
some degenerative diseases and tumor development. For in-
stance, excessive proliferation is generally considered an indi-
cator of cancer, whereas restrained proliferation causes hypo-
trophy.

The cell progression cycle is composed of two main phases,
mitosis (M) and the interphase. The latter further divides into
three stages: gap 1 (G1) in which cells grow and prepare for
DNA synthesis, S in which cells synthesize DNA, and gap 2 (G2)
in which cells prepare for M phase entry (Figure 1). Cells can
remain in a nonproliferating state named G0 or quiescence.
The cyclin-dependent kinase (CDK) family of serine/threonine
kinases has been identified as a key regulator of cell cycle pro-
gression and, as such, its members have become important
targets for the development of therapeutic strategies. Cell
cycle progression requires the sequential activation of CDKs
through their association with regulatory subunits named cy-
clins. The CDKs needed for the G1 and S phases are present in
the cell at a constant level, unlike the levels of cyclins which
fluctuate during cell cycle progression.[1] The accumulation of
specific cyclins at precise moments of the cell cycle permits
the formation of different CDK–cyclin complexes, which are ac-
tivated and phosphorylate specific substrates. In this way,
these complexes drive cell cycle progression. Cyclin C is ex-
pressed during the G0–G1 transition when it binds to and acti-
vates CDK3. Later, during early and mid-G1 the different iso-
forms of cyclin D (D1, D2, and D3) are synthesized and associ-
ate with CDK4 and CDK6. The transition between the G1 phase
and the S phase implicates cyclin E and CDK2 complex forma-
tion, whereas progression through the S phase is controlled by
the CDK2–cyclin A complex. Next, cyclin A binds to CDK1 in G2

and, together with CDK1–cyclin B, lead to an entry into mito-
sis.

The activity of CDK–cyclin complexes is regulated by the
phosphorylation of CDKs, and also by the association with the
members of two inhibitor families (CKIs).[2–4] The INK4 (inhibitor
of CDK4) family includes p16Ink4a,[5, 6] p15Ink4b,[6] p18Ink4c,[7] and
p19Ink4d,[8] which bind to and inhibit CDK4 and CDK6. The KIP
(kinase inhibitor protein) family includes p21Cip1,[9] p27Kip1,[10]

and p57Kip2,[11] which bind to all the CDK–cyclin complexes and
inhibit their activities.

Cell cycle progression is also under the surveillance of differ-
ent mechanisms, known as checkpoints, which ensure the fi-
delity of cell proliferation. Checkpoints detect different types
of anomalies and respond by blocking cell cycle progression
and by inducing mechanisms to repair damage. Cell size, DNA
damage, re-replication, premature mitosis entry, and meta-
phase–anaphase transition are all under the surveillance of
major checkpoints. Thus, these checkpoints verify whether the
progression through each step of the cell cycle has been accu-
rately completed before allowing the transition to the next
phase.

As already mentioned, alterations in CDK activity can be re-
lated to a variety of different diseases. Cyclin E is upregulated
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in human malignant melanomes.[12] Decreased levels of CKI
p27Kip1 are associated with many cancer types,[13] and this fact
not only correlates with a worse outcome in breast cancer, but
also with many other tumors.[14] The concurrent amplification
of cyclin E and CDK2 genes seems to play a role in colorectal
carcinogenesis.[15] An elevated expression of CDK2 is a critical

factor in oral cancer progression,
and can be used as a negative pre-
dictive marker of the patients’ prog-
nosis.[16] Some studies report that
the determination of CDK1- and
CDK2-specific activities could be
useful in the prediction of out-
comes in breast cancer patients.[17]

Moreover, abnormalities in CDK ac-
tivity have also been associated
with neurodegenerative disorders
such as Alzheimer’s[18] or Parkin-
son’s disease.[19] CDK/GSK-3 inhibi-
tors have demonstrated preclinical
efficacy in mesangial proliferative
glomerulonephritis, crescentic glo-
merulonephritis, collapsing glomer-
ulopathy, proliferative lupus nephri-
tis, polycystic kidney diseases, and
diabetic nephropathy.[20]

With all these precedents, the
need for precise CDK activity regu-
lation in the cell clearly justifies the
time and effort dedicated to design
new strategies for finding novel
generations of CDK inhibitors with
improved activity and selectivity.

ATP-competitive versus noncom-
petitive inhibitors

The first generation of CDK–cyclin inhibitors is composed of
ATP-competitive inhibitors. Among them flavopiridol and CY-
202, which are involved in a large number of clinical trials (see
Table 1), should be highlighted. Nevertheless, this type of in-
hibitor did not match initial expectations, and a second gener-

Figure 1. The cell cycle and its regulation. The eukaryotic cell cycle is divided into two phases: interphase
and mitosis (M). Interphase is composed of three stages: gap 1 (G1), DNA-synthesis (S), and gap 2 (G2). The
cells in the G0 (quiescence) phase do not cycle.

Table 1. Compounds in clinical trials : the current status of ATP-competitive and ATP-noncompetitive drugs.

Drug Active substance Clinical phase[a]

ATP-competitive drugs:
Alvocidib Flavopiridol NCI, Phase II
Bryostatin-1 Macrocyclic lactone DFCI, Phase II

NCI, Phase II
CYC202 (Seliciclib) (R)-roscovitine CP, Phase II
P276-00 Derivative of rohitukine (flavone family) NPI, Phase I
PD 0332991 Pyrido ACHTUNGTRENNUNG[2,3-d]pyrimidine-7-ones (paullone family) Pfizer, Phase II
SNS-032 (former BMS-387032) 2-Aminothiazole derivative SP, Phase I
SU9516 3-[1-(3H-Imidazol-4-yl)meth-(Z)-ylidene]-5-methoxy-1,3- dihydro-indol-2-one Pre-clinical
UCN-01 7-Hydroxystaurosporine NCI, Phase II

ATP-noncompetitive drugs:
CIP YFTLQIRGERFEMFRELNE Pre-clinical
NBI1 rwimyf-NH2

[b] Pre-clinical
Pipeline (CYC103) Cyclin binding groove inhibitors Pre-clinical
PSTAIRE TYTKKQVLRMEHLVLKVLTFDL Pre-clinical
Spa310 TSPTTLYDRYSSPPASTTR Pre-clinical

[a] NCI: National Cancer Institute; DFCI: Dana Farber Cancer Institute; CP: Cyclacel Pharmaceuticals Inc. ; NPI: Nicholas Piramal India Ltd. ; SP: Sunesis Phar-
maceuticals. [b] Lower-case letters denote the d stereoisomers of natural amino acids.
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ation of compounds, designed with the lessons learned from
the first generation in mind, is now undergoing preclinical and
clinical studies (see reference [21]). One of the main problems
associated with kinase ATP-competitive inhibitors is the lack of
specificity toward the target kinase. In fact these off-target
kinase interactions could explain the appearance of numerous
side effects during treatment.[22] For example, flavopiridol pro-
vokes the appearance of the hyperacute tumor lysis syndrome
which determines the dose limitation of the drug,[23] and the
histopathological analysis of monkey-treated eyes showed spe-
cific cellular damage in the photoreceptor layer.[24] Additionally
in combination with docetaxel, flavopiridol induces neutrope-
nia in patients with metastatic breast cancer. Moreover, the an-
titumor activity of these compounds in clinical trials has been
modest. One of the essential causes that could explain the lim-
ited antitumor activity is the low tolerable doses that could be
achieved in patients. In that sense, improvement of specificity
could help to solve the appearance of treatment side effects.

As there are thousands of different kinases in the cellular
context, and it is well established that the ATP binding site is
highly conserved among them,[25] development of specific in-
hibitors against this protein region has become a highly com-
plicated goal. Herein we present the initial efforts that different
groups have made to design ATP-noncompetitive inhibitors
(Table 1). The establishment of new inhibition strategies could
contribute to the development of novel inhibitors for CDK–
cyclin complexes with improved activities.

Inhibitors directed to the cyclin binding groove

In 1996, Kaelin and co-workers identified an eight-residue pep-
tide (PVKRRLDL) derived from the sequence of the CDK2 sub-
strate, E2F1, which inhibits the CDK2–cyclin A/E complexes.[26]

Similar CDK–cyclin recognition motifs were found not only in
other CDK substrates, but also in p21Cip1Cip1-like CKIs,
(p21Cip1Cip1, p27Kip1, and p57). These studies gave rise to the
definition of a ZRXL binding motif on the sequence of some
CDK substrates (in which Z is a basic residue or cysteine, and X
is frequently a basic residue).[27] The peptides derived from
these regions were able to promote the formation of stable
CDK2–cyclin A complexes, but inhibited the phosphorylation
of the retinoblastoma tumor suppressor protein (pRb) sub-
strate. These results, together with advances in the under-
standing of the molecular mechanism behind the action of the
natural CDK inhibitors, led Fischer’s research group to account
for CDK inhibition. The determination of the CDK2–cyclin A–
p27Kip1 complex structure provided clues to design a new class
of inhibitors.[28] p21Cip1 interacts with the CDK–cyclin complex
on a binding groove located on the surface of cyclin A. This
site, known as the cyclin substrate recruitment site (CRS), di-
rects the appropriate orientation of the amino acid to be phos-
phorylated toward the ATP active site. Thus, the inhibitory ac-
tivity of p21Cip1 relies on the competitive occupancy of this site
that prevents the recruitment and phosphorylation of defined
CDK substrates. In fact, the synthesis of an octapeptide derived
from the p21Cip1 C-terminal sequence has been described,
which binds to the CRS and inhibits kinase activity[29–32]

(Figure 2). Based on these approaches, Cyclacel Pharmaceuti-
cals opened a targeted drug pipeline (CYC103) to develop CDK
inhibitors directed to the CRS and have developed a broad
family of inhibitors ranging from peptides to peptidomimetics
(for more detailed information, see references [33–38]) togeth-
er with the development of a second generation of ATP com-
petitors, such as 4-arylazo-3,5-diamino-1H-pyrazoles or 2-anili-
no-4-(1H-pyrrol-3-yl) pyrimidines.

Interestingly in this context, a computational strategy
named REPLACE (replacement with partial ligand alternatives
through computational enrichment) has been developed. This
strategy was specially designed to improve drug discovery by
the inhibition of protein–protein interactions. REPLACE is
based on the replacement of amino acids using peptide inhibi-
tors as a scaffold to generate pharmaceutically acceptable lead
molecules. This innovative approach will certainly improve and
accelerate the generation of new leads for the development of
CDK inhibitors.

Substrate-derived peptides

p53-derived peptides

Transcription factor p53 is one of the key factors in cell cycle
control (reviewed in [39, 40]). The activity of this tumor sup-
pressor is widely regulated by different modifications, includ-
ing ubiquitination, proline isomerization, acetylation, and phos-
phorylation. CDK1 and CDK2 are among kinases which control
the activity of p53. As it is well established that the catalytic
subunits of protein kinases have affinity binding sites for pro-
tein motifs different from the phosphorylation sites, the dock-
ing site of the p53 tetramerization domain on the CDK2 sur-
face has inspired the design of p53 derived peptides (Fig-
ure 3 A). The inhibition of CDK2-mediated p53 phosphorylation
was achieved using a 20-mer peptide named CIP (YFTLQIRGER-

Figure 2. Potential points of intervention for drug discovery. Crystal structure
of the CDK2–cyclin A complex (PDB accession code 1JSU). The green circle
represents the ATP binding region of intervention; the blue circles represent
the ATP-independent regions of intervention: cyclin binding groove, a5
helix on cyclin A that interacts with the PSTAIRE motif of CDK2 (the strategy
adapted during the development of the C4 peptide), and a cleft on the sur-
face of cyclin A, which is important for the binding of cyclin A to CDK2 (the
predicted NBI1 region of interaction).
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FEMFRELNE). Furthermore, a GFP-CIP fusion protein attenuates
p53 activity, suppresses p21Cip1, and induces cell death in the
A375 melanoma cell line. These results suggest that this dock-
ing site on the surface of CDK2 could be exploited as a phar-
macological target. Moreover, the authors of this study com-
pare the action of CIP with well established ATP-competitive
inhibitors, such as roscovitine A[41] and NU2058.[42] Treatment
with these inhibitors produces different cellular consequences
in A375 cells. Whereas roscovitine treatment increases p53 and
p21Cip1 levels and arrests cells in G1/S, NU2058 treatment does
not change p53 levels but decreases the levels of p21Cip1 and
arrests cell cycle in G2/M. The CIP-induced cell death mecha-
nism is similar to that described for NU2058, and clearly differs
from that induced by roscovitine. The different cellular conse-
quences derived from roscovitine treatment could be ex-
plained if a different kinase-based mechanism was compro-
mised by this drug, probably through the interaction with the
ATP binding pocket. Once again, these differences reflect the
specificity problems associated with ATP-competitive drugs.
Further progress on this p53-based strategy has been made
with the identification of a cyclin A docking site that directs
p53 to the cyclin A surface. This new interaction site could pro-
vide results of pharmaceutical interest in the near future.[43]

pRb-derived peptides

Members of the pRb family are among the targets that CDKs
phosphorylate. The binding of pRb to the E2Fs transcription
factors prevent them from interacting with the cell transcrip-
tion machinery. When pRb is phosphorylated, E2Fs are liberat-
ed and, in turn, activate the expression of the genes implicated
in the G1/S transition.[44–48] The characterization of these pro-
teins led to the development of a 39-residue peptide (spacer

310), derived from the spacer domain of pRb2/p130, which is
able to inhibit CDK2 activity[49, 50] (Figure 3 B). Treatment with
the spacer 310 peptide arrests cells in the G0/G1 phase of the
cell cycle. Moreover, when such a peptide was fused to a cell-
penetrating peptide derived from the HIV-1 Tat protein (TAT) to
improve its cellular uptake,[51] a significant decrease in tumor
size in nude mice was also observed

Inhibitors of the CDK–cyclin interaction

C4: a peptide derived from cyclin A

Another strategy for the specific inhibition of kinase activity is
the development of molecules that interfere with the protein–
protein interface between CDK and cyclin. Crystal structures of
free CDK2 and cyclin A, in their active and inactive forms, as
well as in complex with each other, provide a rationale for this
kind of inhibitor design.[52–54] The cyclin subunit binds to one
side of the catalytic cleft and forms a continuous protein–pro-
tein interface by interacting with both the N- and C-terminal
lobes of CDK2. Consequently, CDK2 undergoes a large structur-
al rearrangement on the binding of cyclin A, which involves an
association between the PSTAIRE helix of CDK2, and helices a3
and a5 of cyclin A in the first rapid step of the complex forma-
tion. However, it results in an inactive intermediate complex.
The active CDK2–cyclin A complex is formed by a further slow
structural reorganization that involves the exposure of the T-
loop of CDK2 for phosphorylation by the CDK-activating
kinase (CAK), and the formation of the substrate binding
site.[55] The characterization of the CDK2–cyclin A complex for-
mation led to the development of a 22 residue-long peptide
(named C1) that targets the CDK2–cyclin A protein–protein in-
terface.[56] This peptide corresponds to the sequence of the a5
helix of cyclin A (285-TYTKKQVLRMEHLVLKVLTFDL-306)
(Figure 1), and abolishes the in vitro CDK2–cyclin A kinase ac-
tivity toward histone H1 and a GST fusion of pRb (GST–pRb). A
derivative peptide of C1 (named C4; bearing a point mutation
E295 A which increases the solubility of the peptide) was
shown to inhibit the kinase activity of CDK2 associated with
either cyclin A (IC50 = 1.8 mm) or cyclin E (IC50 = 1.5 mm), al-
though it did not affect the activity of CDK1–cyclin B (IC50

>200). Its specificity toward the CDK–cyclin complex was
shown by the lack of inhibition toward either protein kinase A
or protein kinase C. Circular dichroism spectroscopy analysis of
C4 showed that the peptide adopts an a-helical structure and
may therefore inhibit the CDK2–cyclin A kinase activity by
mimicking the hydrophobic interactions between the two
components of the complex. As the inhibitory effect of C4 re-
mained insensitive to the pre-existence of the CDK2–cyclin A
complex (the same results were obtained when the peptide
was added before or after the reconstitution of CDK2–cyclin A),
and as C4 did not disrupt the CDK2–cyclin A interactions, it
was concluded that the peptide affected protein–protein con-
formational changes, and “arrested” the CDK2–cyclin A com-
plex in its inactive conformation. In accordance with these
data, surface plasmon resonance studies showed that C4 did
not bind to free CDK2. In contrast, it strongly interacted with

Figure 3. A) CDK2 docking site as a target for a p53 peptide inhibitor. The
domain structure of p53 represents localization of the CDK2 docking site in
comparison with the phosphorylation and cyclin A binding sites. Peptides
derived from the tetramerization domain of p53 block CDK2 phosphoryla-
tion (see text for details). B) pRb2/p130 spacer domain as a target of inhibi-
tory peptide development. The Spa310 construct, which spans the region
between amino acids 641 and 679 (39 residues), maintains the specific inhib-
itory ability of the pRb2/p130 spacer domain on CDK2 activity.
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the CDK2–cyclin A complex (Kd = 2.5�0.4 nm) and showed a
lowered affinity for free cyclin A. Thus, C4 appeared to be a se-
lective inhibitor of CDK2–cyclin A, and was able to inhibit the
proliferation of estrogen-independent MDA-MB-231 breast
cancer cells. This inhibition was particularly efficient when C4
was fused to the cell-penetrating peptide TAT.[57]

NBI1

In some instances, the screening of combinatorial libraries has
paved the road to the discovery of molecules that interfere
with protein–protein interactions.[58–60] In our research group,
we used this approach for the discovery of the ATP-noncompe-
titive inhibitors of CDK2–cyclin A complexes. To this end, we
envisioned a biological assay under restrictive conditions
which limited hits to molecules that could not compete with
ATP. The output of the study was the identification of a CDK2–
cyclin A inhibitory hexapeptide (rwimyf-NH2; named NBI1),
which is either ATP noncompetitive or targets the cyclin re-
cruitment motif (CRM).[61] The inhibitory activity of NBI1 ap-
pears to depend on the cyclin subunit associated with CDK
rather than on CDK itself, as shown by a fluorescence polariza-
tion-based assay and as confirmed by surface plasmon reso-
nance. NBI1 binds to a minimal structural domain within the
cyclin A sequence (amino acids 257–345), which is highly con-
served (Figure 1). This region compromises helices a3, a4, and
a5, and represents a structural domain implicated in the inter-
action with CDKs, thus suggesting that NBI1 might affect the
stability of the complex. Indeed NBI1 was shown to disrupt
CDK2–cyclin A interactions in a way that implicates competi-
tion for cyclin A. Besides targeting the CDK2–cyclin A complex
(IC50 = 1.1 mm), NBI1 was also observed to inhibit CDK1–cy-
clin B1 (IC50 = 2.9 mm) and CDK6–cyclin D3 (IC50 = 6.4 mm), and
to lead to a very weak inhibition of CDK2–cyclin E (IC50 =

51.4 mm). NBI1 showed no inhibitory effect toward a represen-
tative set of other serine/threonine protein kinases, such as
glycogen synthase kinase 3 (IC50 = 10.4 mm), mitogen-activated
protein kinase II (IC50 = 18.8 mm), or CK2 (IC50 >200 mm).[61] Alto-
gether, these data suggest that the action of NBI1 is highly se-
lective toward CDK–cyclin complexes. To confirm these results
in vivo, a derivative of NBI1 (TAT–NBI1) was tested on a
number of tumor cell lines (HCT116, HT29, T98G, and A2780).
Cells were treated with increasing concentrations of the com-
pound (0–100 mm), and the measurement of their viability
showed a net dose-dependent decrease. The kinase activity
assay on immunoprecipitates obtained from cells treated with
TAT–NBI1 was also in agreement with the in vitro results. Both
CDK2 and CDK1 activities decreased whereas CDK4 activity
was only slightly inhibited. Additionally when using non-
synchronized cells, treatment with TAT–NBI1 was observed to
provoke cell cycle arrest, mainly at the S phase. This was fur-
ther confirmed using HCT116 cells synchronized in G1, G1/S,
and in the M cell cycle phase. The most sensitive cells to the
peptide were those in the S or G2 M phase, which is in agree-
ment with the specificity of NBI1 toward CDK2–cyclin A and
CDK1–cyclin A/B, that is, the complexes that control S and
G2 M progression.

Recent results from our research group show that TAT–NBI1
induces cell death in the p53-deficient leukemia cell line HL60
(unpublished results), revealing an apoptosis induction mecha-
nism that is p53-independent. Structure-based studies in our
laboratory (to be published elsewhere) suggest that NBI1
binds to a cleft on the surface of cyclin A, which is important
for its binding to CDK2. If further results confirm these cumula-
tive evidences, NBI1 will represent a peptide ligand directed to
a new CDK2 docking site on cyclin A, which could be poten-
tially important for the design of a new generation of ATP-non-
competitive drugs directed to regulate the activity of the CDK–
cyclin A complexes.

Outlook

When the cell cycle is out of control, a direct repercussion is
noted on the appearance of human malignancies. The altered
expression of CDKs and their modulators, including the overex-
pression of cyclins or a loss of expression of CDK inhibitors, re-
sults in a deregulated CDK activity and provides selective
growth advantages for abnormal cells. The development of
ATP-competitive inhibitors for CDKs has been the conventional
method to deal with these unbalances, and nowadays a con-
siderable number of clinical trials with different anticancer pro-
posals are in progress (see Table 1). Nevertheless, the propensi-
ty of classic ATP-competitive inhibitors to share multiple tar-
gets determined the need for new strategies. Increasing knowl-
edge of the both structure and the mechanism of action and
modulation of CDK–cyclin complexes provided clues for the
development of the new inhibition strategies presented in this
review. Despite being in the first steps of drug development,
these new families of CDK inhibitors are expected to reveal
promising improvements in selectivity. Thus, the development
of ATP-noncompetitive inhibitors of CDK–cyclin complexes as
modulators of the unregulated cell cycle have stirred the inter-
est of those pharmaceutical companies involved in oncology
programs. In the near future, after having concluded the still
needed intensive studies into these new in-class inhibitors, we
will probably witness new discussion forums on their selectivi-
ty, potency, and toxicity and, hopefully, on human anticancer
activity without, or with less, side effects.
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