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a  b  s  t  r  a  c  t

Cyclins  and  cyclin-dependent  protein  kinases  (CDKs)  are  important  regulatory  components  that  are
required  for  cell  cycle  progression.  The  levels  of  the cell  cycle CDKs  are  generally  constant  and  their
activities  are  controlled  by cyclins,  proteins  whose  levels  oscillate  during  each  cell  cycle.  Additional  CDK
family  members  were  subsequently  discovered  that  play  significant  roles  in a  wide  range  of  activities
including  the  control  of gene  transcription,  metabolism,  and neuronal  function.  In response  to  mitogenic
stimuli,  cells  in  the  G1 phase  of the cell  cycle  produce  cyclins  of  the D  type  that  activate  CDK4/6.  These
activated  enzymes  catalyze  the  monophosphorylation  of the  retinoblastoma  protein.  Then  CDK2-cyclin
E  catalyzes  the  hyperphosphorylation  of  Rb that  promotes  the  release  and  activation  of the  E2F  transcrip-
tion  factors,  which  in turn  lead  to  the  generation  of  several  proteins  required  for  cell cycle  progression.  As
a  result,  cells  pass  through  the  G1-restriction  point  and  are  committed  to  complete  cell division.  CDK2-
cyclin  A, CDK1-cyclin  A, and  CDK1-cyclin  B  are  required  for S,  G2, and  M-phase  progression.  Increased
cyclin  or  CDK  expression  or  decreased  levels  of  endogenous  CDK  inhibitors  such  as  INK4  or  CIP/KIP  have
been  observed  in  various  cancers.  In contrast  to the  mutational  activation  of  EGFR,  Kit,  or  B-Raf  in the
pathogenesis  of malignancies,  mutations  in the  CDKs  that  cause  cancers  are  rare.  Owing  to  their  role
in  cell  proliferation,  CDKs  represent  natural  targets  for anticancer  therapies.  Abemaciclib  (LY2835219),
ribociclib  (Lee011),  and  palbociclib  (Ibrance® or PD0332991)  target  CDK4/6  with  IC50 values  in  the  low
nanomolar  range.  Palbociclib  and  other  CDK  inhibitors  bind  in the cleft between  the  small  and  large  lobes
of  the  CDKs  and  inhibit  the binding  of  ATP.  Like  ATP,  palbociclib  forms  hydrogen  bonds  with  residues
in  the  hinge  segment  of  the  cleft.  Like  the adenine  base  of  ATP,  palbociclib  interacts  with  catalytic  spine
residues  CS6  and CS7.  CDK  antagonists  are  in clinical  trials  for  the  treatment  of  a  variety  of  malignancies.
rotein kinase structure
egulatory spine

Significantly,  palbociclib  has  been  approved  by  the  FDA  for  the  treatment  of  hormone-receptor  posi-
tive/human  epidermal  growth  factor  receptor-2  negative  breast  cancer  in conjunction  with  letrozole  as
a  first-line  therapy  and  with  fulvestrant  as a second-line  treatment.  As inhibitors  of the  cell  cycle,  it is
not surprising  that  one  of  their  most common  toxicities  is  myelosuppression  with  decreased  neutrophil
production.
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. Introduction to the somatic mitotic cell cycle

.1. Overview of cyclin-dependent protein kinases and their
egulatory cyclins

The replication of each cell in every tissue and organ is exact-
ngly controlled during development and throughout the life of the
ndividual. In a normal adult, cells divide only when and where they
re needed. Moreover, the contents of a cell including each chro-
osome must be accurately replicated. The cell cycle consists of
1 (presynthetic growth, or gap 1), S (DNA synthesis), G2 (premi-

otic growth, or gap 2), and M (mitotic) phases (Fig. 1A) [1]. During
1 cells are preparing for DNA synthesis and during G2 cells per-

orm surveillance to establish the integrity of newly synthesized
NA before commencing mitosis. The chromosomal DNA is repli-
ated during the S-phase and all of the cellular components are
artitioned between two identical daughter cells during mitosis or
he M-phase. When cells cease proliferation owing to the absence
f mitogenic signaling or to the presence of specific antimitogenic
ignaling, they exit the cycle and enter a nondividing quiescent
tate known as G0. In contrast, senescence is an irreversible state
f G1 cell cycle arrest in which cells are refractory to growth factor
timulation.

Cells within the hematopoietic system or cells that line the gut
pithelium actively proliferate and cycle continuously [2]. Most
ells in adult animals are mostly in a quiescent or G0 phase, but
hey can reenter the cell cycle. In contrast, terminally differen-
iated cells such as neurons and cardiac myocytes have lost the

apacity to proliferate and are locked permanently in the G0 phase.
oss of the normal controls of cellular replication is a fundamen-
al defect in cancer. Thus, understanding the mechanisms that
ontrol cell division represents an essential component of one
strategy toward the development of therapeutic modalities for
cancer treatment. The dilemma is to target and inhibit cancerous
growth while not blocking the physiological proliferation of needed
cells.

Cyclins and cyclin-dependent protein kinases (CDKs) are impor-
tant components required for passage through the cell division
cycle [3]. Human cells possess 20 CDKs (1–20) and 29 cyclins. The
CDKs are protein-serine/threonine kinases that belong to the CMGC
family (Cyclin-dependent protein kinases, Mitogen-activated pro-
tein kinases, Glycogen synthase kinases, and CDK-like kinases) [4].
As their name implies, CDKs interact with cyclins as a first step
in producing enzyme activity. After the formation of a CDK-cyclin
complex, the CDK activation segment undergoes phosphorylation
at a conserved threonine residue as catalyzed by CDK7 for the full
expression of CDK-cyclin enzyme activity. In much of the literature,
the CDK activation segment is called the T-loop in reference to its
conserved threonine. This class of enzymes was initially discovered
as proteins that participate in the normal transit through the cell
cycle (CDK1/2/3/4/6/7/8/10). Subsequently, the CDKs were found to
play important regulatory roles in many diverse functions includ-
ing the control of gene transcription (CDK7/8/9/10/12), neuronal
activity (CDK5/16), metabolism (CDK5/8), hematopoiesis, angio-
genesis, proteolysis, and DNA damage and repair (CDK1/3/9/12),
epigenetics (CDK1/2/4), and spermatogenesis (CDK16) [5].

The levels of the CDKs are generally constant throughout the cell
cycle. The activities of the cell cycle group of CDKs are controlled by
cyclins, proteins whose levels oscillate during the cell cycle (Fig. 1B)
[6]. The oscillation of cyclins accounts for their names as they oscil-

late or cycle up and down during the cell cycle. CDKs are regulated
by a mechanism involving the synthesis (which increases protein
kinase activity) and degradation (which decreases enzyme activity)
of their cognate cyclins. Most of the CDKs possess about 300 amino



R. Roskoski Jr. / Pharmacological Research 107 (2016) 249–275 251

F , and
A

a
(
a
b

l
r
C
m
t
t

w
a
d
w
e
t
c
(
a
i
t
D
I
a
t

ig. 1. (A) Overview of the cell division cycle. (B) Cellular content of cyclins D, E, A
AAS.

cid residues with a molecular weight of about 35 kDa. Two  of them
CDK12 and CDK13) are much larger with about 1500 residues and

 molecular weight of about 165 kDa with modular components
esides the 250 amino-acid-residue protein kinase domain.

Using human HeLa cells, Arooz et al. reported that the peak
evels of cyclin A2 and cyclin E1, at the G2 phase and G1 phase,
espectively, were only about 1/8th that of their partner CDK2 [7].
onsequently, the CDKs are generally present in excess and are not
aximally stimulated by their regulatory subunits. This observa-

ion suggests that enhanced CDK activity in cancer is more likely
he result of increased cyclin levels than increased CDK expression.

The cyclins are a large family of about 29 proteins in humans
ith molecular weights ranging from 35 to 90 kDa [3]. Cyclins

re expressed in discrete portions of the cell cycle and are then
egraded by an intricately regulated process involving interactions
ith ubiquitin ligases (E3s) and proteasomes [8]. This periodic

xpression is mediated by the cell cycle-dependent activation of
he E2F and FOXM1 transcription factors [9]. The proteolysis of
yclins results from the actions of the Skp1-Cul1-F-box protein
SCF), which operates from late G1 to early M-phase, and the
naphase-promoting complex/cyclosome (APC/C), which acts dur-
ng anaphase until the end of G1 [10]. The cyclin family consists of
hree major groups. Group I or the cyclin B group consists of A, B,

, E, F, G, J, I and O; group II corresponds to cyclin Y; and group

II or the cyclin C group consists of cyclins C, H, K, L, and T (which
re major partners with the transcriptional CDKs) [3]. These pro-
eins contain a 100 amino-acid-residue domain of five �-helices
 B in response to mitogenic stimulation; adapted from Ref. [6] with permission of

called the cyclin box. The A, B, D, E, F, J, and O type cyclins con-
tain two  cyclin boxes while the rest contain a single cyclin box. The
structures and interactions of cyclins and their cognate CDKs are
described later.

In order to ensure proper progression through the cell cycle,
cells rely on a series of checkpoints that prevent them from pro-
gressing into a new phase inappropriately or prematurely before
they have successfully completed their current phase. As a result,
cell-cycle progression can be blocked at these checkpoints when
such transit may  be deleterious to the cell. The first is the G1-S
checkpoint (also called start, restriction point, or R-point) where
G1-S and S-phase CDK-cyclin complexes are activated during G1
(Fig. 1A) [11]. After passing the restriction point, cell prolifera-
tion is independent of mitogens and growth factors and the cell
is committed to complete cell division. The G1-S enzymes include
CDK4 and CDK6 and the D-type cyclins (D1/2/3), the various forms
of which are expressed in a tissue-specific fashion. CDK2-cyclin E
is required for the transition to the S-phase. G2-M constitutes a
second checkpoint where M-phase CDK1-cyclin A/B are activated
thereby bringing the cell to metaphase during mitosis. The third
checkpoint is the metaphase-to-anaphase transition, which leads
to sister-chromatid segregation, completion of mitosis, and cytoki-
nesis at which time the cytoplasm of a single cell is divided to form

two identical daughter cells. Progression occurs when M-phase
cyclin-CDK complexes stimulate an enzyme called the anaphase-
promoting complex, which causes the proteolytic destruction of
proteins that hold the sister chromatids together.



252 R. Roskoski Jr. / Pharmacological Research 107 (2016) 249–275

Table  1
Selected proteins that participate in the regulation of the cell cycle.a

Cyclin-dependent protein kinases and their cyclin partners

Enzyme Cyclin Selected functions

CDK1 A/B Triggers S-G2 and G2 → M transitions and G2 progression; cyclin A is synthesized in late G1, S, and G2 and is destroyed during
prometaphase; B-type cyclins are synthesized in S/G2 and destroyed following chromosome attachment to the spindle

CDK2 E  Triggers G1 → S transition; induces histone biosynthesis and centrosome duplication
A  Progression through S phase

CDK3 C Triggers reentry from G0 to G1 through phosphorylation of Rb; DNA repair
CDK4/6 D1/2/3 Mediates the phosphorylation of Rb in G1; stimulates cyclin E synthesis; synthesis of D-type cyclins is controlled by extracellular

mitogens
CDK5  p35, G Neuronal function; epigenetic regulation; glycogen synthesis; insulin secretion
CDK 7 or CAKb H Mediates the activation of CDKs by catalyzing the phosphorylation of a Threonine residue within the T-loop or activation segment;

forms  part of the TFIIH complex that is important for the regulation of RNA polymerase II transcription and DNA repair
CDK8  C Regulation of RNA polymerase II transcription; inhibition of lipogenesis; Wnt/�-catenin signaling
CDK9 T  Regulation of RNA polymerase II transcription

K  DNA repair
CDK10 M G2-M transition

Polypeptide inhibitors/modulators of cyclin-dependent protein kinases

Inhibitor (Gene) Targets Function

p16/INK4A (CDKN2A) CDK4/6 Cell cycle arrest in senescence and aging; decreased expression in many
cancers

p15/INK4B (CDKN2B) CDK4/6 Cell cycle arrest in response to transforming growth factor-�
p18/INK4C (CDKN2C) CDK4/6 Cell cycle arrest
p19/INK4D (CDKN2D) CDK4/6 Cell cycle arrest with maximal physiological expression during S phase
p21/CIP/WAF1 (CDKN1A) Most CDK-cyclin complexes Cell cycle arrest in G1; induced by p53 tumor suppressor; cell cycle arrest after

DNA damage, senescence, and terminal differentiation; decreased expression
in many cancers

p27/KIP1 (CDKN1B) Most CDK-cyclin complexes Cell cycle arrest in G1 in response to growth suppressors, contact inhibition,
and differentiation; decreased expression in many cancers

p57/KIP2 (CDKN1C) Most CDK-cyclin complexes except CDK4/6 High expression in G0 and G1; cell cycle arrest in G1; decreased expression in
many cancers

Other components

Enzyme Substrates Function

Wee1 kinase CDK1 Y15 Nuclear kinase; inhibits CDK1-cyclin B in G2
Myt  kinase CDK1 T14, Y15 Cytoplasmic kinase; inhibits CDK1-cyclinB in G2
Cdc25C phosphatase CDK1 pT14, pY15 Promotes G2 → M transition; catalyzes the dephosphorylation of CDK1-cyclinA or CDK1-cyclin B pT14 and pY15
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a Adapted from Ref. [5].
b CAK: CDK-activating protein kinase.

Cell cycle progression may  be deleterious to the cell after DNA
s damaged by oxidation, alkylation, or hydrolysis of the bases by
ndogenous processes or as a result of irradiation or treatment
ith cytotoxic drugs such as cisplatin or doxorubicin; cell cycle

heckpoints are activated following such insults [12]. Checkpoint
ctivation retards cell cycle transit, which allows cells to repair
he damage before continuing to divide. DNA damage checkpoints
ccur at the G1/S, G2/M boundaries and within the S phase. All
NA damage responses require either ATM, ATR, or both pro-

ein kinases, which have the ability to bind to the chromosomes
t the site of DNA damage together with accessory proteins that
re platforms on which DNA damage response components and
NA repair complexes are assembled. As part of this response ATR
atalyzes the phosphorylation of Chk1 (checkpoint kinase-1) at
er317 and Ser395 resulting in its activation; these two residues
re downstream from the protein kinase domain. ATM catalyzes
he phosphorylation of Chk1 at Thr68 resulting in its activation;
his residue occurs upstream from the protein kinase domain. The
yclin-dependent kinase inhibitor p21/CIP/WAF1 is induced by var-
ous mechanisms downstream from ATM or ATR and can arrest the
ell cycle at checkpoints by deactivating CDK-cyclin complexes.

Following mitogenic stimulation, one or more cyclin D mem-
ers are expressed leading to the activation of CDK4/6, which are

ey regulators of the G1-S transition. Cyclin D forms a complex
ith CDK4/6, which results in protein kinase activation as described

ater. The CDK4/6-cyclin D complex catalyzes the phosphoryla-
tion of the retinoblastoma (Rb) protein at one and only one site
distributed among all 14 potential phosphorylation sites to yield
monophosphorylated Rb that exists for several hours in G1 [13]. The
expression of cyclin E activates CDK2 later in G1 thereby leading to
the hyperphosphorylation of Rb at all 14 sites thereby inactivating
it. The CDK2-cyclin E complex is processive in nature; it catalyzes
consecutive reactions without releasing its substrate. The mecha-
nism for promoting cyclin E expression late in G1 is unclear. (See
Ref. [13] for a discussion of previous formulations of Rb phospho-
rylation and inactivation that involve various hypophosphorylated
Rb forms). Hyperphosphorylated Rb releases its bound E2F tran-
scription factor, which leads to the generation of several proteins
required for cell cycle progression through G1 and S including cyclin
A, Rb itself, and enzymes required for deoxyribonucleotide biosyn-
thesis [14].

CDK4 and CDK6 are protein kinases with narrow substrate speci-
ficity; they catalyze the phosphorylation of Rb (RB1) and two other
Rb-like family proteins (RBL2 or p130 and RBL1 or p107), but not
many other proteins [1,15]. The expression of cyclin D proteins is
followed by the expression of cyclin E, cyclin A, and cyclin B along
with the activation of their cognate CDKs. The relative levels of
cyclin expression are depicted in Fig. 1B, which is an idealized ver-
sion owing to the differences that exist among various cell types

under different conditions. In contrast to CDK4 and CDK6, CDK1
and CDK2 are broad specificity protein kinases that catalyze the
phosphorylation of dozens of proteins [1]. The duration of the cell
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ycle also varies considerably, lasting on the order of a day in rapidly
roliferating cells with mitosis taking about an hour.

Human CDK7 is a subunit of the TFIIH transcription factor; CDK7
s involved in transcription initiation by mediating the phospho-
ylation of a serine residue of the RNA polymerase II C-terminal
omain. CDK7 also catalyzes the phosphorylation and activation
f other CDKs, thus functioning as a CDK-activating kinase (CAK).
nlike cyclins for cell-cycle-related protein kinases, the cyclin sub-
nits of the transcriptional CDKs fail to show significant oscillations

n protein levels during the cell cycle; their activities are regulated
y intricate protein–protein interactions and other mechanisms.
DK5 participates in the regulation of insulin secretion, glycogen
ynthesis, and neuronal functions [5]. CDK8 and CDK14 are involved
n Wnt/�-catenin signaling and CDK16 plays a role in neuronal
unction and in spermatogenesis. Like other CMGC protein kinases
uch as ERK, most CDKs are proline-directed protein kinases that
atalyze the phosphorylation of serine or threonine immediately
efore a proline residue. CDK7 can also catalyze the phosphoryla-
ion of residues in the absence of a target proline residue.

.2. Endogenous CDK polypeptide inhibitors/modulators

In addition to regulation by the cyclin activators, CDKs are sub-
ect to inhibition by two  families of polypeptide inhibitors: CIP/KIP
nd INK4. These inhibitors can halt cell cycle passage under unfa-
orable conditions [16,17]. The CIP/KIP family of three proteins
as identified as cell cycle regulators that interact with and inhibit

he CDKs. The three members of the family include p21/CIP/WAF1,
27/KIP1, and p57/KIP2. The highest levels of p21/CIP/WAF1 are

ound during G1 and G2. The level of this protein is increased in
esponse to DNA damage in a process that involves the p53 tumor
uppressor protein and its expression is required for physiological
NA damage responses. p27/KIP1 accumulates when the cell enters

he G0 phase of the cycle and it is degraded following Thr187 and
er10 phosphorylation catalyzed by CDK2 followed by E3 ubiquitin
igase-mediated degradation as the cell re-enters G1. p57/KIP2 is a
egative regulator of cell proliferation and is required for embry-
nic development. The CIP/KIP family of proteins also participates

n apoptosis, cytoskeletal rearrangement, and transcriptional regu-
ation. Their structure and interaction with CDKs will be considered
ater.

The INK4 family of CDK antagonists consists of four members:
16/INK4A, p15/INK4B, p18/INK4C, and p19/INK4D [18]. Each of
hese proteins binds to CDK4 and CDK6 and prevents the binding
nd activation by the D-type cyclins. Moreover, each of these CDK
nhibitors controls cell cycle G1 progression. p16/INK4A is named
fter its molecular weight (in kDa) and its role in inhibiting CDK4
INK4). p16/INK4A decelerates the passage from the G1 to S phase
hen it would be deleterious to the cell; it therefore acts as a

umor suppressor and is implicated in the prevention of melanoma
nd cervical, esophageal, and oropharyngeal squamous cell carci-
omas [2]. Studies in p18/INK4C knockout mice suggested a role

or this gene in (i) regulating spermatogenesis and (ii) suppressing
umorigenesis. The abundance of the transcript of the p19/INK4D
ene was found to oscillate in a cell-cycle dependent manner with
he lowest expression at mid  G1 and a maximal expression during
he S phase. Like p18/INK4C, p19/INK4D also plays a role in reg-
lating spermatogenesis [19]. Moreover, p19/INK4D and p27/KIP1
ctively repress neuronal proliferation in postmitotic brain cells in
ice [20].

One aspect of the behavior of p21/CIP1 and p27/KIP1 is paradox-
cal [21]. As these polypeptides inhibit the actions of CDK2-cyclin
 and CDK2-cyclin A, they stimulate and stabilize the formation
f CDK4/6-cyclin D complexes. Furthermore, once a ternary com-
lex has formed between CDK4/6-cyclin D and either p21/CIP1 or
27/KIP2, the CDK-cyclin-inhibitor ternary complex can still cat-
search 107 (2016) 249–275 253

alyze the phosphorylation of its physiological substrates. Although
p21/CIP1 or p27/KIP1 inhibits the action of most CDK-cyclin com-
plexes, they do not inhibit the catalytic activity of CDK4/6-cyclin
D. Such formation of ternary complexes serves to remove these
inhibitors from CDK2 in a process known as CDK inhibitor reshuf-
fling. This process allows for the activation of S-phase CDK activity.
Table 1 provides a summary of the actions of selected proteins that
participate in the regulation of the somatic mitotic cycle.

2. Cell cycle dysregulation and cancer

2.1. Cyclins

The uncontrolled proliferation of several human cancers is asso-
ciated with the dysregulation of CDKs [22]. Dysregulation may
involve cyclins, endogenous CDK inhibitors/modulators, or CDKs.
Consequently, cyclin gene amplification and protein overexpres-
sion, untimely cyclin expression, or cellular mislocalization can
produce inappropriate activation of CDKs [5]. Cyclin D1 amplifica-
tion occurs in 15–40% of all cancers [23] including breast, lung, and
oral carcinomas and melanomas [24]. Schwaederlé et al. found that
50/392 tumor samples harbored cyclin D1, D2, D3, and E1 ampli-
fications most commonly associated with gastrointestinal (10/91
tumor samples), breast (22/81), gynecologic (2/33), head and neck
(5/39), lung (5/26), nonsolid tumors (2/30), brain (0/56) and other
neoplasms (2/16) [25]. Increased cyclin D mRNA occurs in most
multiple myeloma cells, and Bergsagel et al. suggested that dysreg-
ulation of cyclin D genes is a unifying oncogenic event in multiple
myeloma [26].

Increased cyclin D1 protein expression as determined by
immunohistochemical staining has been reported in colorectal,
pancreatic, endometrial, and head and neck squamous cell carci-
nomas, and NSCLC (Table 2). The expression of cyclin D activates
CDK4 and CDK6 leading to G1-S progression. Cyclin E1 gene ampli-
fication is associated with ovarian carcinomas [41,42] and uterine
serous carcinomas [43]. Cyclin E protein expression levels are cor-
related with increased malignant behavior of colorectal, pancreatic,
ovarian carcinomas, chronic lymphoblastic leukemia, and a variety
of lymphomas (Table 2). Cyclin E interacts with CDK2 and leads to
the induction of the S-phase of the cell cycle (Fig. 1A).

Cyclin A expression levels are correlated with poorer outcomes
in esophageal, hepatocellular, endometrial, and thyroid tumors,
and soft tissue sarcomas (Table 2). Cyclin A interacts with CKD2
to mediate passage through the S-phase and it interacts with CDK1
to promote entry into the M-phase of the cell cycle. Cyclin B expres-
sion levels are correlated with poorer outcomes in breast, lung,
stomach, and esophageal carcinomas (Table 2). Cyclin B interacts
with CDK1 and leads to the progression through G2 and entry into
mitosis.

2.2. Loss of endogenous CDK inhibitors/modulators

The INK4 family of CDK antagonists acts on CDK4 and 6 to block
passage through the G1 phase of the cell cycle. The CIP/KIP family
can block the action of most CDKs, while promoting the activity
of CDK4/6-cyclin D. p16/INK4A expression is decreased in acute
lymphoblastic leukemia as a result of the deletion of its gene [56].
Little or no expression of p16/INK4A protein has been reported
in Hodgkin lymphomas, NSCLC, melanoma, retinoblastoma, and
osteosarcoma (Table 3). In most of these cases, no or low protein
expression is correlated with poorer survival.
No or low protein expression of p21/CIP/WAF1 has been
reported in breast, stomach, colon, and endometrial carcinomas
and in Hodgkin lymphomas (Table 3). In most cases this is corre-
lated with metastasis and diminished survival. The highest levels
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Table  2
Cyclin expression in various malignancies.

Cyclin Parameter Cancera No. affected/total; comments References

D Protein overexpression Advanced colorectal carcinoma 26/45; correlates with CDK4 overexpression [27]
D1 Gene amplification Post-menopausal ER+ patients 100/1155; poor clinical outcome [28]
D1 Protein expression Primary colorectal carcinoma 7/8; greater expression than in adjacent normal mucosa [29]
D1 Protein expression Primary/recurrent colorectal carcinoma 5 of 11/9 of 11; decreases apoptosis in recurrent tumors [30]
D1 Protein expression Stage II and III colon cancer 211/386; correlates with increased recurrence [31]
D1 Protein expression Pancreatic carcinoma 36/53; not correlated with tumor size nor metastasis [32]
D1 Protein expression NSCLC 52/104; correlation of CDK4-cyclin D1 levels and apoptosis [33]
D1b mRNA expression NSCLC n = 102; correlates with tumor grade, metastasis, and tumor stage [34]
D1 Protein expression Endometrial carcinoma n = 65; D1 expression unlinked to PTEN, KRAS, or �-catenin mutations [35]
D1 Protein expression Head and neck squamous cell carcinoma 23/98; correlates with poorer survival [36]
D1 Protein overexpression Head and neck squamous cell carcinoma 56/115; correlates with poor prognosis [37]
D1 11q13 amplification Head and neck squamous cell carcinoma 22/56; correlates with reduced survival [37]
D1/2/3 mRNA expression Multiple myeloma 256/261; correlates with early oncogenic events [26]

E Protein expression Breast carcinoma 61/183; chiefly nuclear labeling [38]
E Protein expression Colorectal carcinoma 35/38 showed elevation compared with normal mucosa [39]
E Protein expression Pancreatic carcinoma 22/32; correlates with lymph node metastasis [40]
E1 Gene amplification Ovarian carcinoma 18/88; correlates with poorer survival [41]
E1 Protein overexpression Ovarian carcinoma 44/88; no correlation with malignant phenotype [41]
E1 Gene amplification Ovarian carcinoma 106/489; correlates with reduced survival [42]
E1 Gene amplification Uterine serous carcinoma 20/44; correlates with early tumor progression [43]
E Protein expression Chronic lymphoblastic leukemia 19/24; no cyclin A or B; 23/24 CDK4 positive [44]
E Protein expression Various malignant lymphomas 98/98; greater expression correlates with diminished survival [45]

A Protein expression Esophageal squamous cell carcinoma 49/124; correlates with poorer survival rate [46]
A Protein overexpression Hepatocellular carcinoma 12/31; correlates with reduced survival rate [47]
A Protein overexpression Benign/malignant thyroid tumors 33 of 104/33 of 64; no correlation with tumor size or metastasis [48]
A Protein expression Endometrial adenocarcinoma 207/208; correlates with tumor grade [49]
A Protein expression Soft tissue sarcomas n = 126; correlates with poorer survival rate [50]

B Protein expression Breast carcinoma Correlates with tumor size and grade [51]
B1 Nuclear expression Breast carcinoma 17/109; correlates with tumor size and lymph node metastasis [52]
B Protein overexpression NSCLC 17/77; correlates with reduced survival rate [53]
B Protein expression Gastric carcinoma 262/379; correlates with metastasis and poor prognosis [54]
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B Protein expression Esophageal carcinoma 

a NSCLC: non-small cell lung cancer.

f this protein occur during progression through G1 and G2. As
 result, p21/CIP/WAF1 retards entry into the S- and M-phase of
he cell cycle. No or low expression of p27/KIP1 has been reported
n breast, stomach, esophageal, colon, and prostate carcinomas
Table 3). Decreased levels are correlated with tumor recurrence
nd poorer survival. No or low expression of p57/KIP2 protein
as been reported in bladder, colorectal, liver, pancreatic, and
varian carcinomas. Aberrations in P57/KIP2 expression have also
een reported in both childhood and adult acute lymphoblastic

eukemias.

.3. Cyclin-dependent protein kinases

CDK1 protein overexpression has been reported in melanoma
nd in diffuse large B-cell lymphoma (Table 4). CDK2, CDK4, or
DK8 overexpression occurs in colorectal carcinoma. Addition-
lly, CDK4 gene amplification occurs in osteosarcoma, liposarcoma,
habdomyosarcoma, and cancer of the uterine cervix. Over expres-
ion of CDK4 protein has been reported in colorectal carcinoma,
SCLC, uterine cervical carcinoma, and melanoma. CDK6 gene
mplification and overexpression have been demonstrated in lym-
homas, leukemias, and gliomas. Moreover, CDK6 is overexpressed

n medulloblastoma, which is the most common brain tumor in
hildren, and this overexpression may  serve to link the p53 and
b tumor suppressor pathways [118]. Additional CDK aberrations
ssociated with cancer are given in Table 4.

A large number of mutations of the CDKs have been
escribed in the catalogue of Cosmic Mutations in Cancer

www.sanger.ac.uk/genetics/CGP/cosmic). The incidence of these

utations is quite low and only in a few, if any, cases have there
een any follow up studies demonstrating that the mutations result

n increased protein kinase catalytic activity. The low expression in
7; correlates with tumor grade [55]

p16/INK4A (a CDK4 inhibitor), the high expression of the D cyclins
(CDK4 activators), and the overexpression of CDK4 itself, indicates
that CDK4 is a potentially useful drug target for breast, cervical,
colorectal, esophageal, kidney, liver, lung, pancreatic, and prostate
carcinomas, NSCLC, acute lymphoblastic lymphoma, mantle cell
lymphoma, liposarcoma, melanoma, medulloblastoma, and mul-
tiple myeloma [119].

3. Structures of the cyclin-dependent protein kinases

3.1. Primary structures of the CDKs

The cyclin-dependent protein kinases catalyze the phospho-
rylation of a protein-serine or threonine residue that occurs
immediately before a proline residue thereby classifying them
as proline-directed protein kinases. The related ERK/MAP kinases
constitute another group of proline-directed kinases [120]. CDK2-
cyclin A uses a dual protein substrate recognition mechanism
in which the sequence flanking the phosphoryl acceptor site
(S/TPXR/K) is recognized by the enzyme while the cyclin A com-
ponent of the complex binds to a downstream R/KXL substrate
recruitment motif, where S or T are the phosphorylatable residues
and X is any amino acid [121]. CDK2-cyclin E is more selective than
CDK2-cyclin A and these complexes share just a few of the sub-
strates such as Rb and p27/KIP1 [121]. CDK1-cyclin B uses a similar
strategy for substrate recognition but is less stringent about its
requirement for the basic amino acid three residues removed (P + 3)
from the phosphorylatable serine/threonine [122]. This dual pro-

tein substrate recognition mechanism of the CDKs differs from that
of PKA, which contains a substrate recognition motif that is entirely
within the enzyme [123]. CDK 4 and 6 exhibit narrow substrate
specificity while CDK1 and 2 exhibit broad substrate specificity
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Table  3
Expression of endogenous polypeptide modulators/inhibitors of CDKs in various malignancies.

Inhibitor Parameter Cancera No. affected/total; comments References

P15/INK4B Gene deletion Acute lymphoblastic leukemia 310/973; modest correlation with disease progression [56]
P16/INK4A Gene deletion Acute lymphoblastic leukemia 592/1917; modest correlation with disease progression [56]
P16/INK4A No protein expression Hodgkin lymphomas 70/147; correlates with relapse or not responding to initial

therapy
[57]

P16/INK4A No protein expression NSCLC 31/115; correlates with reduced survival [58,59]
P16/INK4A No protein expression Early stage NSCLC 49/100; correlates with reduced survival [60]
P16/INK4A Low protein expression Malignant pleural mesothelioma 45/88; correlates with reduced survival [61]
P16/INK4A Weak protein expression Melanoma 8/90; correlates with reduced survival [62]
P16/INK4A Protein expression Retinoblastoma 36/38; correlates with high grade tumors [63]
P16/INK4A Low protein expression Osteosarcoma 143/354; correlates with reduced survival [64]

P21/CIP/WAF1 No protein expression Breast carcinoma 53/104; correlates with reduced survival [59]
P21/CIP/WAF1 Low protein expression Breast carcinoma 73/106; correlates with reduced survival [65]
P21/CIP/WAF1 No protein expression Gastric carcinoma 92/133; correlates with reduced survival [66]
P21/CIP/WAF1 No protein expression Gastric carcinoma 63/93; correlates with reduced survival [67]
P21/CIP/WAF1 Low protein expression Gastric carcinoma 55/71; correlates with reduced survival [68]
P21/CIP/WAF1 Low protein expression Colon carcinoma 197/294; correlates with reduced survival [69]
P21/CIP/WAF1 Low protein expression Colon carcinoma 51/211; correlates with metastasis [70]
P21/CIP/WAF1 Low protein expression Colon carcinoma 89/93; correlates with metastasis and reduced survival [71]
P21/CIP/WAF1 Low protein expression Stage II and III colon cancer 219/383; correlates with increased recurrence [31]
P21/CIP/WAF1 No protein expression Endometrial carcinoma 46/95; no correlation with survival [72]
P21/CIP/WAF1 No protein expression Endometrial carcinoma 28/75; correlates with poorer prognosis [73]
P21/CIP/WAF1 No protein expression Hodgkin lymphomas 71/147; correlates with relapse/not responding to initial

therapy
[57]

P27/KIP1 Low protein expression Breast carcinoma in young women
(20–44 years)

173/274; correlates with increased mortality [74]

P27/KIP1 Low protein expression Breast carcinoma (Median age of
62 yrs.)

94/168; correlates with tumor grade and poor outcome [75]

P27/KIP1 Low protein expression Breast carcinoma n = 6463; 20-meta analyses; correlates with reduced
survival

[76]

P27/KIP1 Low protein expression Gastric carcinoma 86/138; correlates with decreased 5-year survival [77]
P27/KIP1 Low protein expression Barrett esophageal carcinomas 45/54; correlates with decreased survival [78]
P27/KIP1 No protein expression Stage II colon cancer 18/152; correlates with increased mortality [75]
P27/KIP1 Low protein expression Stage II and III colon cancer 101/383; correlates with increased recurrence [31]
P27/KIP1 Low or no protein expression Prostate carcinoma 40/50; correlates with increased tumor grade [79]
P27/KIP1 Low protein expression Prostate carcinoma 22/113; correlates with treatment failure [80]
P27/KIP1 Low protein expression Prostate carcinoma 14/86; correlates with adverse prognosis [81]
P27/KIP1 Low protein expression Prostate carcinoma 62/129; correlates with decreased recurrence-free survival [82]
P27/KIP1 Low protein expression Recurring/non-recurring prostate

carcinoma
50 of 202/50 of 202; correlates with recurrence following
prostatectomy

[83]

P27/KIP1 No protein expression Gastroenteropancreatic
neuroendocrine tumors

61/327; correlates with reduced survival [84]

P57/KIP2 Low mRNA expression Bladder carcinoma 9/24; more common than decreased IGF2 or H19
expression

[85]

P57/KIP2 Low protein expression Colorectal carcinoma 66/110; correlates with large tumor size but not with
prognosis

[86]

P57/KIP2 No protein expression Hepatocellular carcinoma 25/47; correlates with decreased survival [87]
P57/KIP2 Low protein expression Pancreatic carcinoma 23/25; correlates with stage IV disease [88]
P57/KIP2 Low protein expression Ovarian carcinoma 12/33; correlates with reduced survival [89]
P57/KIP2 Low protein expression Advanced ovarian carcinoma 130/171; no correlation with prognosis [90]
P57/KIP2 No mRNA expression Childhood acute lymphoblastic

leukemia
39/74; no correlation with promoter methylation [91]

P57/KIP2 DNA methylation of promoter Adult acute lymphoblastic 36/72; inversely correlates with mRNA expression [92]
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a NSCLC: non-small cell lung cancer.

1]. The chief substrates of CDK4/6 are limited to Rb and its p107
nd p130 relatives while the many dozens of substrates of CDK1/2
re required for progression through G2 and the M-phases of the
itotic cycle [1]. The mechanisms responsible for the differences

etween narrow and broad substrate specificity of the CDKs are not
ntirely clear. The stoichiometry of the protein kinase reaction is
iven by the following chemical equation:

gATP1− + protein − O : H → protein − O : PO3
2− + MgADP + H+

Note that the phosphoryl group (PO3
2−) and not the phosphate

OPO3
2−) group is transferred from ATP to the protein substrate.
Hanks et al. and Hanks and Hunter analyzed the sequences
f some five dozen protein-serine/threonine and protein-tyrosine
inases and divided the primary structures into 12 domains (I-
IA,VIB-XI) [124,125]. Protein kinase catalytic domains contain
250–300 amino acid residues. Domain I is G-rich and contains a
GxGx�G signature (11GEGTYG16 of CDK2), where � refers to a
hydrophobic residue, and in the case of the CDKs the hydropho-
bic residue is tyrosine. The Gly-rich loop overlays bound ATP/ADP
and occurs between the �1- and �2-strands (Fig. 2A). This is the
most flexible part of the lobe as it accommodates the binding of
ATP and release of ADP. Domain II of protein kinases contains a
conserved Ala-Xxx-Lys (31ALK33) sequence in the �3-strand and
domain III contains a conserved glutamate (E51) residue in the �C-
helix that form a salt bridge with the conserved lysine in active
protein kinases (K33 of CDK2). Domain III of the CDK1 and 2 contain

the sequence PSTAIRE within the �C-helix, which interacts with
activating cyclins. Domain VIB contains a conserved HRD sequence,
which forms part of the catalytic loop (125HRDLKPQN132 in CDK2).
Domain VII contains a 145DFG147 signature and domain VIII contains
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Table  4
CDK anomalies associated with cancera.

Enzyme Parameter Cancerb No. affected/total References

CDK1 Protein overexpression Melanoma All (n = 5) [93]
CDK1 Gene amplification and protein

overexpression
Diffuse large B-cell lymphoma Nearly all (n = 38) [94]

CDK2 Protein overexpression Primary colorectal carcinoma 7/8 [29]
CDK2 Protein overexpression Melanoma All (n = 5) [93]
CDK2 Protein overexpression Melanoma 23/49 [95]
CDK3 Protein overexpression Glioblastoma 20/35c [96]
CDK4 Protein overexpression Primary colorectal carcinoma 6/8 [29]
CDK4 Protein overexpression Advanced colorectal carcinoma 39/45 [27]
CDK4 Protein overexpression NSCLC 52/104 [33]
CDK4 Gene amplification Uterine cervix 29/112 [97]
CDK4 Protein overexpression Uterine cervix 45/62 [97]
CDK4 Protein overexpression Melanoma lacking NRAS and BRAF

mutations
Unknown [98]

CDK4 Gene amplification Glioblastoma/anaplastic
astrocytoma

7 of 14/3 of 11 [99]

CDK4 Gene amplification Osteosarcoma 6/67 [100]
CDK4 Gene amplification Osteosarcoma 7/24 [101]
CDK4 Gene amplification Liposarcoma 44/48 [102]
CDK4 Gene amplification Rhabdomyosarcoma (adult) 1/1 [103]
CDK5 Protein overexpression Breast carcinoma 96/324 [104]
CDK5 Protein overexpression Primary pancreatic carcinoma 22/24 [105]
CDK5 mRNA upregulation Colorectal/head and neck/breast,

lung ovary, prostate, and bladder
carcinomas, sarcoma, myeloma

Unknown [106]

CDK6 Gene amplification Glioma 2/37 [107]
CDK6 Protein overexpression Medulloblastoma 50/169 [108]
CDK6 Protein overexpression T-cell lymphoma/leukemia 25/25 [109]
CDK8 Protein expression Early/advanced gastric carcinoma 23 of 24/24 of 24 [110]
CDK8 Protein overexpression Primary/metastatic colon

carcinoma
6 of 10/6 of 9 [111]

CDK8 Gene amplification Colorectal carcinoma 31/50 [112]
CDK8 Protein expression Colorectal carcinoma 329/470 [113]
CDK8 Protein expression Colorectal carcinoma 96/127 [114]
CDK9 Protein overexpression PNET/neuroblastoma 7 of 18/2 of 7 [115]
CDK11 Protein expression Osteosarcoma 4/6 [116]
CDK14 Protein expression Esophageal carcinoma 115/223 [117]

a Adapted from Ref. [5].
b NSCLC: non-small cell lung cancer; PNET, primary neuroectodermal tumors.
c Estimate.

Fig. 2. (A) Overall structure of the active form of the catalytic subunit of pCDK2 containing bound ATP, which is located beneath the Gly-rich loop and shown in a stick format.
The  activation segment (AS) is in its active open conformation. (B) Secondary structure of pCDK2. The locations of the 12 domains described by Hanks and Hunter [125] in
A  and B are indicated by the color code. (C) ATP-binding site. The PDB files used to prepare each figure are shown above each illustration. The superposition of 1QMZ with
3 2+ as sph
a  Versio

a
t
T

QHR  was  used to illustrate the location of the two  Mg ions, which are depicted 

dapted from PDB files were prepared with the PyMOL Molecular Graphics System
 conserved 170APE172 sequence (CDK2), which together represent
he beginning and end of the protein kinase activation segment.
he remaining domains make up the �F, �G, �H, and �I helices.
erical dots and labeled (1) and (2). BL, �C-�4 back loop; CL, catalytic loop. Figures
n 1.5.0.4 Schrödinger, LLC.
The elucidation of the X-ray structure of PKA provided an initial
framework for understanding the role of the various domains on
protein kinase function, which is considered next.
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.2. The K/E/D/D motif and the secondary and tertiary structures

Knighton et al. determined the X-ray crystal structure of
he catalytic subunit of PKA bound to a polypeptide protein
inase antagonist that mimics a peptide substrate (PDB ID: 2CPK)
126,127]. This structure has served as a prototype for all protein
inase catalytic domains including those of the CDK family. All pro-
ein kinases including the CDKs have a small N-terminal lobe and
arge C-terminal lobe [128]. The small lobe contains five conserved
-strands and a regulatory �C-helix and the large lobe contains

even conserved helices (�D–�I and �EF) and four short strands
�6–�9). The N-lobe and C-lobe form a cleft that serves as a docking
ite for ATP. The locations of the 12 Hanks domains are illustrated in
ig. 2A and B. Of the many hundreds of protein kinase domain struc-
ures in the protein data bank, all of them have this fundamental
rotein kinase fold first described for PKA [126,127].

Nearly all active protein kinases contain a K/E/D/D
Lys/Glu/Asp/Asp) signature motif that plays important struc-
ural and catalytic roles [129]. The first two residues occur within
he small lobe and the second two residues occur within the large
obe. Although both lobes contribute to nucleotide binding, most
f the interaction involves the N-lobe. K33 (the K of K/E/D/D) of
he �3-strand of CDK2 holds the �- and �-phosphates in position
Fig. 2C). The carboxylate group of E51 (the E of K/E/D/D) of
he �C- or PSTAIRE-helix forms a salt bridge with the �-amino
roup of K33 and serves to stabilize its interactions with these
hosphates. The presence of a salt bridge between the �3-lysine
nd the �C-glutamate is a prerequisite for the formation of active
rotein kinases. This salt bridge is very important and is a central
tructural theme in the protein kinase literature [129].

The C-lobe participates in nucleotide binding and it makes a
ajor contribution to protein/peptide substrate binding. Two  Mg2+

ons participate in the protein kinase catalytic cycle of CDK2 [130]
nd several other protein kinases [131]. CDK2 D145 (the D of DFG
nd the first D of K/E/D/D) binds to Mg2+(1) (Fig. 2C), which in turn
ill coordinate with the �- and �-phosphates of ATP. CDK2 N132 of

he catalytic loop binds Mg2+(2), which in turn will coordinate with
he �- and �-phosphates of ATP. The �-phosphate interacts with a
ysine (K129 of CDK2) within the catalytic loop, a residue that is
onserved within the protein-serine/threonine kinase family. The
′- hydroxyl group of the ATP ribose forms a hydrogen bond with
he carbonyl group of I10 (before the G-rich loop), another with
he side chain of D86 within the hinge, and a third with K89 fol-
owing the hinge. The 3′-hydroxyl hydrogen bonds to the carbonyl
roup of Q131 following the catalytic loop. A31 of the catalytic
pine (CS8), L83 in the hinge, and L134 after the catalytic loop
CS6) make hydrophobic contacts with the adenine base of ATP
not shown). Most small molecule protein kinase inhibitors make
ontact with many of the residues of the ATP-binding pocket that
re homologous to these residues.

.3. CDK substrate-binding sites and cyclin substrate-recruitment
ites

The activation segment of the C-lobe of CDKs and other pro-
ein kinases occurs with an extended open conformation in active
nzymes and a compact closed conformation in dormant enzymes.
he activation segment forms a platform for the peptide/protein
ubstrates. Brown et al. determined the crystal structure of a pep-
ide substrate bound to both the CDK2 substrate-binding site and
he cyclin A substrate-recruitment site [121]. The segment con-
ecting the two portions of the peptide was not observed and is

epicted by the dashed line (Fig. 3A). The CDK2 substrate-binding
ite involves the activation segment and the catalytic loop. Brown
t al. determined the crystal structure of an optimal peptide sub-
trate with an HHASPRK sequence bound to CDK2-cyclin A that
search 107 (2016) 249–275 257

was phosphorylated at T160 within the activation segment, which
is the fully activated enzyme form [121]. The phosphorylatable S
residue is labeled P + 0 (where P refers to phosphate), the next
residue, a proline, is labeled P + 1, and the following R residue is
labeled P + 2. V164 of the activation segment has an unusual left-
handed conformation that results in the carbonyl oxygen atom
being directed away from the peptide substrate where it makes
hydrogen bonds with R169 just before the APE of the activation
segment (Fig. 3B). Binding of any residue except proline at the P + 1
site of the enzyme is precluded. In unphosphorylated CDK2-cyclin
A, CDK2 V163 blocks the P + 1 site. As a consequence, the unphos-
phorylated enzyme is inactive while the arginine at the P + 2 site is
directed toward the solvent and does not interact with the protein.
The P + 3 lysine of the substrate forms a hydrogen bond with the
phosphate on T160 and to the main-chain oxygen of residue I270
of cyclin A, which accounts for the requirement for a basic residue
at this position.

Brown et al. determined the crystal structure of a peptide sub-
strate bound to the substrate recruitment site of the pCDK2-cyclin
A complex [121]. The R/KXL recruitment site occurs on the surface
of cyclin A. L92 of RXL92, which is defined as the P + 0 site [132],
docks into a hydrophobic pocket located in the cyclin A �1 and
�3 helices. Moreover, the N H group of the substrate peptide L92
residue forms a hydrogen bond with the carbonyl group of Q254 of
cyclin A (Fig. 3C). The side chain of the important R90 of the 90RXL
(P-2) motif forms salt bridges with the cyclin A E220 side chain,
the N H group of R90 forms a hydrogen bond with the cyclin A
I281 carbonyl group, and the R90 carbonyl group forms a hydro-
gen bond with the cyclin A Q254 N H group. N96 (P + 4) and F94
(P + 2) of the peptide substrate make polar contacts with the side
chain of R250 of cyclin A. There are numerous hydrophobic and van
der Waals contacts between the cyclin A peptide recruitment site
and the substrate peptide. The peptide substrate-recruitment sites
in cyclin A and E that interact with the K/RXL within the substrate
consists of a conserved MRAIL motif (210MRAIL214 in cyclin A2).

Most protein kinases including the CDKs exist in active and
inactive conformations as described later. The first step in CDK
activation results from binding its cyclin partner and the second
step, which is required for full activation, involves the phosphory-
lation of a threonine residue within the activation segment (T160
for CDK2) as catalyzed by a CDK-activating kinase (CAK), which
corresponds to CDK7 [5]. The activation segment of the CDKs is
sometimes called the T-loop, referring to this threonine residue.
The glutamate residue at the end of the activation segment (APE)
of all protein kinases forms a salt bridge with an arginine residue
in the �HI loop; this salt bridge consists of Glu172 and Arg274in
CDK2 (not shown).

3.4. Mechanism of the CDK2 reaction

Hengge considered two  reaction mechanisms for the transfer
of the phosphoryl group from ATP to substrates as catalyzed by
protein kinases; these are associative or dissociative [133]. The
differences between these mechanisms involve (i) the respective
groups that accept the hydrogen atom from the protein substrate
and (ii) the transition states. The transition state of a chemical reac-
tion is an unstable intermediate that occurs midway between the
reactants and products [134,135]. The transition state is a complex
where chemical bonds are being made and broken. The energized
transition state has a fleeting existence (≈10−12 s − 10−13 s), which
is the time of a single bond vibration. The transition state in an
associative process occurs when bond formation with the protein

substrate begins before the bond between the �- and �-phosphates
is broken. The proton on the hydroxyl group of the protein sub-
strate is accepted by the transferring phosphate. In contrast, the
dissociative mechanism involves a complete break of the phos-
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Fig. 3. (A) Overview of pCDK2-cyclin A interacting with a peptide substrate (black) at both the enzyme peptide substrate binding site and the cyclin substrate recruitment
site  (SRS). The chain connecting the two bound peptide segments was  disordered and is represented by the dashed line. Cyclin A is the gray structure. (B) Protein-substrate
b on atoms in blue. Enzyme and cyclin carbon atoms are gray. (C) Peptide binding to the
p  blue and those from cyclin A are gray. AS, activation segment; CL, catalytic loop site.
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Fig. 4. Mechanism of the CDK2 reaction of ATP with a peptide substrate with HRD-
D127 abstracting a proton from the peptide OH group. AS, activation segment.
inding site of pCDK2-cyclin A. The substrate is shown in a stick format with carb
CDK2-cyclin A substrate recruitment site. The carbon atoms of the substrate are in

horyl leaving group yielding a metaphosphate with a minus one
harge. The HRD aspartate (D127 of CDK2) acts as a catalytic base
hat accepts the proton from the substrate residue. In the dissocia-
ive transition state, bond breaking between the phosphorus center
nd the leaving group (ADP) is more advanced than bond making
ith the incoming oxygen of serine/threonine. Although there is

ata that supports each of these mechanisms, the preponderance
f results favors a dissociative process [136,137].

Bao et al. determined the structure of the transition state of
DK2 using ADP, Mg2+, a peptide substrate, and MgF3

− [138].
gF3

− mimics the �-phosphate in the transition state of ATP-
equiring reactions. Cook et al. determined the structure of the
ransition state substituting nitrate (NO3

−) for MgF3
− [139]. Paul-

ng proposed that the large rate acceleration of enzymes is caused
y the high specificity of the protein catalyst for binding, not the
ubstrate, but rather the transition state [140,141]. Pauling thought
hat this idea could be tested by studying inhibitors that have a
reater affinity for the enzyme than the substrates themselves.
hus, transition state analogues are inhibitors that take advantage
f the special interactions that distinguish the substrate in the tran-
ition state from the substrate in the ground state. The development
f transition state analogues for enzymatic reactions that act as
ight-binding inhibitors provides support for this notion [134,135].
espite structural studies on the CDK2 transition state, there has
een little, if any, development, of CDK transition-state analogue

nhibitors.
CDK2 catalyzes the nucleophilic in-line attack of the protein-

erine/threonine substrate onto the �-phosphorus atom of Mg2ATP
Fig. 4). The ATP and peptide substrates are bound as described ear-
ier. HRD-D127, the catalytic base within the catalytic loop abstracts

 proton from the seryl substrate as formulated in the dissociative
eaction mechanism. In this transition state, the meta-phosphate
as dissociated from the ADP leaving group and has not yet formed a
ond with the seryl group. The �C-E51 has formed a salt bridge with
he �3-K33 and the latter interacts with the �- and �-phosphates
f ATP. The two Mg2+ ions counter the negative charge of the meta-
hosphate and the oxygen atoms of ATP.

. Structure of the CDK hydrophobic skeletons

.1. The regulatory and catalytic spines
Kornev et al. [142,143] compared the structures of about two
ozen active and inactive protein kinases using a spatial alignment
lgorithm. They used this data to establish the presence of protein
Prepared from PDB ID: 1GY3 with the superposition of 3QHR to depict the location
of  two Mg2+ ions (shown as dotted spheres).

kinase (i) regulatory and (ii) catalytic spines. In contrast to pro-
tein kinase amino acid signatures such as APE, DFG, or HRD, the
residues that form the spines were not identified by examination
of the primary structures. Rather, the spines were identified by their
location as determined by their X-ray crystal structures. The spa-
tial alignment analysis revealed a skeleton of four nonconsecutive
hydrophobic residues that make up a regulatory or R-spine and
eight hydrophobic residues that constitute a catalytic or C-spine.

The R-spine interacts with a conserved aspartate (D185 of CDK2)
in the �F-helix. Going from the aspartate of the �F-helix up to the
top residue in the �4-strand, Meharena et al. labeled the regulatory
spine residues RS0, RS1, RS2, RS3, and RS4 [144]. We  have labeled
the catalytic spine residues CS1–CS8 (Fig. 5A) [145]. As noted later,
there are three conserved “shell” residues that interact with the
R-spine. Altogether each protein kinase contains 16 amino acid
residues that comprise this protein kinase skeletal composite. Each
spine contains residues from both the N- and C-lobes. The regula-
tory spine contains residues from the �C-helix and the activation

segment, whose spatial arrangements are important in producing
active and inactive states. The catalytic spine facilitates ATP binding
while the regulatory spine facilitates the positioning of the pro-
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Fig. 5. (A) Diagram of a frontal projection of the classical view of protein kinases
depicting the location of the C-spine, R-spine, and shell residues of the active con-
formation of pCDK2. The dashed line represents a hydrogen bond. (B) Depiction of
the C-spine and R-spine residues of pCDK2 shown as spheres. The carbon atoms of
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6.1. p27/KIP1 and CDK2-cyclin A
he C-spine are sky blue while those of the R-spine are gray; the shell residues are
hown in a stick format with carbon atoms in dark blue. AS, activation segment.

ein substrate to promote catalysis. The accurate alignment of the
pines is necessary for the formation of an active protein kinase
onformation.

The CDK2 regulatory spine consists of a residue from the begin-
ing of the �4-strand (Leu66, RS4), another that is four residues
fter the �C-E51 (Leu55, RS3), the phenylalanine of the activation
egment DFG (Phe145, RS2), along with the HRD-histidine (H125,
S1) of the catalytic loop. The backbone of His125 is anchored
o the �F-helix by a hydrogen bond to a conserved aspartate
esidue (Asp185, RS0). Residues that make up the protein-substrate
ositioning segment, the activation segment, the �HI-loop, and
he catalytic spine of protein kinase domains form hydrophobic
ontacts with the �F-helix [142]. The �F helix thus serves as a
oundation for the key structural elements of protein kinases.

The protein kinase catalytic spine contains residues from the
- and C-lobes and is completed by the adenine portion of ATP

143]. The two residues of the small lobe of CDK2 that bind to the
denine group of ATP include Val18 (CS7) near the beginning of
he �2-strand and Ala31 (CS8) from the conserved Ala-Xxx-Lys
f the �3-strand. Furthermore, Leu134 (CS6) from the middle of
he large lobe �7-strand binds to the adenine base in the active
nzyme. Leu133 (CS4) and Ile135 (CS5), hydrophobic residues that
ank Leu173, bind to Leu87 (CS3) at the beginning of the �D-helix.
he �D-helix Leu87 makes hydrophobic contacts with Ile192 (CS2)
nd Met196 (CS1) in the �F-helix (Fig. 5B). Note that both the R-
pine and C-spine are anchored to the �F-helix, which is a very
ydrophobic component of the enzyme that traverses the entire

arge lobe. Table 5 lists the residues of the spines of CDK1/2/4/6/9.

.2. Shell residues stabilizing the R-spine

Using site-directed mutagenesis, Meharena et al. identified
hree residues in murine PKA that stabilize the R-spine, which they
abeled Sh1, Sh2, and Sh3, where Sh refers to shell [144]. The Sh1
al104Gly mutant exhibited 5% of the catalytic activity of wild type
KA while the Sh2 Met120Gly and Sh3 Met118Gly double mutant
as kinase dead. These results indicate that the shell residues con-
ribute to an active protein kinase conformation. The Sh1 residue of
rotein kinases occurs in the �C-�4 back loop (Fig. 2B). The Sh2 or
atekeeper occurs at the end of the �5-strand immediately before
search 107 (2016) 249–275 259

the hinge, and Sh3 is two residues upstream from the gatekeeper
in the �5-strand.

Sh1 (Val64 of CDK2) interacts with RS3 (Leu55) and Sh2 (Phe80)
while Sh3 (Leu78) interacts with RS4 (Leu66) (Fig. 5A and B).
Sh2 is the classical gatekeeper residue, which interacts with Sh1
(Val64) below it and with RS4 (Leu66) next to it. The name gate-
keeper indicates the role that this residue plays in controlling
access to a hydrophobic pocket adjacent to the adenine binding site
[146,147] that is occupied by components of many small molecule
antagonists as described later. Based upon the local spatial pat-
tern alignment data [142], only three of 14 amino acid residues in
PKA surrounding RS3 and RS4 are conserved. These shell residues
stabilize the protein kinase regulatory spine [144].

5. The two-step activation of CDK2

Schulze-Gahmen et al. determined the X-ray crystal structure
of CDK2 in its inactive state in the absence of cyclin [148]. They
showed that CDK2 occurred with a compact closed activation
segment with the �C-helix lateral to the �4-stand and �C-E51
displaced from �3-K33 by an �AS helix within the activation seg-
ment. Moreover, the R-spine is not linear, but displays a kink with
a displaced RS3 (Fig. 6A). Jeffrey et al. determined the structure of
unphosphorylated CDK2 with cyclin A (Fig. 6C) [149]. The activa-
tion segment occurs in an open conformation extending from the
center of the enzyme, the �C-helix is inward, and �C-E51 forms a
salt bridge with �3-K33. Moreover, the R-spine is linear (Fig. 6D).
Russo et al. determined the structure of CDK2-cyclin A in the active
form with phosphorylated T160, which occurs within the activation
segment or T-loop (Fig. 6E) [150]. The structure of the phosphory-
lated activation segment is very similar to that of unphosphorylated
CDK2-cyclin A.

Russo et al. found that the phosphate on T160 forms salt bridges
with R50 of the �C-helix, R126 from the catalytic loop (HRD), and
R150 in the activation segment (Fig. 6F) [150]. In unphosphorylated
CDK2-cyclin A, the three basic residues are near each other but do
not interact with T160 (Fig. 6D). The threonine OH  group in the
free CDK2 enzyme is 18 Å from the catalytic loop arginine, 24 Å from
the activation segment arginine, and 30 Å from the �C-helix argi-
nine (Fig. 6B). Moreover, the T160 OH group of the uncomplexed
CDK2 is buried and not amenable for phosphorylation while that
of the unphosphorylated CDK2-cyclin A complex is exposed to sol-
vent making it available for phosphorylation by the CDK-activating
enzyme (CDK7) [151]. The charge cluster observed in phospho-
rylated CDK-cyclin A accounts in part for the interaction of the
activation segment to other regulatory components of the enzyme.
Even though the disposition of the �C-helix and activation segment
in the unphosphorylated CDK2-cyclin A complex is close to that of
the unphosphorylated complex, the enzymatic activity of the latter
is only 0.3% that of the phosphorylated complex [152].

The displacement of the �C-helix and the compact conforma-
tion of the activation segment in inactive CDK2 in contrast to active
CDK2 is clearly depicted in Fig. 6G. The aliphatic side chain of inac-
tive CDK2 RS3 is displaced when compared with that of active CDK2
(Fig. 6H). Also CS7, CS8, Sh2, and Sh3 of the inactive enzyme are
displaced when compared with those of the active enzyme. Fur-
thermore, the phenyl group of RS2 in the inactive enzyme is tilted
when compared with that of the active protein.

6. Interaction of KIP/CIP and INK4 with CDKs
The KIP/CIP family of inhibitors, which consist of p27/KIP1,
p21/CIP1, and P57/KIP2, bind to and inhibit CDK-cyclin complexes
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Table  5
Human CDK1/2/4/6/9 regulatory spine, shell, and catalytic spine residues.

Symbol CDK1 CDK2 CDK4 CDK6 CDK9

Regulatory spine
�4-strand (N-lobe) RS4 Leu66 Leu66 Leu74 Leu79 Leu81
�C-helix (N-lobe) RS3 Leu55 Leu55 Leu60 Leu65 Leu70
Activation loop DFG-Phe (C-lobe) RS2 Phe147 Phe145 Phe159 Phe164 Phe168
Catalytic loop HRD-His (C-lobe) RS1 His126 His125 His138 His143 His147
�F-helix (C-lobe) RS0 Asp186 Asp185 Asp196 Asp201 Asp211

Shell
Two  residues upstream from the gatekeeper Sh3 Leu78 Leu78 Leu91 Leu96 Leu101
Gatekeeper, end of the �5-strand Sh2 Phe80 Phe80 Phe93 Phe98 Phe103
�C-�4  back loop Sh1 Val64 Val64 Val72 Val77 Val79

Catalytic spine
�3-strand AxK-Ala (N-lobe) CS8 Ala31 Ala31 Ala33 Ala41 Ala46
�2-strand Val (N-lobe) CS7 Val18 Val18 Val20 Val27 Val33
�7-strand (C-lobe) CS6 Leu135 Leu134 Leu147 Leu152 Leu156
�7-strand (C-lobe) CS5 Ile136 Ile135 Val148 Val153 Ile157
�7-strand (C-lobe) CS4 Leu134 Leu133 Ile146 Leu151 Val155
�D-helix (C-lobe) CS3 Leu87 Leu87 Leu100 Leu105 Leu110
�F-helix (C-lobe) CS2 Ile193 Ile192 Ile203 Ile208 Ile218
�F-helix (C-lobe) CS1 Leu197 Met196 Met207 Met212 Met222

Fig. 6. (A) Inactive non-phosphorylated CDK2 free from cyclin A. The R-spine residues are shown as spheres with a yellow line indicating their trajectory. (B) Location
of  the important arginine (R) residues in inactive CDK2: R50, R126, R150. (C) Semi-active non-phosphorylated CDK2-cyclin A. Bound ATP is shown in a stick format. (D)
Location of important arginine residues in semi-active CDK2-cyclin A. (E) Active pCDK2-cyclin A. (F) Interaction of pT160 of active CDK2-cyclin A with R50, R126, and R150.
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G)  Superposition of active and inactive CDK2. The open activation segment (AS)
uperposition of active (gray carbon atoms) and inactive (dark blue carbon atoms) 

lycine-rich loop. The PDB IDs refer to the structures shown above and below them

153]. These proteins can bind to cyclin and CDKs independently,
ut they have much higher affinity for CDK-cyclin complexes,
hich are their preferred targets. These proteins contain a 65-

esidue segment at their amino-termini that can bind to and inhibit
heir target enzymes. Their carboxyterminal regions are of differ-
nt sizes with divergent sequences. Russo et al. determined the
-ray crystal structure of the 69-amino acid N-terminal domain
f p17/KIP1 bound to the phosphorylated CDK2-cyclin A complex

153]. The inhibitor binds to a peptide-binding groove in cyclin A
hat corresponds to the substrate-recruitment site (SRS) (Fig. 7A).
27/KIP1 courses over the small lobe of CDK2 and inserts itself into
he catalytic cleft where ATP normally binds.
ive CDK2 is red and the closed activation segment of inactive CDK2 is black. (H)
R-spine, C-spine, and shell residues. AS, activation segment, CL, catalytic loop, GRL,

From the N-terminus to the C-terminus, p27/KIP1 consists of the
coil in contact with cyclin A, an amphipathic �-helix, an amphi-
pathic �-hairpin, a �-strand, a 310-helix, and a coil (Fig. 7A). The
buried surface area as a result of the p27/KIP1 interaction with the
enzyme-cyclin complex amounts to 5750 Å2 (60% with CDK2 and
40% with cyclin A), which is larger than the buried surface area
of the CDK2-cyclin A complex of 3550 Å2 [153]. Cyclin A contains
two cyclin boxes, but only the first box interacts with the protein

inhibitor. The most distinct interactions of cyclin A with the 32LFG34

motif of p27/KIP1 involve hydrophobic contacts with M210, I213,
and L214 of the 210MRAIL214 motif that was described earlier as
the substrate-recruitment site (Section 3.3). The LFG motif occurs
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Fig. 7. (A) Binding of KIP1 to pCDK2-cyclin A. AS, activation segment; GRL, Gly-rich loop; SRS, substrate recruitment site. (B) Hydrogen bonds between KIP1 and pCDK2.
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he  carbon atoms of pCDK2 are gray and those of KIP1 are orange. The dashed line
f  pCDK2-cyclinA-KIP1 and pCKD2-cyclin A. The carbon atoms of the spine and she
ernary complex are colored dark blue.

n the three members of the CIP/KIP family and the MRAIL motif is
onserved in cyclins D, E, A, and B.

p27/KIP1 makes hydrophobic contacts with residues in the �2
A21), �3 (V30, L32), �4 (I70), and �5 (Y77, V79) strands of CDK2
153]. The inhibitor also hydrogen bonds to the outer aspect of the
DK2 small lobe. The 310-helix (residues 85–90) fills most of the
pace of the catalytic cleft and occupies the ATP-binding pocket
Fig. 7A). The Y88 OH group makes hydrogen bonds with E81 and
83 of the hinge that mimic  those made by ATP (Fig. 7B), and its
romatic ring makes hydrophobic contacts with F80 (Sh2), F82, and
134 (CS6). K33 of the �3-strand of CDK2 forms hydrogen bonds
ith F87 and R90 of p27/KIP1. A comparison of the superposition of

he C- and R-spines of pCDK2-cyclin A bound to the inhibitor with
ctive pCDK2-cyclin A shows that the greatest differences involve
S7 and CS8 (Fig. 7C), which occur within the N-lobe.

Russo et al. hypothesize that the LFG motif of p27/KIP1 serves
s an initial anchor in complex formation because this can occur in
he absence of any structural rearrangements [153]. This is in con-
rast to the binding of the inhibitor to CDK2 where major structural
hanges occur. As a result, binding of the antagonist to cyclin may
acilitate its subsequent binding to CDK2. The LFG motif of p27/KIP1
nd MRAIL of cyclins D, E, A, and B explains, in part, the specificity
f these inhibitors for complexes containing these cyclins. In con-
rast, cyclin H (a partner of CDK7) and p35 (a partner of CDK5) lack
he motifs that bind to p27/KIP1 and are thereby not inhibited by
t. The inhibition constants of the KIP/CIP antagonists for different
DK-cyclin complexes vary considerably [154]. For example, CDK1-
yclin B is poorly inhibited by the p21/CIP1 (Ki value ≈ 400 nM vs.
.5–15 nM for CDK2/3/4/6) and this lower affinity may  be due to
he 35-amino acid insertion at the N-terminus of CDK1. Moreover,
he amino acids of CDK2 that interact with p27/KIP1 are conserved
n CDK4/5/6, targets of KIP/CIP, but not in the nontarget CDK1.

.2. INK4 inhibitors and CDK6

CDK4 and 6 are the preferred targets of the INK family of
nhibitors (p16/INK4A, p15/INK4B, p18/INK4C, and p19/INK4D)
3]. These inhibitors are induced by a variety of antiprolifera-
ive signals such as transforming growth factor-� (p15/INK4B),
enescence (p16/INK4A), and terminal differentiation (p18INK4C

nd p19/INK4D) [155]. These antagonists can bind to monomeric
DK4/6, which interferes with the subsequent binding and activa-
ion by cyclin D. Moreover, the INK4 proteins can bind and inhibit
he CDK4/6-cyclin D complexes without dissociating cyclin. Conse-
resent polar contacts. (C) Superposition of the C-spine, R-spine, and shell residues
idues of pCDK2-cyclin A are colored gray and those from the pCDK2-cyclin A-KIP1

quently, the INK4 family has a narrower CDK preference than that
of the KIP/CIP family.

Russo et al. reported that the INK4 family binds to the side of
the small and large lobes opposite to the cyclin binding site of
their target CDK4/6 protein kinases and distorts the R-spine so
that the enzyme assumes an inactive conformation (Fig. 8A) [156].
p16/INK4A contains four ankyrin repeats, each of about 33 amino
acid residues that consist of paired �-helices separated by loops
(Fig. 8B) [157]. Ankyrin repeats occur in a large number of pro-
teins where they participate in protein–protein interactions. The
surface of p16/INK4A binds to the small lobe and the tips of the
repeats interact with the large lobe. These interactions are medi-
ated mostly by hydrogen-bonding networks involving the second
and third ankyrin repeats [156]. Like inactive free CDK2, p16/INK4A
bound to unphosphorylated CDK6 lacks activating changes. More-
over, the complex with p16/INK4A possesses structural distortions
that are further removed from the active structure than that of
uncomplexed CDK6 so that cyclin binding is compromised and the
movement of the �C-helix into its active state is blocked. The acti-
vation segment is in a closed and inactive conformation (Fig. 8A).

Although p19/INK4D contains five ankyrin repeats, Russo et al.
found that its binding to unphosphorylated CDK6 closely resembles
that of p16/INK4A (Fig. 8C and D) [156]. The first and second ankyrin
repeats interact with the N-lobe and the third repeat interacts with
both lobes while the last two  repeats fail to contact the enzyme. The
R-spine is distorted and the �3-strand K43 fails to interact with the
�C-E61. As a result, interactions with ATP phosphates would be
impaired. The hinge residues (99–102) that ordinarily form hydro-
gen bonds with the adenine base of ATP are displaced by an average
of 2.5 Å, thus prohibiting normal contact with the nucleotide sub-
strate. The activation segment of the p19/INK4D-CDK6 complex
is in a closed and inactive conformation that differs from that of
the p16/INK4A-CDK6 complex as it contains an additional helix
(residues 172–176).

Jeffrey et al. determined the crystal structure of p18/INK4C
bound to a complex of unphosphorylated CDK6 with a D-type cyclin
(cyclin K) [155]. They found that p18/INK4C and cyclin bind on
opposite sides of the enzyme and do not interact with each other
(Fig. 8E). The p18/INK4C interface with CDK6 is similar in size when
compared with p16/INK4A and p19/INK4D, but the CDK6-cyclin

K interface is much less than that of the active unphosphory-
lated CDK2-cyclin A complex (2500 Å2 vs. 3540 Å2). This decreased
interface may  weaken complex formation and promote cyclin dis-
sociation. The first three ankyrin repeats interact with the N-lobe
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Fig. 8. (A) p16/INK4A bound to inactive CDK6. The helices of p16/INK4A are red and the loops are green. The residues that make up the non-linear R-spine (RS0/1/2/4) are
shown  as spheres; RS3 is missing. AS, activation segment. (B) The p16/INK4A-CDK6 complex viewed from above the protein kinase as it is classically depicted. Black bars
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abeled 0, 1, 2, 3, and 4. (F) The p18/INK4 C-CDK6-cyclin K complex viewed from ab

f CDK2 while the forth and fifth repeats are not in contact with
he enzyme (Fig. 8F). The hydroxyl group of S155 near the cat-
lytic loop of the large lobe forms a hydrogen bond with the
81 carbonyl group of the third repeat (not shown). The relative
rrangement of p18/INK4C and CDK6-cyclin K are very similar
o those observed in the p16/INK4A and p19/INK4D complexes
ndicating that cyclin fails to influence the inhibitor-enzyme inter-
ace significantly. p18/INK4C displaces the �C-helix so that the
3-strand K43 fails to interact with the �C-E61. Moreover, the

nhibitor breaks the R-spine and markedly displaces RS2. The acti-
ation segment is in an inactive closed conformation and contains
n antiparallel �-sheet (residues 169–172 and 177–180). The inac-
ive activation segments of CDK6 bound to INK4A/D/C differ from
ne another and from the activation segment from active enzyme
onformations thereby illustrating the flexibility or plasticity of this
nzyme component.

. Selected CDK inhibitors in clinical trials

.1. First-generation drugs

.1.1. Alvocidib or flavopiridol
Alvocidib is a flavonoid alkaloid that was the first CDK antago-

ist that entered clinical trials. The 2-chlorophenyl-chromen-4-one
ore represents the flavonoid and the 1-methylpiperadine portion

s the alkaloid entity (Fig. 9A). This drug inhibits CDK1/2/4/6 with
C50 values less than 200 nM (klifs.vu-compmedchem.nl/). How-
ver, its IC50 for CDK9 is 3 nM and inhibition of this enzyme is most
ikely responsible for its pharmacologic actions. CDK9 catalyzes
nd to inactive CDK6. The R-spine residues are labeled 0, 1, 2, 3 and RS4. (D) The
h ankyrin repeat. (E) p18/INK4C bound to CDK6-cyclin K. The R-spine residues are

the phosphorylation of the C-terminal domain of RNA polymerase
II that is required for RNA elongation (Table 1). CDK9 forms part
of PTEFb (Positive Transcription Elongation Factor-b) along with
cyclins T1, T2a, T2b, or K. PTEFb is associated with a large pro-
tein complex forming an overall super elongation complex [158].
Thus, alvocidib inhibits the participation of PTEFb in G1  progression
[159].

Initial clinical studies with alvocidib were associated with tumor
lysis syndrome, a potentially fatal complication that results in
the breakdown of large numbers of cells. Tumor lysis syndrome
is characterized by hyperkalemia (elevated serum K+), hyper-
phosphatemia, hypocalcemia, hyperuricemia, and elevated lactate
dehydrogenase and blood urea nitrogen. More recent studies have
been designed to minimize this syndrome as reported in a phase
I clinical trial for the treatment of acute leukemias [160]. Phase
I trials involve small numbers of patients and are used to deter-
mine safe dosage ranges and to begin determining side effects. Karp
et al. used a drug regiment consisting of alvocidib, cytosine arabi-
noside (a DNA synthesis inhibitor), and mitoxantrone (a type II DNA
topoisomerase inhibitor); they reported that using a 30-min bolus
injection of alvocidib followed by a four-hour infusion was  more
effective in treating the disease than a 1-hour bolus, while min-
imizing the incidence of the syndrome [160]. Moreover, Zeidner
et al. found in a phase II clinical trial that the same drug regimen
was effective in the treatment of newly diagnosed acute myeloge-

nous leukemia with plans to enter into a phase III trial [161]. Phase II
trials are used to determine whether a drug or drug combination is
effective against a specific disease, to further evaluate safety, and to
identify additional side effects. Phase III trials are used to confirm
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Fig. 9. Structures of selected CDK inhibitors in clinical trials.

he effectiveness of a drug regimen, to monitor side effects, and
ompare such regimens with one or more standard or approved
reatment modalities.

The efficacy of alvocidib given intravenously as a single agent
n the treatment of various leukemias, mantle cell lymphoma,

ultiple myeloma, non-Hodgkin lymphomas, kidney or head and
eck cancers has been studied (ClinicalTrials.gov). Christian et al.

eported that 19 of 42 patients with refractory chronic lymphocytic
eukemia responded to alvocidib as a single agent [162] and Lin
t al. reported that 34 of 64 patients with the illness responded to
he drug [163]. Owing to its limited effectiveness as a single agent,
search 107 (2016) 249–275 263

more studies with alvocidib in combination with other agents are
underway.

The combination of alvocidib with (i) gemcitabine – an inhibitor
of DNA repair – or docetaxel – a blocker of microtubule dynam-
ics during mitosis – in pancreatic cancer, (ii) cisplatin – a DNA
crosslinker – in ovarian carcinoma, (iii) doxorubicin – producing
DNA double strand breaks – in sarcomas, (iv) irinotecan – a DNA
topoisomerase I inhibitor – in gastric cancer, (v) imatinib – an Abl
protein kinase antagonist – in leukemia, and (vi) paclitaxel – a
blocker of microtubule dynamics – in esophageal cancers have also
been studied in clinical trials (Table 6). George et al. found that eight
of 18 patients with NSCLC responded to a combination of paclitaxel,
carboplatin – a DNA crosslinker- and alvocidib [164]. Commonly
occurring side effects include diarrhea, fatigue, and hematological
toxicities [165]. The drug has been in clinical trials for a relatively
long time, and whether it ever becomes approved is a matter for
conjecture.

X-ray crystallographic studies indicate that alvocidib is situ-
ated in the CDK9 cleft occurring between the small and large lobes
within the ATP-binding site beneath the G-rich loop that occurs
between the small lobe �1- and �2-strands (Fig. 10A). The ketone
group of the flavonoid hydrogen bonds with the N H group of C106
and the 3-hydroxy group of the piperidine segment forms a hydro-
gen bond with the carboxylate group of the DFG-D167. Alvocidib
makes hydrophobic contacts with I25 before the G-rich loop, the
C-spine (CS7) V33, CS8 A46, the aliphatic arm of K48, Sh1 V79 of
the �C-�4  loop, F105 of the hinge, A153 and N154 of the catalytic
loop, and CS6 L156 (not shown). The drug occupies the front pocket
and FP-I as described by van Linden et al. [166]. Because alvocidib
binds to the active conformation (DFG-D in, �C-helix inward, open
activation segment, and linear R-spine), the drug is classified as a
type I inhibitor [145].

7.1.2. UCN-01 or 7-Hydroxystaurosporine
UCN-01 is a bis-indole derivative (Fig. 9B) that is given intra-

venously and targets CDK2 (IC50 value of 30 nM). The drug also
inhibits Chk1 (IC50 value of 10 nM), Chk2 (10 nM), PKA (42 nM), and
PKC (62 nM)  (www.ebi.ac.uk/chembl/compound/inspect/). There
are no apparent data on its inhibitory power on other members
of the CDK family, but the drug inhibits the growth of numerous
cancer cell lines with IC50 values less than 20 nM. The parent stau-
rosporine binds to dozens of protein kinases (it has low selectivity)
with high affinity [167]. In combination with irinotecan, a DNA
topoisomerase I inhibitor, UCN-01 has antitumor effects as demon-
strated in patients with resistant solid tumor malignancies [168].
When combined with DNA-damaging agents, UCN-01 is capable of
overriding S- and G2-checkpoints. This is thought to be due to the
ability of UCN-01 to inhibit the Chk1 protein kinase, critical for the
regulation of the S- and G2-checkpoints. In such cells lacking S- and
G2-checkpoints as a result of Chk1 inhibition, cancer cells lacking
p53 undergo mitotic catastrophe and eventually apoptosis.

UCN-01 has been studied in patients with advanced solid tumors
as well as breast, pancreatic, and small cell lung cancers (Clini-
calTrials.gov). Studies have also been performed on patients with
acute myelogenous leukemia, chronic lymphoblastic leukemia, and
T-cell lymphomas. Moreover, Kortmansky et al. conducted a phase I
trial consisting of a combination of UNC-01 and 5-fluorouracil − an
inhibitor of thymidylate synthase and DNA synthesis − for patients
with advanced colon carcinomas and other tumors [169]. In this
trial 5-fluorouracil was  given weekly during a 24-hour infusion;
UCN-01 was given once every four weeks immediately after the 5-
fluoruracil infusion was  completed. They found that this regimen

prevented disease progression in a quarter (8/32) of the patients
with a duration of 3–7 months. Hotte et al. performed a phase I clin-
ical trial using the topoisomerase inhibitor topotecan and UCN-01
in patients with advanced solid malignancies [170]. They found that
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Table  6
Selected CDK inhibitors in clinical trials.

Name, code Drug targets Diseases; commentsa Sponsor CDK inhibitor classb

First generation
Alvocidib, HMR-1275 or

flavopiridol
CDK9/1/2/4/6 Advanced solid tumors, ALL, AML, CLL, CML, mantle

cell lymphoma, multiple myeloma, non-Hodgkin and
other lymphomas, advanced sarcomas, breast,
esophageal, head and neck, kidney, ovarian, pancreatic,
gastric carcinomas, NSCLC

Tolero
Pharmaceuticals, NCI

I

UCN-01,
7-Hydroxystaurosporine

CDK2 and most likely
other CDKs

Advanced solid tumors, ALL, AML, CLL, T-cell and other
lymphomas, breast, kidney, ovarian, pancreatic, small
cell lung cancers, melanoma, myelodysplastic
syndrome

NCI I

Seliciclib, roscovitine or
CYC202

CDK1/2/5/7/9 Advanced solid tumors, breast, hepatocellular,
nasopharyngeal carcinomas, NSCLC

Cyclacel I/I½B

Second generation
Abemaciclib, LY2835219 CDK4/6 Advanced solid tumors, HR+-HER2− breast cancer,

NSCLC, mantle cell lymphoma, melanoma
Eli Lilly and Co. Unknown

AT7519 CDK1/2/4/6/7/9 Advanced solid tumors, CLL, mantle cell lymphoma,
multiple myeloma, non-Hodgkin lymphomas,
colorectal, pancreatic carcinomas, NSCLC

NCI-Canada clinical
trials group

I½B

BMS-387032, SNS-032 CDK2/7/9 CLL, multiple myeloma, advanced and refractory solid
malignancies; additional clinical trials unlikely

Sunesis
Pharmaceuticals

I½B

Dinaciclib CDK1/2/5/9 ALL, AML, CLL, mantle cell lymphoma, multiple
myeloma, melanoma, NSCLC, breast and pancreatic
cancers

NCI I½B

Ribociclib, Lee011 Cdk4/6 Advanced solid malignancies, breast, endometrial,
ovarian, and prostate carcinomas, glioblastoma,
liposarcoma, lymphomas, melanoma, NSCLC,
myelofibrosis

Novartis Unknown

Riviciclib, P276-00 CDK9/4/1 Head and neck cancers, melanoma, mantle cell
lymphoma, multiple myeloma, pancreatic carcinomas

Piramal Enterprises
Ltd.

Unknown

Palbociclib, PD0332991 CDK4/6 ALL, colon, hepatocellular, ovarian, and prostate
carcinomas, glioma, melanoma, mantle cell lymphoma,
multiple myeloma, neuroblastoma; the FDA approved
palbociclib with letrozole for the first line treatment of
ER+-HER2− breast cancer and palbociclib with
fulvestrant for the second-line treatment of this cancer

Pfizer Inc. I

a ALL: acute lymphoblastic leukemia; AML: acute myelogenous leukemia; CLL: chronic lymphocytic leukemia, CML: chronic myelogenous leukemia; ER+: estrogen receptor
positive; HER2−: human epidermal growth factor receptor-2 negative; HR+: hormone receptor positive; NSCLC: non-small cell lung cancer.

b See Ref. [145].
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ig. 10. The protein kinase and corresponding PDB ID of the drug-enzyme comple
ashed  lines represent polar bonds.
his combination produced stable disease with a median duration
f four months. Side effects included fatigue, constipation, nausea,
yperglycemia, vomiting, hypotension, anorexia, and headaches,
ut these were reported to be well tolerated. Fracasso et al. reported
e given. The drug carbon atoms are orange and those of the enzyme are gray. The
similar results in a phase I trial in patients with advanced solid
tumors using a combination of irinotecan and UCN-01 [168]. Gojo
et al. performed a phase I study on 13 patients with acute myeloge-
nous leukemia or acute lymphoblastic leukemia using UCN-01 in
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ombination with perifosine (an orally available alkylphospholipid)
171]. This combination of drugs inhibits the PKB/Akt protein kinase
n vitro. Although they reported that this combination can be safely
dministered, it was clinically ineffective using their dosing regi-
en, perhaps owing to a failure to inhibit PKB/Akt activity in vivo.

learly more work is required to establish appropriate combina-
ion drug regimens targeting specific illnesses before the clinical
ffectiveness of UCN-01 can be determined.

UCN-01 binds within the ATP-binding site of the active phospho-
ylated form of CDK2. The N H group of the drug forms a hydrogen
ond with the carbonyl group of E81 and the 5-oxo group forms

 hydrogen bond with the N H group of L83, both hinge residues
Fig. 10B). UCN-01 makes hydrophobic contacts with I10 before the
-rich loop, C-spine (CS7) V18, CS8 A31, the aliphatic portion of the
3-strand K33, shell residue V64 (Sh1) in the �C-�4  back loop, the
atekeeper F80, and the aliphatic portion of DFG-D146. The drug
ccupies the front pocket of CDK2 [166]. Because UCN-01 binds to
he active conformation of CDK2 (DFG-D in, �C-helix inward, open
ctivation segment, and linear R-spine), the drug is classified as a
ype I inhibitor [145]. The binding of UCN-01 to the active confor-

ation of CDK2 is nearly identical to the binding of staurosporine
o the CDK2 inactive conformation (PDB ID: 4ERW). Consequently,
t is difficult to assign a specific role to the 7-hydroxyl group (a

odification that converts staurosporine to UCN-01) that increases
rotein kinase selectivity.

.1.3. Seliciclib or roscovitine
Seliciclib is an orally effective tri-substituted purine (Fig. 9C)

hat targets CDK1/2/5 with rather high IC50 values ranging from
00 to 200 nM (http://klifs.vu-compmedchem.nl/); the drug most

ikely inhibits CDK7/9 as described next. Whittaker et al. reported
hat treatment of human HT29 and KM12 colon carcinoma cell lines
ith seliciclib decreased retinoblastoma protein (Rb) phosphory-

ation and total Rb and cyclin D1 protein levels [172]. Seliciclib
roduced a reduction of cells in G1 while it produced an increase

n cells in the G2-M phase. These investigators observed that selici-
lib reduced cyclin D1, A, and B1 mRNAs. This was accompanied
y a loss of RNA polymerase II phosphorylation and total RNA
olymerase II protein, suggesting that seliciclib was inhibiting tran-
cription, possibly via inhibition of CDK7 and CDK9 complexes.
eliciclib has the potential to inhibit CDK4/6 and CDK1/2 activities
n cancer cells through the down-regulation of cyclins D, A, and B.
his provides a possible mechanism by which seliciclib can cause a
eduction in Rb phosphorylation and cell cycle arrest in the G2-M
hase.

Hsieh et al. reported that monotherapy with seliciclib in patients
ith undifferentiated nasopharyngeal carcinomas was  effective in

educing cervical lymph node size in half of the patients (7/14)
173]. Furthermore, all 14 patients had stable disease. Analysis
f pre- and post-treatment tissue samples showed a reduction in
yclin D1 expression. Tolerable side effects included nausea and
omiting and elevation of alanine aminotransferase (most likely
elated to liver cell toxicity). These investigators also examined
he RNA expression profile and found that seliciclib decreased
he transcription of 136 genes in post-treatment samples; many
f these genes are important for tumor growth and cell survival.
e Tourneau et al. summarized the results of a phase I clini-
al trial involving 56 patients with advanced solid malignancies
hat received oral seliciclib [174]. Six patients had stable dis-
ase lasting more than four months and one partial response was
bserved in a patient with hepatocellular carcinoma. Chief side

ffects included weakness, nausea and vomiting, elevation of liver
nzymes, hypokalemia, and skin rash. The patients could not toler-
te daily administration and various interrupted dosing schedules
ere used, e.g., 1600 mg  twice daily for three days every two weeks.
search 107 (2016) 249–275 265

Seliciclib binds within the ATP-binding site of inactive CDK2; the
�C-E51 and �3-K33 are not in contact, the activation segment is in
its closed conformation bearing an additional AS helix, and the R-
spine is non-linear with RS3 displaced. N7 of the purine base forms a
hydrogen bond with the N H group of L83 in the hinge and the N H
group linked to C3 of the purine base forms a hydrogen bond with
the carbonyl group of L83 (Fig. 10C). Seliciclib makes hydropho-
bic contacts with I10 before the G-rich loop, CS7 V18, CS8 A31, the
aliphatic portion of the �3-stand K33, the F80 gatekeeper (Sh2),
F82 of the hinge, N132 of the catalytic loop, CS6 L134, and A144
just before the DFG-D145 sequence. Seliciclib also binds within the
ATP-binding site of active pCDK2 (the �C-E51 and �3-K33 form
a salt bridge, the activation segment is in its open conformation
bearing pT160, and the R-spine is linear). The drug forms the same
hydrogen bonds in the active and inactive enzyme conformations
and it makes the same hydrophobic contacts with the exception
of K33 and A144, lacking in the active enzyme (Fig. 10D). Seli-
ciclib occupies the front pocket in each case [166]. The drug is a
class I inhibitor (binding to the active conformation of CDK2) and I
½ inhibitor (binding to an inactive DFG-D in conformation) [145].
Because seliciclib must be given intermittently owing to its toxic-
ity and in the absence of significant antitumor responses, it appears
unlikely that it will gain FDA approval unless a better drug regimen
can be developed.

7.2. Second-generation drugs

7.2.1. Abemaciclib or LY2835219
Abemaciclib is a 2-anilino-2,4-pyrimidine-[5-benzimidazole]

derivative (Fig. 9D) that selectively inhibits CDK4-cyclin D1 (IC50
value of 2 nM)  and CDK6-cyclin D1 (10 nM); its IC50 values for
CDK1-cyclin B1, CDK2-cyclin E, and CDK7-cyclin H exceed 1000 nM
[175]. As noted above, transition through the G1-S restriction point
is controlled by the Rb pathway (CDK4/6-cyclin D-Rb-p16/INK4A).
Gelbert et al. reported that low nanomolar concentrations of abe-
maciclib inhibited Rb phosphorylation in a variety of tumor cell
lines including human colon carcinoma colo-205 and myelomono-
cytic leukemia MV-4-11 cells resulting in G1 arrest [175]. The drug
inhibited the expression of Rb/E2F-regulated dihydrofolate reduc-
tase and ribonucleoside diphosphate reductase large and small
subunits (RRM1/RRM2) in colo-205 cells. Low concentrations of
the drug also induced arrest in Rb-proficient MDA-MB-231 breast
cancer cells, but failed to produce G1 arrest in Rb-deficient MDA-
MB-468 breast cancer cells at concentrations up to 2500 nM. Oral
administration of abemaciclib also inhibited the growth of colo-
205, MV-4-11, U87 MG glioblastoma, H460 lung, and Jeko-1 mantle
cell lymphoma human xenografts in mice.

The effectiveness of oral abemaciclib monotherapy is under
study in patients with HR+-HER2− breast cancer, advanced breast
cancers, NSCLC, and mantle cell lymphoma, and advanced solid
tumors (ClinicalTrials.gov). Abemaciclib is also under study in
combination with necitumumab (a monoclonal antibody directed
toward EGFR/ErbB1/HER1) for NSCLC and with fulvestrant (an
estrogen receptor antagonist) for HR+-HER2− breast cancer.
Another trial is studying the combination of abemaciclib with
tamoxifen (an estrogen-receptor modulator), or one of three aro-
matase antagonists (letrozole, anastrozole, or exemestane), or
exemestane with everolimus (an mTOR inhibitor) in patients with
HR+-breast cancer. Note that aromatase antagonists block the con-
version of the A ring of steroids to an aromatic moiety as is found
in estradiol. Further studies are addressing the efficacy of anastro-
zole or letrozole in combination with abemaciclib or placebo in

postmenopausal women with HR+-HER2− breast cancer as first-
line therapy, i.e., an initial therapy after diagnosis. These clinical
studies indicate that abemaciclib can be administered continu-
ously without interruption [176]. In a phase I trial of 47 patients
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ith metastatic breast cancer with disease progression, abemaci-
lib produced clinical benefit in 23 and partial responses in nine.
he benefits were greater in those patients with HR+ disease (22/36
xperienced clinical benefit and 9/36 achieved a partial response).
he addition of fulvestrant increased the clinical benefit in 13 of 18
atients. Side effects included diarrhea, nausea, vomiting, anorexia,
nd fatigue. Neutropenia was also a common side effect, which was
enerally not severe and rarely led to infection and fever. Unfortu-
ately, the X-ray crystal structure of this promising drug with CDK4
r 6 has not been reported.

.2.2. AT7519
AT7519 is a dichlorobenzoyl-pyrazole derivative (Fig. 9E) that

nhibits CDK9-cyclin T (IC50 value less than 10 nM), CDK5-p35
13 nM), and CDK2-cyclin A (47 nM)  [177]. It is a less potent
nhibitor of CDK3-cyclin E (360 nM), CDK4-cyclin D1 (100 nM),
DK6-cyclin D3 (170 nM), and CDK7-cyclin H (2400 nM). Santo
t al. reported that 500 nM AT7519, which is a high concentration,
nhibited RNA polymerase II phosphorylation and RNA synthesis in

ultiple myeloma cells in culture. The drug decreased RNA pol II C-
erminal domain phosphorylation at Ser2 and Ser5 within one hour.
T7519 decreased cyclin D1, cyclin A, and cyclin B1 protein levels
ithin two hours. These cells showed an increase in cells in G0-G1

nd G2-M phase as early as six hours while drug-induced apoptosis
as evident by 12 h. AT7519 also decreased multiple myeloma cell

rowth in mouse xenografts.
AT7519 has been studied in clinical trials in patients with

ultiple myeloma, non-Hodgkin lymphomas, mantle cell lym-
homa, and chronic lymphoblastic leukemia (ClinicalTrials.gov).

n a phase I clinical trial, Mahadevan et al. administered the drug
y intravenous infusion for one hour daily for five days, which
as repeated every three weeks, to 28 patients with refractory

olid tumors including colorectal cancer (6 patients), NSCLC (5),
nd pancreatic cancer (4) [178]. Four patients exhibited stable
isease lasting more than six months and one had a prolonged
artial response. Dose-limiting toxicities included fatigue and elec-
rocardiographic prolongation of the corrected QT interval. Nausea,
omiting, anorexia, constipation, peripheral edema, pyrexia, and
ypotension occurred in 25–50% of the patients. In another phase I
linical trial, Chen et al. administered AT7519 as a one-hour intra-
enous infusion on days 1, 4, 8, and 11 every three weeks to 34
atients with a variety of advanced solid malignancies or non-
odgkin lymphomas [179]. Ten patients had stable disease as the
est response with a median duration of 3.3 months. No complete
r partial responses were observed. The most common adverse
vents included fatigue (53%), mucositis (53%), vomiting (34%) and
ausea (32%); however, these were generally of low grade and eas-

ly manageable. Anemia and lymphopenia were the most common
ematological toxicities and the drug regimen was  such that no
atients exhibited prolongation of the corrected QT interval.

AT7519 binds within the ATP-binding pocket of inactive CDK2
the �C-E51 and �3-K33 are not in contact, the activation segment
s in its closed conformation, and RS 3/4 is displaced upward). The
yrazole N2 group of the drug forms a hydrogen bond with the N H
roup of the hinge L83 and the 5-carboxamide N H group forms a
ydrogen bond with the carbonyl oxygen of the same residue; the
iperidinyl N H forms a hydrogen bond with the carbonyl group
f H84 (Fig. 10E). The 2,6-dichlorophenyl group of AT7519 makes
ydrophobic contacts with CS7 V18, the aliphatic chain of the �3-
trand K33, the gatekeeper F80, N132 of the catalytic loop, CS6
134, A144 before the activation segment, and DFG-D145. Addi-

ional hydrophobic contacts include I10 before the G-rich loop,
S8 A31, Sh1 V64 in the �C-�4 back loop, and F82 of the hinge.
T7519 binds to the front pocket of CDK2 [166]. The drug is a type

½ inhibitor (binding to an inactive DFG-D in conformation) [145]. It
search 107 (2016) 249–275

is unlikely that AT7519 will gain FDA approval unless better clinical
outcomes are observed.

7.2.3. BMS-387032 or SNS-032
BMS-387032 is a thiazole-oxazole derivative (Fig. 9F) that

inhibits CDK2 (Ki value of 40 nM), CDK5 (50 nM), CDK7 (125 nM),
and CDK9 (10 nM)  (klifs.vu-compmedchem.nl/). It is a weaker
inhibitor of CDK1 (500 nM)  and CDK4 (1000 nM). During the devel-
opment of BMS-387032, Misra et al. found that it was ineffective in
inhibiting PKC, Chk1, Lck, FAK, or EGFR1/2, with IC50 values greater
than 25 �M [180]. These investigators found that BMS-387032 was
effective in inhibiting tumor formation in P388 murine leukemias
and following subcutaneous injection of A2780 human ovarian car-
cinoma cells into mice [180].

Heath et al. performed a phase I clinical trial with BMS-387032
in patients with refractory metastatic solid tumors [181]. They
administered the drug intravenously over a one-hour period three
times weekly. Of 21 patients, three experienced a best response
of stable disease. Fatigue and nausea were the most common
side effects. They found that oral bioavailability ranged from 4
to 33%. In another clinical trial, Tong et al. administered BMS-
387032 by a six-hour weekly infusion for three weeks out of
each four-week course to 19 patients with chronic lymphoblas-
tic leukemia and 18 patients with multiple myeloma [182]. These
investigators reported that one patient with chronic lymphoblastic
leukemia experienced a short-lived decrease in measurable dis-
ease and another had stable disease of four months duration. One
patient with multiple myeloma had stable disease for three months
and the splenomegaly of another patient normalized. Tumor lysis
syndrome was the dose-limiting toxicity in patients with chronic
lymphoblastic leukemia while patients with chronic lymphoblastic
leukemia or multiple myeloma experienced myelosupression (neu-
tropenia, thrombocytopenia, and anemia). Tong et al. reported that
adverse gastrointestinal events included nausea, vomiting, diar-
rhea, and constipation [182]. Note that these first three adverse
events commonly occur during the treatment with many anti-
cancer agents.

X-ray crystallographic studies show that BMS-387032 binds
within the ATP-binding site of inactive CDK2 (Fig. 10F). The N3
nitrogen of the oxazole component forms a hydrogen bond with
the N H group of L83 of the hinge while the carboxamide N H
group forms a hydrogen bond with the carbonyl group of L83. BMS-
387032 makes hydrophobic contacts with I10 before the G-rich
loop, CS7 V16, CS8 A31, the F80 gatekeeper, the aliphatic com-
ponent of hinge residues Q85 and D86, CS6 L134, and A144, and
DFG-D145. BMS-387032 occupies the front pocket [166] of an inac-
tive enzyme conformation and is thus a type I ½ inhibitor [145].
Whether the drug will achieve clinical status is unclear.

7.2.4. Dinaciclib
Dinaciclib is a pyrazolopyrimidine derivative (Fig. 9G)  that

inhibits CDK1 (IC50 value of 3 nM), CDK2 (1 nM), CDK5 (1 nM), and
CDK9 (1 nM)  [183]. The drug was  initially developed as a CDK2
antagonist [184]. Parry et al. reported that 100 nM of dinaciclib
inhibited Ser807 and Ser809 phosphorylation of Rb in human ovar-
ian A2780 cancer cells in culture during a two-hour exposure,
which is consistent with CDK4/6 inhibition [183]. This suppression
of phosphorylation correlated with the onset of apoptosis. Dimin-
ished phosphorylation was observed four hours after the drug was
removed. Additional experiments showed that short exposures
could produce effects lasting up to 24 h suggesting that continuous

exposure may  not be required for sustained activity in vivo. These
investigators determined the effectiveness of dinaciclib in induc-
ing apoptosis in 47 diverse tumor cell lines and found that the IC50
values ranged from 6 to 17 nM.  Moreover, Parry et al. found that
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inaciclib was effective in blocking the growth of subcutaneously
njected human ovarian A2780 carcinoma cells in mice [183].

The effectiveness of oral dinaciclib monotherapy is under study
n patients with acute lymphoblastic leukemia, acute myelogenous
eukemia, chronic lymphoblastic leukemia, mantle cell lymphoma,

ultiple myeloma, melanoma, breast and lung cancers (Table 6).
he combination of dinaciclib with other drugs is also under
tudy including the addition of the PKB/Akt inhibitor MK2206
or pancreatic cancer, the PARP inhibitor veliparib for advanced
olid malignancies, the proteosome inhibitor bortezomib and dex-
methasone for relapsed multiple myeloma, the DNA-targeted
pirubicin for metastatic triple-negative breast cancer (ER−, PR−,
ER2−), the CD20-directed antibody of ofatumumab for relapsed
r refractory chronic lymphoblastic leukemia or small lymphocytic

ymphoma, and the CD20-directed antibody rituximab for chronic
ymphoblastic leukemia and small lymphocytic lymphoma. CD20
s a glycosylated membrane protein that participates in B-cell acti-
ation and proliferation.

In a phase I clinical trial, Nemunaitis et al. administered dinaci-
lib during a two-hour infusion on days 1, 8, and 15 of a 28-day cycle
o 48 patients with advanced solid tumors [185]. They reported that
0 subjects achieved stable disease for at least four months. The
ost common adverse effects were anorexia, anemia, fatigue, and

ausea. In a phase II clinical trial, Stephenson et al. reported that
ntravenous dinaciclib monotherapy was ineffective in the treat-

ent of NSCLC [186]. They reported that common severe (grade 3 or
) drug-related adverse effects included neutropenia, leukopenia,
omiting, and diarrhea. In another phase II trial, Mita et al. reported
hat dinaciclib produced antitumor activity in 2 of 7 patients with
R+-HER2− metastatic breast cancer [187]. They found that grade 3
r 4 treatment-related adverse events were common and included
eutropenia, leukopenia, increased serum aspartate aminotrans-

erase (an indicator of liver toxicity), and febrile neutropenia. They
oncluded that although dinaciclib monotherapy demonstrated
ome antitumor activity and was generally well tolerated, effi-
acy was not superior to capecitabine, a precursor of cytotoxic
-fluorouracil.

In a phase I/II clinical trial in patients with relapsed and refrac-
ory chronic lymphoblastic leukemia, Flynn et al. reported that 28
f 52 patients responded to therapy [188]. Dinaciclib was given
y infusion on days 1, 8, and 15 of a 28-day cycle. Common toxi-
ities included anemia, neutropenia, thrombocytopenia, diarrhea,
atigue, and nausea. Three patients experienced tumor lysis syn-
rome. These authors concluded that dinaciclib is better tolerated
han alvocidib (flavopiridol), justifying its further development.

itri et al. performed a phase I study with dinaciclib in combi-
ation with epirubicin (an anthracene derivative that intercalates
ith DNA and triggers cleavage by DNA topoisomerase II) for the

reatment of triple-negative breast cancer [189]. No treatment
esponses were noted, median time to progression was 5.5 weeks
range 3–12 weeks), and the study was terminated owing to toxicity
f the drug combination regimen.

Dinaciclib binds within the ATP-binding pocket of inactive CDK2
Fig. 10G). A nitrogen from the pyrazole ring forms a hydrogen bond
ith the N H group of the hinge L83 and the amino group of the

rug hydrogen bonds with the carbonyl group of L83. The oxide
orms a salt bridge with the �-amino group of K89 while the 2-
ydroxyl group hydrogen bonds with the �-amino group of the
3-strand K33. Dinaciclib makes hydrophobic contacts with I10
efore the G-rich loop, CS7 V18, CS8 A31, the aliphatic portion of
33, Sh1 V64, the gatekeeper F80, F82 and 84HQD86 of the hinge,
131 in the catalytic loop, CS6 L134, and A144. Dinaciclib occupies
he front pocket [166] of an inactive enzyme conformation and is
hus a type I ½ inhibitor [145]. The results of numerous clinical trials
search 107 (2016) 249–275 267

that are planned or underway will determine whether dinaciclib
will enter the clinic as an approved drug.

7.2.5. Ribociclib
The scaffold of ribociclib consists of a pyrrolo[2,3d]pyrimidine

core (Fig. 9H); this orally effective drug inhibits CDK4 (IC50 value
10 nM)  and CDK6 (39 nM)  [190]. The inhibitor potency against
CDK1 and CDK2 is much less (>50 �M).  Rader et al. reported
that ribociclib significantly reduced proliferation in 12 of 17
human neuroblastoma-derived cell lines by inducing cytostasis at
nanomolar concentrations (mean IC50 of 307 nM in sensitive lines)
[191]. The drug produced cell-cycle arrest and cellular senescence
that these investigators attributed to dose-dependent decreases in
phosphorylated Rb and FOXM1, respectively. FOXM1 (forkhead box
protein M1)  is a transcription factor that plays a key role in cell cycle
transit. Additionally, these investigators found that subcutaneous
neuroblast xenograft growth delay produced by ribociclib in vivo
was directly correlated with its IC50 values in vitro.

The effectiveness of oral ribociclib monotherapy is being investi-
gated in subjects with breast cancer, glioblastoma, and liposarcoma
(ClinicalTrials.gov). The combination of ribociclib with other drugs
is also under study. Examples include ribociclib with letrozole for
treatment of postmenopausal women  with HR+-HER2− advanced
breast cancer or with relapsed ER+-ovarian, fallopian tube, primary
peritoneal or endometrial cancer or with fulvestrant and BLY719
or BKM120 (PI3-kinase antagonists) in patients with advanced
breast cancer. Other combinations involve ribociclib and HDM201
(an E3 ubiquitin-protein ligase inhibitor) in patients with liposar-
coma, ribociclib and MEK162 (a MEK  antagonist) in patients
with NRAS mutant melanoma, ribociclib and ceritinib (an ALK
inhibitor) in patients with ALK+-NSCLC. Other studies underway
include ribociclib with buparlisib (a PI3-kinase antagonist) and
letrozole (an aromatase inhibitor) in HR+-HER2− post-menopausal
women with advanced breast cancer and ribociclib and everolimus
(an mTOR antagonist) plus exemestane (an aromatase inhibitor)
in the treatment of HR+-HER2− advanced breast cancer. Addi-
tional clinical trials are examining the efficacy of ribociclib and
encorafenib (a B-Raf antagonist) in patients with BRAF mutant
melanoma, ribociclib and ruxolitinib (a Janus kinase inhibitor)
in patients with myelofibrosis, and ribociclib, encorafenib, and
MEK162 in advanced BRAF mutant melanoma. Other potential
therapies include ribociclib and tamoxifen (an estrogen-receptor
modulator) in advanced ER+-HER2− breast cancer, ribociclib and
paclitaxel (a blocker of microtubule dynamics) in patients with
Rb+-advanced breast cancer, and ribociclib and trastuzumab (a
monoclonal antibody directed toward EGFR2/HER2) or T-DM1
(trastuzumab conjugated with the tubulin inhibitor DM1) for
advanced/metastatic HER2+ breast cancer. Further clinical trials are
underway to test the therapeutic efficacy of the combination of
ribociclib with gemcitabine (an inhibitor of DNA repair) in patients
with advanced solid malignancies or lymphoma, with docetaxel
(a blocker of microtubule dynamics during mitosis) and pred-
nisone in metastatic castration resistant prostate cancer, and with
enzalutamide (an androgen-receptor antagonist) with or without
ribociclib for metastatic, castrate-resistant, chemotherapy-naive
prostate cancer that retains Rb expression.

In a phase I clinical trial, 70 subjects with advanced lymphomas
or solid malignancies were treated with oral ribociclib [176]. Vidula
and Rugo reported that 10 of 70 patients had stable disease and
a partial response was observed in one patient with HR+-breast
cancer [176]. The chief toxicities were myelosuppression, diar-
rhea, nausea, and asymptomatic corrected electrocardiographic

QT prolongation. In a phase II trial involving five patients with
HR+-HER2− breast cancer receiving ribociclib, exemestane, and
everolimus, these investigators reported that this drug combi-
nation regimen was  well tolerated with mild to moderate bone
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arrow toxicity. In another phase II trial with HR+-HER2− breast
ancer patients receiving various combinations of ribociclib, letro-
ole, and BLY719 (a PI3-kinase antagonist), the most common
dverse events included neutropenia, nausea, hyperglycemia, diar-
hea, and anorexia [176]. Preliminary results suggest that letrozole
nd ribociclib are effective in the treatment of this illness. Unfortu-
ately, the X-ray crystal structure of this promising drug with CDK4
r 6 has not been reported.

.2.6. Riviciclib
Riviciclib is a flavonoid derivative with a 5,7-

ihydroxychromen-4-one core (Fig. 9I) that inhibits CDK9-cyclin
1 (IC50 value of 20 nM), CDK4-cyclin D1 (63 nM), and CDK1-cyclin

 (79 nM). The drug also inhibits CDK2-cyclin A (224 nM), CDK2-
yclin E (2500 nM), CDK6-cyclin D3 (396 nM), and CDK9-cyclin H
2900 nM)  [192]. Joshi et al. reported that riviciclib is a steady-state
ompetitive inhibitor with respect to ATP indicating that the drug
inds within the ATP-binding pocket [192]. They found that the
ompound is selective with respect to the CDKs and its inhibitory
otency against PKA, PKC, Src, MAPK1, and MAPK2 is two  or
ore orders of magnitude greater than that for CDK4. These

nvestigators examined the potency of riviciclib against a panel
f 12 tumor cell lines and found that it inhibited DNA synthesis

3H-thymidine incorporation into DNA) with IC50 values ranging
rom 300 to 800 nM.  In contrast, the IC50 values for normal human
ung fibroblast WI-38 cells and MRC-5 cells were 16,500 nM and
1,500 nM,  respectively. Following incubation of H-460 human
SCLC or human MCF-7 breast cancer cells in culture with riviciclib,

hese investigators found reduced CDK4 activity after six hours,
hich was followed by a subsequent reduction in cellular cyclin
1, CDK4, and Rb levels as determined by Western blot analysis.
ecreased Rb phosphorylation was observed after three hours.
hey demonstrated that loss of CDK4 activity precedes cyclin D1
nd CDK4 depletion. Riviciclib also induced apoptosis in human
romyelocytic leukemia HL-60 cells as demonstrated by increased
aspase-3 activity and DNA fragmentation. They ascribed these
ffects to CDK4 inhibition, but acknowledged that inhibition of
ranscription mediated by CDK9-cyclin T1 might also play a role.
nhibition of the latter enzyme affects the transcription of mRNAs

ith short half lives including proteins encoding growth and
poptosis regulators. In support of the latter hypothesis, Manohar
t al. reported that riviciclib causes multiple myeloma cell death
n culture by disrupting the balance between cell survival and
poptosis through inhibition of transcription and down regulation
f Mcl-1 (a member of the Bcl-2 family that inhibits apoptosis)
193].

In another study, Joshi et al. studied the effects of riviciclib on an
synchronous population of human prostate carcinoma (PC-3) and
uman promyelocytic leukemia (HL-60) cells [194]. They reported
hat the drug arrested slow-growing PC-3 cells in G2-M with no
ignificant apoptosis. In contrast, they observed significant apo-
tosis in fast-growing HL-60 cells. However, synchronized human
SCLC (H-460) cells and human normal lung fibroblast (WI-38)

ells showed G1 arrest. Based on the role of CDK4 and CDK1 in cell
ycle transit, an inhibitor of these two enzymes would be predicted
o produce a G1 or a G2 arrest. Consistent with this expectation,
synchronous population of cells treated with riviciclib arrested
he cells in both G1 and G2. Furthermore, cells synchronized in the
0 phase by serum starvation maintained a G1 block in response to
rug treatment. Prolonged exposure to the compound resulted in
poptosis in cancer cells, whereas in the normal fibroblast cell line,

o apoptosis was seen even after prolong exposure. These investi-
ators suggested that the selective killing effect of riviciclib against
ells that are actively proliferating could be exploited in developing
his compound as a potential anticancer agent. The authors found
search 107 (2016) 249–275

that riviciclib inhibited the growth of human colon carcinoma HCT-
116 cells and human NSCLC H-460 cells in mouse xenografts.

Cassaday et al. examined the role of intravenous riviciclib in
the treatment of 13 patients with relapsed or refractory mantle
cell lymphoma [195]. Only two patients experienced stable disease
with a duration of about 60 days. Owing to the lack of a positive out-
come, these investigators suggested that given the results observed
in their study, if evaluation of CDK inhibition in mantle cell lym-
phoma continues, riviciclib should be used earlier in the course of
the disease or as a part of a combination of drugs for relapsed or
refractory disease. The X-ray structures of this drug complexed to
any of its CDK targets are not available. All clinical trials with P276-
00 (riviciclib) are completed; in the absence of any new studies it
is unlikely that this drug will meet approval.

7.2.7. Palbociclib (Ibrance®) or PD0332991
Palbociclib is a CDK4/6 antagonist that in combination with the

aromatase antagonist letrozole is FDA-approved for the treatment
of post-menopausal women with ER+-HER2− advanced breast can-
cer as an initial, or first-line, endocrine-based therapy for metastatic
disease (www.brimr.org/PKI/PKIs.htm). The scaffold of palbociclib
consists of a pyrido[2,3-d]pyrimidinone core (Fig. 9J); this orally
effective drug inhibits CDK4-cyclin D1 (IC50 value 11 nM), CDK4-
cyclin D3 (9 nM), and CDK6-cyclin D2 (15 nM)  [196]. It is ineffective
against CDK2-cyclin E2, CDK2-cyclin A, CDK1-cyclin B, and CDK5-
p25 with IC50 values exceeding 10 �M.  During the development
of this compound, VanderWel et al. found that the addition of
a cyclopentyl group at N8 of the pyrido[2,3-d]pyrimidinone core
provided an excellent combination of selectivity and potency for
CDK4/6 [197]. Moreover, the inclusion of a methyl group at the
C5 position decreased CDK1/2 inhibition by these congeners while
they remained effective against CDK4/6. Toogood et al. from the
same laboratory reported that including a 2-aminopyridine at the
C2-position of the core increased selectivity for CDK4/6 in vitro
[198]. Moreover, addition of the acetyl group at C6 maintained the
selectivity toward CDK4/6.

The only known substrates of CDK4/6 are members of the
Rb-like family including p110/Rb, p107/RBL1 and p130/RBL2 [1].
Ser780 and Ser795 are CDK4/6 monophosphorylation sites that
can be used to monitor the effectiveness of their inhibition. Fry
et al. found that the IC50 for the reduction of Ser780 phosphoryla-
tion in MDA-MB-435 tumor cells was  66 nM while that for Ser795
was 63 nM [196]. Similar results were found using Colo-205 human
colon cancer cells. The reduction in phosphorylation occurred at
four hours and reached a maximum at 16 h. This is a reversible
process and dephosphorylation of these residues occurred within
two hours after drug removal and was  complete by 16 h. These
investigators found that palbociclib inhibited thymidine incorpo-
ration into DNA in Rb+ human colon and lung carcinoma cells as
well as human leukemia cells with IC50 values ranging from 40
to 170 nM.  The drug was  ineffective against Rb− cells at concen-
trations as high as 3000 nM.  These results are consistent with the
notion that palbociclib exerts its effects by inhibiting CDK4/6.

Finn et al. examined the effects of palbociclib in 47 human
breast cancer cell lines, alone and in combination with tamox-
ifen or trastuzumab [199]. They found that ER+ cell lines were
most sensitive to growth inhibition by the drug. They also found
that the sensitive cell lines showed G0-G1 arrest and decreased
Rb phosphorylation in response to the drug. Also of importance,
they found that palbociclib and tamoxifen were synergistic in ER+

cells lines while palbociclib and trastuzumab were synergistic in
HER2-amplified cell lines. Furthermore, Miller et al. identified a

role for the unliganded estrogen receptor and the CDK4/6-Rb-E2F
pathway that participates in the hormone-independent growth of
breast cancer cells in culture [200]. These studies provide a basis
for understanding the effectiveness of treating ER+ breast cancers
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ith a combination of receptor antagonists or aromatase inhibitors
nd CDK4/6 inhibitors as described later.

Fry et al. found that 40 nM palbociclib treatment for 24 h
ncreased the percentage of MDA-MG-453 cells in the G1 phase.
1 arrest was still observed at concentrations as high as 10,000 nM

uggesting that the drug is not appreciably inhibiting any of the
ther CDKs [196]. These investigators found that palbociclib pro-
uced tumor regression in several mouse xenografts including
hose of breast, colon, glioblastoma, prostate, and lung. The authors
ound that Colo-205 tumors reappeared after palbociclib treatment

as discontinued. Cells from these tumors were then were re-
mplanted into mice and after growth to 100–150 mg,  the animals

ere treated with palbociclib. These authors found that the tumors
esponded with equal sensitivity indicating that no resistance had
eveloped during the initial treatment. This study demonstrated
hat the drug is cytostatic for cells in culture causing G1 arrest, but
t induces apoptosis and tumor regression in animal xenografts.
he mechanism for the induction of tumor apoptosis in animals in
ivo is unclear except to confirm that drug-induced apoptosis is an
ntricate process. Furthermore, the arrest of cells in G1 in response
o CDK4/6 inhibition may  antagonize cell killing by agents that
re effective in S-phase or during mitosis such as DNA-damaging
gents. Consequently, the choice of drug combinations with CDK4/6
ntagonists such as palbociclib will have to be made accordingly.

Phosphorylated Rb fails to suppress the transcription of genes
ontrolled by the E2F transcription factors [13]. Fry et al. monitored
he expression of four E2F-regulated genes in Colo-205 tumors in

ice treated with palbociclib [196] These genes encoded CDK1,
yclin E2, thymidine kinase, and topoisomerase 2A. These investi-
ators observed that all four gene products were down-regulated in

 dose-dependent fashion and paralleled the regressive response of
he tumor. Moreover, VanderWel et al. found that palbociclib inhib-
ted the growth of MDA-MB-435 tumor xenografts, which were
riginally thought to be derived from a human breast cancer [197],
ut are now considered to be derived from a melanoma (www.
TCC.org).

The effectiveness of oral palbociclib monotherapy is under
tudy in patients with liposarcoma, oligodendroglioma, oligoas-
rocytoma, mantle cell lymphoma, urothelial carcinoma, NSCLC,
nd numerous primary childhood brain tumors (ClinicalTrials.gov).
here are several clinical trials underway examining the effective-
ess of palbociclib with a variety of hormone antagonists in breast
ancer such as tamoxifen and the aromatase inhibitors. Other com-
ination studies include palbociclib with cetuximab (a monoclonal
ntibody directed toward EGFR/HER1/ErbB1) for the treatment of
ead and neck cancers, with AZD2014 (an mTOR inhibitor) for
he treatment of ER+ breast cancer, and with PD-0325901 (a MEK
ntagonist) for the treatment of NSCLC and other solid malig-
ancies. Additional clinical trials are underway to determine the
ffectiveness of palbociclib, lenalidomide (an analogue of thalido-
ide with immunomodulatory, antiangiogenic, and antineoplastic

roperties), and dexamethasone for multiple myeloma and a com-
ination of palbociclib and ibrutinib for the treatment of mantle cell

ymphoma (ibrutinib is an antagonist of Bruton protein-tyrosine
inase approved for the treatment of mantle cell lymphoma).

Finn et al. studied the responses of 84 postmenopausal women
ith ER+-HER2− breast cancer to palbociclib plus letrozole and

ompared them to a cohort receiving letrozole alone [201]. These
nvestigators reported that median progression-free survival was
0.2 months (range, 5.7–12.6) for the letrozole group and 20.2
onths (13.8–27.5) for the palbociclib plus letrozole group. In one
ohort (n = 66), median progression-free survival was 5.7 months
range, 2.6–10.5) for the letrozole group and 26.1 months (11.2–not
stimable) for the palbociclib plus letrozole group. In another
ohort (n = 99), median progression-free survival was 11.1 months
search 107 (2016) 249–275 269

(7.1–16.4) for the letrozole group and 18.1 months (13.1–27.5) for
the palbociclib plus letrozole group. These authors reported that
grade 3–4 neutropenia occurred in 45 (54%) of 83 patients in the
palbociclib plus letrozole group versus one (1%) of 77 patients in the
letrozole group while leukopenia was observed in 16 (19%) in the
combination group versus none in the letrozole group, and fatigue
was reported in four (4%) of the combination group versus one
(1%) in the letrozole group. Serious adverse events that occurred
in more than one patient in the palbociclib plus letrozole group
were pulmonary embolism (three, 4% of patients), back pain (two,
2%), and diarrhea (two, 2% of patients). No cases of febrile neu-
tropenia or neutropenia-related infections were reported during
the study. They indicated that 11 (13%) patients in the palbo-
ciclib plus letrozole group and two (2%) in the letrozole group
discontinued the study because of adverse events. These studies
prompted FDA approval of the combination of palbociclib with
letrozole for the initial treatment of HR+-HER2−breast cancer in
2015 (www.brimr.org/PKI/PKIs.htm).

Turner et al. summarized a phase III clinical trial that involved
521 patients with advanced HR+-HER2− breast cancer that had
relapsed or progressed during prior first-line endocrine ther-
apy [202]. They randomly assigned patients in a 2:1 ratio to
receive palbociclib and fulvestrant or placebo and fulvestrant.
Fulvestrant is an estrogen-receptor antagonist that leads to the
acceleration of proteosomal degradation of the receptor, a drug
that is given intramuscularly. The median progression-free sur-
vival was 9.2 months with palbociclib–fulvestrant and 3.8 months
with placebo–fulvestrant. The most common grade 3 or 4 adverse
events in the palbociclib–fulvestrant group were neutropenia (62%,
vs. 0.6% in the placebo–fulvestrant group), leukopenia (25% vs.
0.6%), anemia (2.6% vs. 1.7%), thrombocytopenia (2.3% vs. 0%),
and fatigue (2.0% vs. 1.2%). Febrile neutropenia was reported in
0.6% of palbociclib-treated patients and 0.6% of placebo-treated
patients. The rate of discontinuation due to adverse events was
2.6% with palbociclib and 1.7% with placebo. These results indi-
cated that palbociclib combined with fulvestrant resulted in longer
progression-free survival than fulvestrant alone. These results led
to the approval of this drug combination as a second-line treat-
ment for HR+-HER2− breast cancer following an initial first-line
treatment (www.brimr.org/PKI/PKIs.htm).

The X-ray crystal structure of palbociclib bound to the com-
plex of CDK6-cyclin V shows that a hydrogen bond forms between
the carbonyl group of V101 of the hinge of the enzyme and the
2-amino group attached to the pyridopyrimidine core (Fig. 10H).
Cyclin V or cyclin K is a gene product of Kaposi sarcoma herpes
virus that activates CDK6. A second hydrogen bond forms between
the N3 nitrogen of the core of palbociclib and the N H group of
V101 while a third hydrogen bond forms between the DFG-D163
N H group and the 6-acetyl carbonyl group. The 5-methyl and 6-
acetyl groups occupy hydrophobic pocket BP-I-A in the gate area
[145,166] while the C2 piperazinylpyridinylamino group faces the
solvent. Palbociclib makes numerous hydrophobic contacts with
the enzyme including interactions with the �1-strand I19, CS7 V27,
the aliphatic arm of �3-K43, Sh1 V77 within the �C-�4  loop, the F98
gatekeeper, Q103 of the hinge, CS6 L152, and A162, which occurs
just before DFG-D163 of the activation segment. The N8 cyclopentyl
group occupies the space where the ribose of ATP binds. The drug
binds to an active conformation of the CDK6-cyclin V complex (�C-
helix in, open activation segment, linear R-spine) and is thus a type
I inhibitor [145]. As noted above, palbociclib is in clinical trials for
diseases other than breast cancer and it is possible that its approval
for additional clinical indications may be forthcoming as part of a

therapeutic regimen.

http://www.ATCC.org
http://www.ATCC.org
http://www.ATCC.org
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. Protein-protein interaction inhibitors

There are three general targets for protein–protein interaction
nhibitors in the CDK family [5]. Inhibition can result from the block-
de at the activation-segment protein-substrate platform of the
nzyme, blockade at the substrate-recruitment site of the cyclin, or
lockade at the interface of CDKs with their cognate cyclins. Target-

ng such interactions with compounds of molecular weight of less
han 500 Da is challenging owing to the flat and usually featureless
ontact areas [203]. The lack of a cavity in flat interaction domains
imits the site of contact to only one side of a small molecule and
uch contacts exhibit lower binding affinities than those involv-
ng multiple sites in deeper clefts [204]. Using peptides per se is
roblematic owing to their breakdown as catalyzed by proteases
nd their inability to traverse cell membranes; as a consequence
arious derivatives that mimic  peptides are employed.

Arkin et al. have reviewed about one dozen small molecule
nhibitors of protein–protein interactions that have progressed
o clinical trials [205]. They cite examples of drugs that bind to
pecific primary, secondary, or tertiary protein structures. Spe-
ific targets include inhibitors of apoptosis proteins (IAPs), HIV
ntegrase, the Von-Hippel Lindau tumor suppressor protein, the
cl apoptotic regulatory proteins, the MDM2  ubiquitin E3 ligase
esponsible for degradation of the p53 tumor suppressor, and
he PDK1 phosphoinositide-dependent protein kinase that acti-
ates PKB/Akt, an enzyme that participates in cell proliferation and
urvival. These investigators reported that ABT-199 (venetoclax)
inds to Bcl-2 and blocks its inhibitory interactions with the pro-
poptotic proteins BAD and BAK. As a consequence of this blockade,
ells undergo apoptosis. Based upon early clinical trials, Arkin et al.
ndicated that the results of treating CLL patients with oral ABT-199
MW  of 866) are promising. The importance of optimizing ligand
fficiency (LE) and lipophilic ligand efficiency (LLE) in improving
he drug-like qualities of the protein–protein interaction inhibitors
PPIs) [205] as well as other drugs [206] is a recurring theme in

edicinal chemistry.
Mendoza et al. studied an RXL peptide that binds to the

ubstrate-recruitment sites of cyclins (Section 3.3) with the
equence PVKRRLDL and inhibits CDK2-cyclin A activity [207].
hey synthesized PEN (RQIKIWFQNRRMKWKK)-PVKRRLDL and
EN-PVKRRLDG peptides where PEN is a 16-amino acid sequence
ound in the Drosophila antennapedia sequence that interacts with
he APC (Amino Acid-Polyamine-Organocation) family of trans-
ort proteins that contains twelve �-helices that span the plasma
embrane and mediate cellular uptake of peptides. They observed

hat PEN-PVKRRLDL and PEN-PVKRRLDG promoted apoptosis in
SO2 cells with wild type p53 (human osteosarcoma), MDA-MB-
35 cells with mutant p53 (human myeloma cells) and SVT2
imian virus-transformed mouse cells with inactivated p53 and Rb,
ut not wild-type early passage mouse embryo fibroblasts. They
ound that these peptides promoted apoptosis in a concentration-
ependent fashion in cells derived from four mammary tumors

rom MMTV-HER2 transgenic mice. Additionally, they found that
EN-PVKRRLDL injection into and around SVT2 cell xenografts
esulted in a dose-dependent inhibition of tumor growth. They
lso reported that PEN-PVKRRLDG inhibited tumor growth in
rastuzumab-resistant HER2 transgenic mice.

Mendoza et al. suggested that inhibition of CDK2-cyclin A phos-
horylation of substrates such as E2F indicates that cell killing

n vitro and inhibition of tumor growth in vivo could be driven by
2F-mediated apoptosis [207]. Their observations of RXL peptide-
ediated cell killing in vitro and in vivo occur in both p53 wild-type
nd mutant backgrounds, suggesting that apoptosis occurs through
n E2F-mediated mechanism. Because p53 is mutated in approx-
mately half of all human cancers, this mechanism of targeting
umors has a potential therapeutic advantage. These investiga-
search 107 (2016) 249–275

tors noted that perturbations of the different components of the
CDK4-cyclin D-Rb pathway, which influence E2F deregulation,
are consistently affected by RXL peptides both in the cells and
xenografts examined. Moreover, their results suggest that design-
based peptidomimetics derived from RXL peptides could act as
potentially selective antineoplastic agents in vivo and provide a
strong rationale for intervention at this point in the cell cycle.

Using a different approach, Canela et al. prepared an all D-
amino acid hexapeptide (RWIMYF-NH2, or NBI1) that binds to the
substrate-recruitment site of cyclin A [208]. This peptide has an
IC50 value of 1.1 �M and is a steady-state non-competitive inhibitor
with respect to ATP and to peptide substrates that bind to the
cyclin substrate-recruitment site (Rb) or that do not bind to this
site (histone H1). These investigators suggest that NBI1 causes dis-
sociation of the CDK2-cyclin A complex by binding to a cleft on the
surface of cyclin A that is important for complex formation. NBI1
exhibits selectivity for CDK2-cyclin A, but is a weak inhibitor of
CDK2-cyclin E. A conjugate of the HIV transactivator of transcrip-
tion (TAT) with NBI1 (TAT-NBI1) is a cell-permeable derivative that
induces apoptosis and inhibits proliferation of HCT116 and HT20
human colon carcinoma cells. Although X-ray crystal structures
of NBI1 with CDK2-cyclin A are not available, these investigators
provided a surface representation of the hypothetical NBI1-cyclin
A binding site near the interface with CDK2. These studies with
protein–protein interaction inhibitors serve as a proof of concept
for the effectiveness of targeting the substrate-recruitment sites
of the CDK-cyclin binary complexes. However, developing drugs
based upon this strategy will be problematic.

9. Epilogue

The mechanism of cell cycle progression has been under inves-
tigation for about 40 years [209]. In a pioneering study, Hartwell
et al. used a genetic approach and isolated and characterized sev-
eral cell division cycle (CDC) temperature-sensitive mutants of
Saccharomyces cerevisiae whose gene function was needed at spe-
cific stages of the cell cycle [210]. Hartwell’s initial collection of
cell cycle mutants contained mutations in what we now recognize
as key regulators of the eukaryotic cell cycle. These include CDK1
(CDC28), cell division control protein-4 (CDC4) that facilitates ubiq-
uitylation and thereby destruction of Cdk inhibitory proteins (SIC1,
CDC6) and is required at G1-S and G2-M transitions, and compo-
nents of the anaphase promoting complex or cyclosome (APC/C)
involved in promoting cyclin degradation [209]. Nurse also used
a genetic approach and isolated temperature-sensitive mutants of
Schizosaccharomyces pompe that produced cells of half the size of
those that divided at the permissive temperature [211]. These small
mutants (wee-1)  were eventually shown to encode a protein kinase
(Wee-1) that catalyzed the phosphorylation and inhibition of CDK1
(Table 1) [209].

Evans and Hunt et al. employed a biochemical approach and
studied the regulation of mRNA translation in embryos of the sea
urchin Arbacia punctulata [212]. Protein synthesis in early dividing
embryos is programmed by stored maternal mRNAs, which code for
a few particularly abundant proteins whose synthesis is barely, if at
all, detectable in the unfertilized egg. One of these proteins, which
was named cyclin, is destroyed every time that the cells divide.
After fertilization cyclin was  strongly labeled with [35S]- methio-
nine only to be broken down after mitosis. Moreover, the protein
was again labeled during the next cycle only to be destroyed again
at the end of the cycle.
Many laboratories participated in the elucidation of the regula-
tion of the cell cycle and it was found that the process was conserved
across many eukaryotic species including humans [209]. Because
cancer cells exhibit dysregulated cell division along with the forma-
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ion of abnormal chromosome numbers (aneuploidy) [213], it has
een natural to focus on cell cycle inhibitors as potential anticancer
gents [214]. Among the first publications addressing the potential
f CDK antagonists as anticancer agents was that by Kaur et al. in
992 who studied the effects of alvocidib (L86-8275 or flavopiri-
ol) on seven breast and five lung cancer cell lines [215]. However,

t was not until 2015 that one CDK6 inhibitor, palbociclib, along
ith letrozole was approved by the FDA as a first-line treatment

or HR+-HER2− breast cancer (www.brimr.org/PKI/PKIs.htm). Sub-
equently, the FDA approved the combination of palbociclib and
ulvestrant as a second-line therapy in 2016 in women with dis-
ase progression following endocrine therapy. The development of

 clinically approved CDK4/6 inhibitor required about two  dozen
ears, which contrasts with the time-line for the development of
n ALK antagonist (crizotinib) over four years or EGFR inhibitors
erlotinib and gefitinib) over nine years [206]. As noted in Section 8,
albociclib, abemaciclib, ribociclib, and other CDK antagonists are
ndergoing clinical trails for a variety of cancers as a single agent
r as part of a combination of drugs.

Among the most common toxicities of the CDK antagonists
s myelosuppression as indicated by neutropenia (decreased lev-
ls of neutrophils, which are important for combating infection),
eukopenia (decreased levels of total white blood cells), and ane-

ia. This is an expected side effect of such agents because these
ells replicate continuously. Hyperglycemia is also a common side
ffect. CDK5 is found in the pancreatic �-cells that produce insulin.
owever, inhibition of CDK5 results in increased insulin secretion
nd hypoglycemia [216]. Accordingly, the mechanism responsible
or producing hyperglycemia is a mystery.

Owing to the prevalence of breast cancer, it is expected that the
rug will accrue nearly $5 billion annually [217] with a cost per
atient in the United States of $10, 000 per month. This high fee is

 major contributor to the financial toxicity of cancer drugs [218].
wing to the high cost of co-payments in the United States, health

nsurance does not eliminate this financial worry among cancer
atients. As a consequence of financial distress, patients become
oncompliant and may  take less than the prescribed amount of a
edication or none at all [219]. If the patient fails to take the med-

cation, it helps neither the patient nor the drug company. Owing
o the work of thousands of investigators worldwide in developing
argeted cancer therapies, more must be done to fairly distribute
he fruits of this research to any patient worldwide that might
enefit from the end result.

The profit margins of large pharmaceutical companies aver-
ge about 21% (www.forbes.com); this calculation is based on net
rofit/revenues × 100% where net profit represents revenues minus
ost (including research, development, and clinical trials). In con-
rast, the median profit margin of all large companies in the United
tates is about 6.5% (www.aei.org). This 300% greater profit mar-
in of drug companies is one component that contributes to the
xcessive cost of many prescription drugs in the United States. The
alaries of lawyers and personnel of contract research organizations
hat have inserted themselves as necessary brokers between phar-

aceutical companies and investigators contribute to the excessive
ost of drugs and drug development [218]. The salaries of pharmacy
enefit managers and the fees that these profitable companies
xtract for services rendered are additional factors adding to the
verall price of pharmaceutics to the patient. However, some exec-
tives in the nonprofit medical sector are altruistic and work
oluntarily of for no or low salaries. The author had the privilege
f working in the laboratory of Fritz Lipmann, MD/PhD, a 1953
obel laureate. Lipmann discovered coenzyme A and was the the-

retician who contributed the notion of the high-energy bond to
ioenergetics [220]. He was a denizen of a bygone era who  said he
ould not imagine requesting a fee for caring for an ill person who
eeded medial services. Such practices are idealistic and unimag-
search 107 (2016) 249–275 271

inable in today’s economy and market, but charging lower prices
for medicines and lower fees for medical services might decrease
the incidence and severity of financial toxicity.
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