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A B S T R A C T

Cyclins and cyclin-dependent protein kinases (CDKs) are important proteins that are required for the regulation
and expression of the large number of components necessary for the passage through the cell cycle. The con-
centrations of the CDKs are generally constant, but their activities are controlled by the oscillation of the cyclin
levels during each cell cycle. Additional CDK family members play significant roles in a wide range of activities
including gene transcription, metabolism, and neuronal function. In response to mitogenic stimuli, cells in the
G1-phase of the cell cycle produce D type cyclins that activate CDK4/6. These activated enzymes catalyze the
monophosphorylation of the retinoblastoma protein. Subsequently, CDK2-cyclin E catalyzes the hyperpho-
sphorylation of Rb that promotes the release and activation of the E2F transcription factor, which in turn lead to
the biosynthesis of dozens of proteins required for cell cycle progression. Consequently, cells pass the G1-re-
striction point and are committed to complete cell division in the absence of mitogenic stimulation. CDK2-cyclin
A, CDK1-cyclin A, and CDK1-cyclin B are required for S-, G2-, and M-phase progression. A crucial mechanism in
controlling cell cycle progression is the precise timing of more than 32,000 phosphorylation and depho-
sphorylation reactions catalyzed by a network of protein kinases and phosphoprotein phosphatases as de-
termined by mass spectrometry. Increased cyclin or CDK expression or decreased levels of endogenous CDK
modulators/inhibitors such as INK4 or CIP/KIP have been observed in a wide variety of carcinomas, hemato-
logical malignancies, and sarcomas. The pathogenesis of neoplasms because of mutations in the CDKs are rare.
Owing to their role in cell proliferation, CDKs represent natural targets for anticancer therapies. Palbociclib,
ribociclib, and abemaciclib are FDA-approved CDK4/6 inhibitors used in the treatment of breast cancer. These
drugs have IC50 values for CKD4/6 in the low nanomolar range. These inhibitors bind in the cleft between the N-
terminal and C-terminal lobes of the CDKs and they inhibit ATP binding. Like ATP, these agents form hydrogen
bonds with hinge residues that connect the small and large lobes of protein kinases. Like the adenine base of
ATP, these antagonists interact with catalytic spine residues CS6, CS7, and CS8. These and other CDK antagonists
are in clinical trials for the treatment of a wide variety of malignancies. As inhibitors of the cell cycle, it is not
surprising that one of their most common toxicities is myelosuppression with decreased neutrophil production.

1. Introduction to the somatic mitotic cell cycle

1.1. An overview of cyclin-dependent protein kinases and their regulatory
cyclins

The replication of every cell in every tissue and organ is stringently
controlled during development and throughout the life of the in-
dividual. In the normal adult, cells replicate only when and where they
are needed. Furthermore, each chromosome must be accurately

replicated. The cell cycle consists of G1 (Gap1 and presynthetic
growth), the S-phase (DNA synthesis), G2 (Gap 2 or premitotic growth),
and the M (mitotic) phase (Fig. 1A) [1]. Cells are preparing for DNA
synthesis during G1 and they perform surveillance to establish the in-
tegrity of newly synthesized DNA during G2 before initiating mitosis.
Chromosomal DNA is replicated during the S-phase and the other cel-
lular components are partitioned between two daughter cells during the
M-phase. When cells cease proliferating, they exit the cycle and enter a
nondividing quiescent state known as G0. Senescence, in contrast, is an
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irreversible state of G1 cell cycle arrest in which cells have undergone
an irreversible arrest of proliferation and can no longer divide.

Hematopoietic cells or cells that line the intestinal epithelium ac-
tively proliferate and cycle continuously [4]. Most other cells in adult
animals are generally in a quiescent state or G0-phase, but they can
reenter the cell cycle. In contrast, terminally differentiated cells such as
cardiac myocytes and neurons have lost the capacity to proliferate and
are locked permanently into the G0-phase. Dysregulation of the phy-
siological controls of cellular replication is an underlying defect in
cancer. Accordingly, understanding the mechanisms that control cell
division is an essential factor in the development of therapeutic mod-
alities for the treatment of cancer. The quandary is to specifically target
and deter the growth of cancer cells while not blocking the proliferation
of normal cells.

Cyclins and their cognate cyclin-dependent protein kinases (CDKs)
are necessary components required for traversing the cell division cycle
[5]. Humans possess 20 CDKs (1–20) and 13 cyclin groups (A, B, C, D,
E, F, G, H, J, K, L, T, and Y). Fig. 2 depicts the evolutionary relationship
of the CDKs, their associated cyclins, and their relative sizes. The CDKs
are protein-serine/threonine kinases that belong to the so-called CMGC
family (Cyclin-dependent protein kinases, Mitogen-activated protein

kinases or MAP kinases, Glycogen synthase kinases, and CDK-like ki-
nases) [7]. Cyclins are activated by a two-step process. CDKs interact
with cyclins as a first step in protein kinase activation. Following the
formation of the CDK-cyclin complex, the CDK activation segment un-
dergoes phosphorylation at a conserved threonine residue that is cat-
alyzed by CDK7 resulting in the full expression of CDK-cyclin enzyme
activity. In most of the literature, the activation segment of CDK is
called the T-loop in reference to the conserved threonine. This family of
enzymes was initially discovered as proteins that are required for the
normal transit through the cell cycle (CDKs 1–6, 11, 14–18) [6]. The
CDKs were found later to play important regulatory roles in many di-
verse functions including the control of gene transcription (CDKs 7–13,
19, 20), epigenetics (CDK1/2/4), metabolism (CDK5/8), neuronal ac-
tivity (CDK5/16), spermatogenesis (CDK16), and angiogenesis, hema-
topoiesis, and DNA repair (CDK1/3/9/12) [6,8].

The quantities of the CDKs are more or less constant throughout the
cell cycle. The activities of the CDKs that regulate transit through the
cell cycle are controlled by the cyclins, proteins whose levels oscillate
during the cell cycle [3]. This oscillation of cyclins accounts for their
names as they cycle up and down during cell growth and division. CDKs
are regulated by a mechanism that involves the biosynthesis (which

Fig. 1. (A) Overview of the cell division cycle. Adapted from Ref. [2] with copyright permission of Elsevier. (B) Cellular content of cyclins D, E, A, and B in response
to mitogenic stimulation; adapted from Ref [3]. with copyright permission of AAAS.
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increases protein kinase activity) and proteolysis (which decreases en-
zyme activity) of their corresponding cyclins. Most of the CDKs possess
about 300 amino acid residues with a molecular weight of about
35 kDa. CDK11 is larger with about 800 amino acid residues and with a
molecular weight of about 110 kDa and two of them (CDK12 and
CDK13) are much larger with about 1500 residues and a molecular
weight of about 165 kDa; the larger proteins contain modular compo-
nents in addition to the 300 amino-acid–residue protein kinase domain
(Fig. 2).

Using human HeLa cells, Arooz et al. found that the peak quantities
of cyclin A2 and cyclin E1, at the G2-phase and G1-phase, respectively,
were only about 1/8th of that of their partner enzyme (CDK2) [9]. This
result indicates that the CDKs are present in excess and are not maxi-
mally stimulated by their regulatory subunits. This observation suggests
that heightened CDK activity in cancer may be the result of increased
cyclin levels rather than increased CDK expression. Experiments to
determine the relative amounts of cyclins and their related CDKs in
human tumor cells are warranted.

The human cyclins are a large family consisting of about 13 groups
of proteins with molecular weights ranging from 35 to 90 kDa [5].
Cyclins are expressed in distinct stages of the cell cycle and are then
degraded by an intricately regulated process that involves interactions
with ubiquitin ligases (E3s) and proteasomes [10]. This intermittent

expression is produced by the cell cycle-dependent activation of the E2F
and FOXM1 (forkhead box protein M1) transcription factors [11]. The
proteolytic degradation of cyclins is mediated by (i) the Skp1-Cul1-F-
box protein (SCF) – which operates from late G1 to early M-phase – and
(ii) the anaphase-promoting complex/cyclosome (APC/C) – which acts
during anaphase until the end of G1 [12]. The cyclin family consists of
three major groups. Group I or the cyclin B group is made up of A, B, D,
E, F, G, and J; group II corresponds to cyclin Y; and group III or the
cyclin C group is made up of cyclins C, H, K, L, and T (which are major
partners with the transcriptional CDKs) [5]. These proteins contain a
100 amino-acid–residue domain consisting of five α-helices called the
cyclin box. The A, B, D, E, F, and J cyclins contain two cyclin boxes
while the others contain only a single cyclin box.

In order to ensure appropriate advancement through the cell cycle,
cells possess a series of checkpoints that block them from progressing
into the next phase prematurely or inappropriately before they have
successfully finished their current phase. Accordingly, cell-cycle pro-
gression can be prevented at these checkpoints when such a transition
may be harmful to the cell. The first checkpoint occurs at G1-S (it is also
called start, restriction point, or R-point) where G1-S and S-phase CDK-
cyclin complexes are activated during G1 (Fig. 1A) [13]. After passing
the first checkpoint, completion of the cell cycle is independent of
mitogens and growth factors. The G1-S enzymes include CDK4, CDK6,

Fig. 2. The evolutionary relationship of the human CDK families. The protein kinase domains (PKD) that are light blue participate in cell cycle regulation and those
that are darker blue participate in transcriptional regulation. The cyan colored segments are proline rich (PR), the purple segments are glutamine rich (GR), the
orange segments are arginine-serine rich (RR), and the dark blue segments are glutamate rich (ER). Adapted from Ref. [6] with copyright permission of Elsevier.
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and the D-type cyclins (D1/2/3), the various forms of which are ex-
pressed in a cell and tissue-specific manner. The CDK2-cyclin E complex
is required for the transition to the S-phase. G2-M makes up a second
checkpoint as the M-phase CDK1-cyclin A/B complex is activated
thereby carrying the cell to metaphase during mitosis. The metaphase-
to-anaphase transition makes up the third checkpoint, which leads to
sister-chromatid segregation, completion of mitosis, and cytokinesis as
a single cell completes cell division and forms two daughter cells.
Progression results when the M-phase cyclin-CDK complexes stimulate
the anaphase-promoting complex, which results in the proteolytic de-
struction of proteins that hold the sister chromatids together.

Cell cycle progression may be harmful to the cell after DNA un-
dergoes damage by (i) oxidation, alkylation, or hydrolysis of the bases
by endogenous processes or (ii) as a result of irradiation or treatment
with cytotoxic drugs such as doxorubicin or cisplatin; cell cycle
checkpoints are activated following such cellular injuries [14]. Check-
point activation slows down cell cycle transit and this allows cells to
repair the damage before continuing to divide. DNA damage check-
points occur at the G1/S and G2/M boundaries and within the S-phase.
These DNA damage responses involve ATM, ATR, or both protein ki-
nases. These enzymes bind to the chromosomes at the site of DNA da-
mage along with accessory proteins that function as platforms on which
DNA damage response elements and DNA repair complexes are as-
sembled. This response occurs as ATM or ATR catalyzes the phos-
phorylation and consequent activation of Chk1 (checkpoint kinase-1) at
S317 and S345; these two residues occur in the carboxyterminal tail
downstream from the protein kinase domain. The physiological CDK
antagonist p21/CIP/WAF1 is induced by various mechanisms down-
stream from ATM or ATR and can arrest the cell cycle at checkpoints by
inhibiting CDK-cyclin complexes.

Following mitogenic stimulation, one or more cyclin D members –
depending upon the cell type – are expressed and promote the activa-
tion of CDK4/6, which are crucial regulators of the G1-S transition. The
CDK4/6-cyclin D complexes catalyze the phosphorylation of the re-
tinoblastoma (Rb) protein at only one site among 14 potential phos-
phorylation sites to yield monophosphorylated Rb that exists for several
hours in the G1-phase [15]. The biosynthesis of cyclin E activates CDK2
later in the G1-phase thereby leading to (i) the hyperphosphorylation of
Rb at all 14 sites and (ii) its deactivation. The CDK2-cyclin E complex
mediated Rb hyperphosphorylation is processive in nature; it catalyzes
successive reactions without releasing the substrate. The mechanism for
promoting cyclin E biosynthesis late in G1 is unclear. (See Ref. [15] for
a review of previous notions of Rb phosphorylation and inactivation
that include different hypophosphorylated Rb forms). Fully phos-
phorylated Rb releases its bound E2F transcription factor, which leads
to the production of several proteins that are required for cell cycle
progression through the G1- and S-phases including Rb itself, cyclin A,
and enzymes required for deoxyribonucleotide biosynthesis [16].

CDK4 and CDK6 are protein kinases that exhibit narrow substrate
specificity; these enzymes catalyze the phosphorylation of Rb (RB1) and
two other Rb-like family proteins (RBL1 or p107 and RBL2 or p130)
[1,17]. The generation of cyclin D proteins is followed by the produc-
tion of cyclin E, cyclin A, and cyclin B along with the activation of their
associated CDKs. The relative quantities of cyclin are depicted in
Fig. 1B, which is an idealized formulation owing to the differences that
occur among various cell types under different conditions. Unlike CDK4
and CDK6, CDK1 and CDK2 exhibit broader specificity and catalyze the
phosphorylation of dozens of proteins [1]. The length of the cell cycle
varies greatly depending upon the cell type, its location, and the en-
vironment; it lasts about a day in rapidly proliferating cells in culture
with mitosis lasting about an hour.

Human CDK7 is a subunit of the TFIIH transcription factor; CDK7
participates in the initiation of transcription by catalyzing the phos-
phorylation of a serine residue within the RNA polymerase II carbox-
yterminal domain. CDK7 also mediates the phosphorylation and acti-
vation of other CDKs, thereby functioning as a CDK-activating kinase

(CAK). Unlike the cyclins for cell-cycle–related protein kinases, the
cyclins of the transcriptional CDKs fail to exhibit major oscillations in
protein concentrations during the cell cycle; rather, their CDK activities
are regulated by intricate protein-protein interactions. CDK5 partici-
pates in non-cell–cycle related processes including the regulation of
insulin secretion, glycogen synthesis, and neuronal functions [8].
CDK14 participates in Wnt/β-catenin signaling and CDK16 plays a role
in neuronal function, exocytosis, and spermatogenesis. Like other pro-
tein kinases such as ERK1/2, most CDKs are proline-directed protein
kinases that catalyze the phosphorylation of a serine or threonine
proximal to a proline residue. However, CDK7 can also mediate the
phosphorylation of serine or threonine residues in the absence of a
targeting proline residue.

1.2. Endogenous CDK polypeptide inhibitors/modulators

In addition to cyclin activation, CDKs are subject to inhibition by
two families of endogenous protein inhibitors: CIP/KIP and INK4. These
inhibitors can impede cell cycle passage resulting from unfavorable
circumstances [18,19]. The CIP/KIP family of three proteins was
identified as cell cycle modulators that interact with and inhibit the
CDKs. The three family members include p21/CIP/WAF1, p27/KIP1,
and p57/KIP2. The maximum concentration of p21/CIP/WAF1 is ob-
served during G1 and G2. The concentration of this protein increases in
response to DNA damage by a mechanism that involves the p53 tumor
suppressor protein. p27/KIP1 is observed when the cell enters the G0-
phase of the cycle and it is degraded following S10 and T187 phos-
phorylation catalyzed by CDK2; this is followed by E3 ubiquitin ligase-
mediated degradation as the cell re-enters G1. p57/KIP2 is a negative
regulator of cell proliferation that is expressed in G0 and G1; it inhibits
cyclin D-CDK4, cyclin E-CDK2, and cyclin A-CDK2.

The INK4 family of CDK inhibitors has four members: p16/INK4 A,
p15/INK4B, p18/INK4C, and p19/INK4D [20]. Each of these antago-
nists binds to CDK4 and CDK6 and inhibits the binding and activation
by the D-type cyclins. Furthermore, each of these CDK antagonists
regulates cell cycle G1 progression. p16/INK4 A refers to its molecular
weight (in kDa) and its role in inhibiting CDK4 (INK4). p16/INK4 A
slows down the transit from the G1 to S-phase when it would be
harmful to the cell. Moreover, it acts as a tumor suppressor and is im-
plicated in the prevention of cervical, esophageal, and oropharyngeal
squamous cell carcinomas and of melanomas [4]. The p19/INK4D
mRNA oscillates in a cell-cycle dependent fashion with the lowest ex-
pression at mid G1 and the highest expression during the S-phase. Like
p18/INK4C, p19/INK4D plays a role in regulating spermatogenesis
[21]. Furthermore, p19/INK4D and p27/KIP1 actively suppress neu-
ronal proliferation of postmitotic brain cells in mice [22].

One feature of the activity of p21/CIP1 and p27/KIP1 is paradoxical
[23]. Although these proteins antagonize the activities of CDK2-cyclin E
and CDK2-cyclin A, they intensify and stabilize the formation of CDK4/
6-cyclin D complexes. Moreover, once a ternary complex including
CDK4/6-cyclin D and either p21/CIP1 or p27/KIP2 has formed, the
CDK-cyclin–inhibitor ternary complex can still mediate the phosphor-
ylation of its normal substrates. Although p21/CIP1 or p27/KIP1 in-
hibits the activity of most CDK-cyclin complexes, they fail to inhibit the
catalytic activity of CDK4/6-cyclin D. The formation of these ternary
complexes operates to remove these inhibitors from CDK2 by the pro-
cess called CDK inhibitor reshuffling. This progression permits the ac-
tivation of S-phase CDK activity. Table 1 provides a synopsis of the
actions of numerous proteins that participate in the regulation of the
somatic mitotic cycle as well as other roles played by the CDKs.

2. Cell cycle dysregulation and cancer

2.1. Cyclins

The unrestrained proliferation of dozens of human cancers is
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associated with the dysregulation of CDKs [24]. Such dysregulation
may involve cyclins, CDKs, or endogenous CDK inhibitors/modulators
[2]. As a result, cyclin gene amplification along with protein over-
expression, ill-timed cyclin expression, or improper cellular localization
can produce inappropriate activation of CDKs [8]. Cyclin D1 amplifi-
cation occurs in 15–40% of all cancers [25] including melanomas and
breast, lung, and oral carcinomas [26]. Schwaederlé et al. found that
50/392 tumor samples bore cyclin D1, D2, D3, and E1 amplifications;
these were most commonly associated with breast (22/81 tumor sam-
ples), gastrointestinal (10/91), gynecologic (2/33), head and neck (5/
39), lung (5/26), melanoma (2/19), nonsolid tumors (2/30), and other
neoplasms (2/16); none were observed in 56 brain specimens [27].
Increased cyclin D mRNA levels occur in most multiple myelomas and
Bergsagel et al. proposed that dysregulation of cyclin D genes is a
unifying oncogenic process in multiple myeloma [28].

Cyclin D1 protein overexpression as determined by im-
munohistochemical staining has been observed in colorectal, en-
dometrial, head and neck squamous cell, and pancreatic carcinomas as

well as NSCLC [2]. The expression of cyclin D activates CDK4 and CDK6
leading to G1-S progression. Cyclin E1 gene amplification was observed
in ovarian [29,30] and uterine serous carcinomas [31]. Moreover, cy-
clin E protein expression is correlated with enhanced malignant beha-
vior of breast, colorectal, ovarian, and pancreatic carcinomas, chronic
lymphoblastic leukemias, and a variety of lymphomas [2]. The CDK2-
cyclin E complex promotes the transition to the S-phase of the cell cycle
(Fig. 1A). Cyclin A protein concentrations are correlated with poorer
outcomes in patients with soft tissue sarcomas and endometrial, eso-
phageal, hepatocellular, and thyroid tumors [2]. Cyclin A interacts with
CKD2 to facilitate transit through the S-phase and the CDK1-cyclin B
complex supports entry into the M-phase of the cell cycle. Moreover,
cyclin B concentrations are correlated with poorer outcomes in breast,
esophageal, gastric, and non-small cell lung carcinomas.

2.2. Loss of endogenous CDK inhibitors/modulators

The INK4 group of CDK inhibitors acts on CDK4 and 6 to impede

Table 1
CDKs and other proteins that participate in the regulation of the cell cyclea.

Cyclin-dependent protein kinases and their cyclin partners

Enzyme (Uniprot ID) Major cyclin interactions Selected CDK functions
CDK1 (P06493) A1/A2/B1/B2 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 are destroyed following chromosome
attachment to the spindle; a major determinant of cell cycle progression

CDK2 (P24941) E1/E2 Triggers G1–S transition; induces histone biosynthesis and centrosome duplication
A2 Controls G1–S and G2–M transitions

CDK3 (Q00526) C Function is poorly defined [6]; may trigger reentry from G0–G1 and through phosphorylation of Rb; may trigger
G1–S transitions by catalyzing the phosphorylation of E2F1/2/3

CDK4/6 (P11802/Q00534) D1/2/3 Mediates the monophosphorylation of Rb in G1; promotes G1–S transition
CDK5 (Q00535) D Function is poorly defined [6]. May produce neuronal cell cycle arrest and differentiation and participates in many

aspects of neuronal function
CDK 7 (P50613) or CAKb H Mediates the activation of CDK1/2/4/6/11 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; expression and activity are constant during the cell cycle

CDK8 (P49336) C Regulation of RNA polymerase II transcription; phosphorylation of NOTCH leads to its degradation
CDK9 (P50750) T Regulation of RNA polymerase II transcription

K Genome integrity maintenance
CDK10 (Q15131) M Traversing start point and phosphorylation of transcription factor ETS2 leading to its degradation
CDK11 A-p110 (Q9UQ88) L1, L2 Regulation of cell cycle progression, cytokinesis, apoptosis; 8 isoforms
CDK11B (P21127) L1, L2 Gene duplicate of CDK11 A; regulation of cell cycle progression, cytokinesis, apoptosis; isoform 7 (CDK11-p58) may

act as a negative regulator of cell cycle progression
CDK12 (Q9NYV4) K Regulation of RNA polymerase II by catalyzing the phosphorylation of its C-terminal tail; regulates genes involved in

DNA repair
CDK13 (Q14004) K Regulation of transcription elongation and pre-mRNA splicing; required for hematopoiesis
CDK14 (O94921) D3, Y Regulator of Wnt signaling during G2 and M; cell cycle progression; neuronal differentiation
CDK15 (Q96Q40) Y Antiapoptotic by catalyzing the phosphorylation of BIRC5
CDK16 (Q00536) Y Participates in exocytosis, neuron differentiation and development, and spermatogenesis
CDK17 (Q00537) Y Functions in terminally differentiated neurons
CDK18 (Q07002) K, Y Signal transduction in terminally differentiated cells
CDK19 (Q9BWU1) C Positive regulation of apoptosis and inflammation
CDK20 (Q8IZL9) H Function is poorly defined [6]; may participate in neural development and the activation of CDK2
Polypeptide inhibitors/modulators of cyclin-dependent protein kinases
Inhibitor (Uniprot ID) Targets Function
p16/INK4 A (P42771) CDK4/6 Cell cycle arrest in senescence and aging; decreased expression in many cancers
p15/INK4B (P42772) CDK4/6 Cell cycle arrest in response to transforming growth factor-β; inhibits G2–M transition
p18/INK4C (P42773) CDK4/6 Cell cycle arrest; inhibits G1–S transition
p19/INK4D (P55273) CDK4/6 Cell cycle arrest; inhibits G1–S transition
p21/CIP/WAF1 (P38936) Most CDK-cyclin

complexes
Cell cycle arrest after DNA damage; decreased expression in many cancers

p27/KIP1 (P46527) CDK2/4-cyclin
complexes

Cell cycle arrest in G1; both negative and positive effects of cell proliferation owing to CDK4-cyclin D inhibitor
shuffling; decreased expression in many cancers

p57/KIP2 (P49918) CDK2/4-cyclin compleses Cell cycle arrest in G1; regulation of transcription; decreased expression in many cancers
Other components
Enzyme (Uniprot ID) Substrates Function
Wee1 kinase (P30291) CDK1 Y15 Nuclear protein kinase; inhibits CDK1-cyclin B in G2 and is a negative regulatory the G2–M transition; levels high in

G2 that fall dramatically in M
Myt kinase (Q99640) CDK1 T14, Y15 Peripheral membrane protein (endoplasmic reticulum and Golgi); inhibits CDK1-cyclinB in G2 and is a negative

regulatory of G2–M transition
Cdc25C phosphatase (P30307) CDK1 pT14, pY15 Promotes G2–M transition; catalyzes the dephosphorylation of CDK1-cyclinA or CDK1-cyclin B at pT14 and pY15

a Adapted from Ref. [8].
b CAK, CDK-activating protein kinase.
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passage through the G1-phase of the cell cycle. The CIP/KIP family can
inhibit most CDKs, while still promoting the activity of CDK4/6-cyclin
D. p16/INK4 A expression is reduced in acute lymphoblastic leukemias
in response to the deletion of its gene [32]. Reduced expression of p16/
INK4 A protein has been observed in Hodgkin lymphomas, NSCLC,
melanomas, osteosarcomas, and retinoblastomas [2]. In most of these
cases, diminished protein expression correlates with poorer patient
survival.

Reduced p21/CIP/WAF1 protein expression has been observed in
breast, colon, endometrial, and gastric carcinomas and in Hodgkin
lymphomas [2]. This is generally correlated with metastases and di-
minished survival. The highest concentrations of this protein inhibitor
occur during progression through G1 and G2. Consequently, p21/CIP/
WAF1 decelerates entry into the S- and M-phase of the cell cycle. No or
low expression of p27/KIP1 has been reported in breast, colon, eso-
phageal, gastric, and prostate carcinomas as well as pancreatic neu-
roendocrine tumors. Decreased concentrations are correlated with
tumor recurrence and poorer survival. No or low expression of p57/
KIP2 protein has been observed in bladder, colorectal, hepatocellular,
ovarian, and pancreatic carcinomas. Aberrations in p57/KIP2 expres-
sion have also been reported in both adult and childhood acute lym-
phoblastic leukemias.

2.3. Cyclin-dependent protein kinases

CDK1 protein overexpression has been reported in diffuse large B-
cell lymphomas and in melanomas [2]. CDK2/4/8 overexpression oc-
curs in colorectal carcinomas. Additionally, CDK4 gene amplification
occurs in cancer of the uterine cervix and in liposarcomas, osteo-
sarcomas, and rhabdomyosarcomas. CDK4 protein overexpression has
been reported in melanomas, colorectal carcinomas, NSCLC, and
uterine cervical carcinomas. CDK6 gene amplification and over-
expression have been observed in gliomas, leukemias, and lymphomas.
Moreover, CDK6 is overexpressed in medulloblastomas, which are the
most common brain tumors in children, and such overexpression may
promote the interaction of the p53 and Rb tumor suppressor pathways
[33]. CDK8 is overexpressed in colorectal and gastric carcinomas, CDK9
is overexpressed in pancreatic neuroendocrine tumors and neuro-
blastomas, CDK11 is overexpressed in osteosarcomas, and CKD14 is
overexpressed in esophageal carcinomas [2]. Recall that CDK11 and
CDK14 participate in the regulation of the cell cycle while CDK8 and
CDK9 are transcription-related enzymes (Table 1).

A large number (71) of different mutations of the CDKs have been
described in the catalogue of Cosmic Mutations in Cancer (www.sanger.
ac.uk/genetics/CGP/cosmic). However, the incidence of these muta-
tions is very low and only in a few cases, if any, has there been any
studies demonstrating that a specific mutation results in increased
protein kinase catalytic activity. The low expression of the CDK4 p16/
INK4 A inhibitor, the high expression of the CDK4 D-cyclin activator,
and the overexpression of CDK4 itself, indicate that CDK4 is a poten-
tially effective drug target for breast, cervical, colorectal, esophageal,
hepatic, lung, pancreatic, prostate, and renal carcinomas, NSCLC, acute
lymphoblastic lymphomas, mantle cell lymphomas, multiple myeloma,
liposarcomas, melanomas, and medulloblastomas [34]. In summary,
increases in the expression of the cyclins and CDKs and the decreased
expression of CDK inhibitors/modulators occurs in a wide variety of
carcinomas, hematological malignancies, and sarcomas. This suggests
that a large number of malignancies might be amenable to CDK in-
hibitor therapy.

2.4. Treatment of breast cancer

The number of newly diagnosed breast cancers in women in the
United States and worldwide and the number of deaths is estimated to
be 266,000 & 2.08 million and 41,000 & 627,000 in 2018, respectively
[35,36]. At the time of the initial diagnosis, about 62% of patients have

localized disease, 31% have disease that has just spread to regional
lymph nodes, 6% have distant metastases, and 2% have unknown sta-
ging (https://seer.cancer.gov/statfacts/html/breast.html). Using sta-
tistical models for analyses, the incidence of new female breast cancer
cases has been rising about 0.3% each year over the last 10 years.
However, the death rates have been decreasing nearly 1.8% each year
from 2006 to 2015.

In planning for treatment, breast cancers are grouped into three
categories, which are not mutually exclusive. These groups include (i)
hormone receptor-positive (HR+), (ii) overexpression of ERBB2/HER2/
NEU (HER2+), and (iii) triple-negative breast cancer. Triple-negative
breast cancer refers to those lacking (i) estrogen and (ii) progesterone
receptors, and (iii) those without ERBB2/HER2 amplification or over-
expression. Wittliff reported that 10–20% of breast cancers are triple-
negative and 20–30% overexpress ErbB2/HER2 [37]. He also reported
that receptors for estrogen, progesterone, or both occur in about 79% of
all breast cancers. Furthermore, he found that 56% of breast cancers
contain both the estrogen and progesterone receptors while 14% con-
tain only the estrogen receptor and 9% contain only the progesterone
receptor while 21% lack both receptors [37].

Surgery is the principal treatment for localized and advanced breast
cancer, followed by radiotherapy, chemotherapy, and adjuvant hor-
monal therapy (with an aromatase inhibitor or tamoxifen) for HR+

tumors [2]. Many patients that are HR+ benefit from treatment with
anastrozole or letrozole, which block the formation of the aromatic A
ring of estradiol from androgenic precursors. Various cytotoxic drugs
are used in the treatment of advanced breast cancers that are HR– or
triple-negative. In patients with HR+/HER2– advanced breast cancer
that has metastasized, three CDK4/6 antagonists (palbociclib, riboci-
clib, and abemaciclib) are FDA-approved for their palliative care. Ad-
ditional drugs that are being considered for the treatment of breast
cancer are considered in Section 7.

3. Structures of the cyclin-dependent protein kinases

3.1. Primary structures of the cyclin-dependent protein kinases

The CDKs catalyze the phosphorylation of a protein-serine or
threonine residue that occurs immediately before a proline residue. The
related ERK/MAP kinases constitute another group of proline-directed
kinases [38]. CDK2-cyclin A uses a dual protein substrate recognition
mechanism in which the sequence following the phosphoryl acceptor
site (S/TPXR/K) is identified by the enzyme per se while the cyclin A
part of the complex recognizes a downstream R/KXL recruitment motif,
where S or T are the phosphorylatable residues and X is any amino acid
[39]. CDK2-cyclin E is more discerning than CDK2-cyclin A and these
complexes share only a few substrates such as Rb and p27/KIP1 [39].
The CDK1-cyclin B complex uses a similar process for substrate re-
cognition, but it is less stringent about the requirement for the basic
amino acid three residues downstream (P+ 3) from the phosphor-
ylatable serine/threonine [40]. This bipartite protein-sub-
strate–recognition mechanism of the CDKs differs from that of PKA and
most other kinases, which contain a substrate-recognition motif that is
entirely within the enzyme [41]. CDK 4 and 6 have narrow substrate
specificity while CDK1 and 2 have broad substrate specificity [1]. The
chief substrates of CDK4/6 are limited to Rb, p107/RBL1, and p130/
RBL2 while the several dozens of substrates of CDK1/2 are necessary for
the transit through the S-, G2-, and M-phases of the mitotic cycle [1].
The mechanisms that are responsible for the differences between the
broad and narrow substrate specificity of the CDKs are not entirely
clear. The stoichiometry of the protein kinase reaction is given by the
following chemical equation:

MgATP1– + protein–O:H → protein–O:PO3
2– + MgADP + H+

Hanks and Hunter analyzed the sequences of about 60 protein-
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serine/threonine and protein-tyrosine kinases and divided the primary
structures into 12 domains (I-VIA, VIB-XI) [42]. The protein kinase
catalytic domain contains about 300 amino acid residues. Domain I
contains a GxGxΦG signature (11GEGTYG16 of CDK2), where Φ refers to
a hydrophobic residue, and in the case of the CDKs the hydrophobic
residue is tyrosine or phenylalanine. The Gly-rich loop (GRL) occurs
between the β1- and β2-strands and overlays bound ATP/ADP
(Fig. 3A). This is one of the most flexible parts of the enzyme as it
accommodates the initial binding of ATP and the subsequent release of

ADP. The protein kinase domain II contains a conserved AxK (31ALK33)
sequence in the β3-strand and domain III contains a conserved gluta-
mate (E51) residue in the αC-helix that form an electrostatic bond with
the conserved AxK-lysine in active protein kinases (K33 and E51 of
CDK2). Domain III of CDK1 and 2 contains the sequence PSTAIRE at the
beginning of the αC-helix and this sequence interacts with activating
cyclins [2]. Domain VIB contains a conserved HRD sequence that forms
part of the catalytic loop (125HRDLKPQN132 in CDK2). Domain VII
contains a 145DFG147 signature sequence and domain VIII contains a
conserved 170APE172 sequence (CDK2) that together signify the begin-
ning and the end of the protein kinase activation segment. The re-
maining domains make up the αF–αI-helices.

3.2. The K/E/D/D motif and the secondary and tertiary CDK structures

The determination of the X-ray crystallographic structure of PKA
provided an invaluable blueprint for understanding the role of the
various domains in protein kinase function. Knighton et al. determined
the structure of the catalytic subunit of PKA bound to a polypeptide
protein kinase antagonist that mimics a peptide substrate (PDB ID:
2CPK) [43,44]. This structure serves as the prototype of all protein
kinase catalytic domains including those of the CDK family. CDKs and
all protein kinases contain a small amino-terminal lobe and large car-
boxyterminal lobe [45]. The small N-lobe contains five conserved β-
strands and a regulatory αC-helix and the large C-lobe contains eight
conserved helices (αD–αI, αEF1, αEF2); the active form of the protein
kinase large lobe contains four short strands (β6–β9). The small and
large lobes form a cleft that serves as a docking site for ATP. Of the
several hundred protein kinase domain structures in the protein data
bank, all of them possess this fundamental protein kinase fold as first
described for PKA [43–45].

Nearly all active protein kinases possess a conserved K/E/D/D (Lys/
Glu/Asp/Asp) signature that plays important structural and catalytic
roles [46]. The first two residues are found within the amino-terminal
lobe and the second two residues are found within the carboxyterminal
lobe. Although both lobes play a part in nucleotide binding, most of the
interaction involves the amino-terminal lobe. K33 (the K of K/E/D/D)
of the β3-strand of CDK2 binds to the α- and β-phosphates. The car-
boxylate group of CDK2 E51 (the E of K/E/D/D) of the PSTAIRE αC-
helix forms a salt bridge with the ε-amino group of K33 that serves to
stabilize its interactions with these phosphates. The presence of an
electrostatic bond between the β3-strand lysine and the αC-helix glu-
tamate is a prerequisite for the formation of active protein kinases. This
electrostatic bond is significant and is a principal structural topic in the
protein kinase literature [46].

The large carboxyterminal lobe participates in nucleotide binding
and it makes a major contribution to protein substrate binding. Two
Mg2+ ions participate in the catalytic cycle of CDK2 [47] and many
other protein kinases [48]. CDK2 D145 (the D of DFG and the first D of
K/E/D/D) binds to Mg2+(1) (Fig. 3B) that will in turn coordinate the β-
and γ-phosphates of ATP. CDK2 N132 of the catalytic loop binds
Mg2+(2) that will in turn coordinate with the α- and γ-phosphates of
ATP. The γ-phosphate group interacts with a lysine (K129 of CDK2, not
shown) within the catalytic loop (125HRDLKPQN132), which is a con-
served residue within the protein-serine/threonine kinase family. The
β3-strand A31, L83 in the hinge, and L134 after the catalytic loop make
hydrophobic contacts with the adenine base of ATP (not shown). Most
small molecule protein kinase inhibitors interact with many of the re-
sidues within the ATP-binding pocket of this and other protein kinases.

3.3. Structures of the small and large lobes and the protein kinase fold

Like all other protein kinases, the CDK protein kinase domains have
a small amino-terminal lobe and large carboxyterminal lobe (Fig. 4A
and C). The small lobe contains a conserved flexible glycine-rich ATP-
phosphate–binding loop, which is sometimes called the P-loop because

Fig. 3. (A) Overall structure of the active form of the catalytic subunit of CDK2
containing bound ATP, which is located beneath the Gly-rich loop (GRL) and
shown in a stick format. The activation segment (AS) is in its active open
conformation. (B) 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. Prepared from PDB ID: 1GY3 with the superposition of
3QHR to depict the location of Mg2+(1) and Mg2+(2) (shown as dotted
spheres).
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it is near the phosphates of the ATP substrate. The β3-strand AxK-lysine
(CDK2-K33) forms a salt bridge with the conserved glutamate near the
center of the protein-kinase αC-helix (CDK2-E51) (Table 2). The for-
mation of a salt bridge between the β3-strand lysine and the αC-helix
glutamate is required for the formation of the active enzyme and this
structure corresponds to the “αCin” conformation. In contrast, K33 and
E51 of dormant CDK2 fail to form a salt bridge and this structure cor-
responds to the displaced “αCout” conformation (Fig. 4A and C). The
αCin conformation is necessary, but not sufficient, for the expression of
full protein kinase catalytic activity.

The large lobe contains a mobile activation segment with an ex-
tended or open conformation in active enzymes and closed conforma-
tion in dormant enzymes. The first residues of the activation segment
consist of DFG (Asp-Phe-Gly), which exists in two different conforma-
tions. In the dormant activation segment conformation of many protein
kinases, the aspartate side chain of the DFG-D sequence extends away
from the active site. This is called the “DFG-Dout” conformation. The
aspartate side chain of active protein kinases extends toward the ATP-
binding pocket and coordinates Mg2+(1). This corresponds to the
“DFG-Din” conformation. It is the ability of aspartate to bind (DFG-Din)
or not bind (DFG-Dout) to Mg2+(1) in the active site that is significant.
See Ref. [46] for details concerning these two activation segment
conformations. However, the inactive conformations of the CDK family
exist in the DGF-Din conformation with a closed activation segment,
with an αCout conformation, or both.

The C-terminal lobe of the CDK family of protein kinases is mainly
α-helical with eight conserved segments (αD–αI, αEF1, αEF2) that
occur in all protein kinases [2]. The first X-ray crystallographic struc-
ture of PKA possessed two short helices at the end of the activation
segment and proximal to the αF-helix, which were unnamed (PDB ID:
2CPK). However, the αEF1/2 helices are conserved in all active protein
kinase structures and represent the seventh- and eighth-conserved he-
lices in the C-lobe. The activation segments of protein kinases including
the CDK family typically end with APE (Ala-Pro-Glu). The initial por-
tion of the Activation Loop of inactive CDK2 contains an αAL-helix that
abuts against the αC-helix that favors an inactive displaced conforma-
tion (Fig. 4C). The activation segment of active CDK2 extends outward
while that of the less active enzyme is closed and more compact (Fig. 4A
and C). The carboxyterminal lobe of active protein kinases contains four
short β-strands (β6-β9) (Fig. 4A). The β6-strand, the primary structure
of which occurs before the catalytic loop, interacts with the activation
segment β9-strand. The primary structure of the β7-strand is located
between the catalytic loop and the activation segment and it interacts
with the adjacent downstream β8-strand. Most inactive protein kinases
including that of CDK2 lack the β6- and β9-strands.

There are two general conformational motions associated with all
protein kinases including those of the CDK family. The first involves the
interconversion of less active and more active enzyme forms. Activation
typically involves changes in the orientation of the αC-helix in the
amino-terminal lobe and the activation segment in the carboxyterminal

Fig. 4. (A) Diagram of a frontal projection of the classical view of protein kinases depicting the structure of active CDK2. (B) Depiction of the C-spine and R-spine
residues of active CDK2 shown as spheres. (C) Inactive CDK2. (D) Spine and shell residues of inactive CDK2. The carbon atoms of the C-spine are sky gray while those
of the R-spine are cyan; the shell residues are shown in a stick format with carbon atoms in dark blue. The dashed lines represent a hydrogen bond. AS, activation
segment; CL, catalytic loop.

Table 2
Important human CDK2/4/6/9 residuesa.

CDK2 CDK4 CDK6 CDK9 Inferred function

Protein kinase domain 1–298 6–295 1–326 19–315 Catalyzes substrate phosphorylation
Glycine-rich loop 11GEGTYG16 13GVGAYG18 20GEGAYG25 26GQGTFG31 Anchors ATP β-phosphate
β3-K of K/E/D/D 33 35 43 48 Forms salt bridges with ATP α- and β-phosphates and

with αC-E
αC-E, E of K/E/D/D 51 56 61 66 Forms salt bridges with β3-K
Hinge residues 81EFLHQDL87 94EHVDQDL100 99EHVDQDL105 104DFCEHDL110 Connects N- and C-lobes
Catalytic loop 125HRDLKPQN132 138HRDLKPEN145 143HRDLKPQN150 147HRDMKAAN154 Plays both structural and catalytic functions
Catalytic loop HRD-D, First D of K/E/

D/D
127 140 145 149 Catalytic base

Catalytic loop HRD(x)4N-N 132 145 150 154 Chelates Mg2+(2)
AS DFG-D, Second D of K/E/D/D 145 158 163 167 Chelates Mg2+(1)
End of AS 170APE172 182APE184 187APE189 196PPE198 Interacts with the αHI loop and stabilizes the AS
AS phosphorylation site T160 T172 T177 T186 Stabilizes the AS after phosphorylation
No. of amino acids 298 303 326 372
MW (kDa) 33.9 33.7 36.9 42.8
UniProtKB accession no. P24941 P11802 Q00534 P50750

a AS, activation segment.
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lobe. The second class of conformational change occurs as the protein
kinase toggles between open and closed conformations as it goes
through the catalytic cycle. The open form of the active protein kinase
binds MgATP and the protein substrate; this is followed by the forma-
tion of the closed form as catalysis occurs. Following catalysis, phos-
phorylated protein and MgADP are liberated as the enzyme is re-
converted to the open form prior to the next catalytic cycle.

CDK2 mediates the in-line nucleophilic attack of the protein-serine/
threonine substrate onto the γ-phosphorus atom of Mg2ATP as first
described by Zhou and Adams for PKA (Fig. 3B) [49]. HRD-D127, the
catalytic base within the catalytic loop, abstracts a proton from the
protein-serine substrate. In such a transition state, the meta-phosphate
has dissociated from ADP, but has not yet formed a bond with the
protein-seryl group. Mg2+(1) and Mg2+(2) offset the negative charge of
the meta-phosphate and the α- and β-phosphates of ATP. In a similar
fashion, the positively charged amino group of the β3-strand lysine
helps to offset the negative charges of the α- and β-phosphates of ATP.

4. Structure of the CDK hydrophobic skeletons

4.1. The regulatory and catalytic spines

Kornev et al. [50,51] assessed the structures of about two dozen
active and inactive protein kinases using a spatial alignment algorithm.
They used this information to define a protein kinase (i) regulatory and
(ii) catalytic spine. In contrast to protein kinase amino acid signatures
such as DFG or HRD, the residues that form the spines were identified
by their location as determined by their X-ray crystal structures. The
spatial alignment analysis revealed a skeleton of eight hydrophobic
residues that constitute a catalytic or C-spine and four hydrophobic
residues that make up a regulatory or R-spine.

The R-spine interacts with a conserved aspartate (D185 of CDK2) in
the αF-helix. Going from the aspartate within the αF-helix up to the top
residue in the β4-strand, Meharena et al. named the regulatory spine
residues RS0, RS1, RS2, RS3, and RS4 [52]. As noted later, there are
three conserved “shell” residues that interact with the R-spine. We
named the catalytic spine residues CS1–CS8 (Fig. 4B and D) [53]. All
together each protein kinase contains 16 amino acid residues that make
up this protein kinase skeletal composite. Each spine contains residues
from both the small and large lobes. The regulatory spine contains re-
sidues from the activation segment and the αC-helix, whose spatial
arrangements are important in fabricating active and inactive states.

The catalytic spine enables ATP binding while the regulatory spine
enables the positioning of the protein substrate to promote catalysis.
The correct alignment of the spines is required for the formation of an
active protein kinase conformation.

The CDK2 regulatory spine consists of a residue from the beginning
of the β4-strand (L66, RS4), another that is four residues after the αC-
helix E51 (L55, RS3), the phenylalanine of the activation segment DFG-
F (F146, RS2), along with the HRD-H (H125, RS1) of the catalytic loop.
The backbone of H125 is anchored to the αF-helix by a hydrogen bond
to a conserved aspartate residue (D185, RS0). Residues that make up
the protein-substrate positioning segment at the end of the activation
segment, the αHI-loop, and the catalytic spine of protein kinase do-
mains form hydrophobic contacts with the αF-helix [50]. The αF helix
thus serves as a foundation for the key structural elements of protein
kinases.

The protein kinase catalytic spine contains residues from the small
and large lobes and is completed by the adenine base of ATP [51]. The
two residues of the small lobe of CDK2 that bind to the adenine group of
ATP include V18 (CS7) near the beginning of the β2-strand and A31
(CS8) from the conserved AxK of the β3-strand. Furthermore, L134
(CS6) from the middle of the carboxyterminal lobe β7-strand contacts
the adenine base in the active enzyme. L133 (CS4) and I135 (CS5),
hydrophobic residues that flank L134, bind to L87 (CS3) at the begin-
ning of the αD-helix. The αD-helix L87 makes hydrophobic contact with
M196 (CS1) in the αF-helix and the β7-strand L133 (CS4) makes hy-
drophobic contact with I192 (CS2) also in the αF-helix (Fig. 4B and D).
Note that both the C-spine and R-spine are anchored to the αF-helix,
which is a very hydrophobic component of the enzyme that traverses
the entire large lobe.

Table 3 lists the residues of the spines of CDK2/4/6/9. See Refs.
[54,55] for a summary of the properties of the ALK receptor protein-
tyrosine kinase spine residues, Ref. [2] for the CDK1 spine residues, Ref.
[38] for the ERK1/2 protein-serine/threonine kinase spine residues,
Ref. [56] for the Janus kinase non-receptor protein-tyrosine kinase
spine residues, Ref. [57] for the Kit receptor protein-tyrosine kinase
spine residues, Ref. [58] for the MEK1/2 dual-specificity protein kinase
spine residues, Ref. [59] for the PDGFRα/β protein-tyrosine kinase
spine residues, Refs. [60,61] for the RAF protein-serine/threonine ki-
nase spine residues, Ref. [62] for the RET receptor protein-tyrosine
kinase spine residues, Ref. [63] for the ROS1 orphan receptor protein-
tyrosine kinase spine residues, Refs. [48] for the Src non-receptor
protein-tyrosine kinase spine residues, Ref. [64] for the EGFR/ErbB
family of protein-tyrosine kinase spine residues, and Ref. [65] for the
VEGFR1/2/3 protein-tyrosine kinase spine residues. The importance of
the interaction of therapeutic protein kinase inhibitors with residues
that make up the spine residues cannot be overemphasized.

4.2. Shell residues stabilizing the R-spine

Using site-directed mutagenesis methodologies, Meharena et al.
discovered three residues in murine PKA that stabilize the R-spine,
which they labeled Sh1, Sh2, and Sh3, where Sh refers to shell [52]. The
Sh1 V104 G mutant exhibited 5% of the catalytic activity of wild type
PKA while the Sh2/Sh3 M120 G/M118 G double mutant was kinase
dead. These data indicate that the shell residues support an active
protein kinase structure. The Sh1 residue of protein kinases is found in
the αC-β4 back loop. The Sh2 or gatekeeper is found at the end of the
β5-strand immediately before the hinge, and Sh3 occurs two residues
upstream from the gatekeeper in the β5-strand.

Sh1 (V64 of CDK2) interacts with RS3 (L55), Sh2 (F80), and CS6
(L134) while Sh3 (L78) interacts with RS4 (L66) and CS8 (A31) (Fig. 4B
and D). Sh2 is the classical gatekeeper residue, which interacts with
RS3 (L55), RS4 (L66), and CS7 (V18). The name gatekeeper signifies the
role that this residue plays in controlling access to a hydrophobic
pocket next to the adenine binding site [66,67] that is occupied by
portions of many small molecule antagonists. Based upon the local

Table 3
Human CDK2/4/6/9 regulatory spine, shell, and catalytic spine residues.

Symbol KLIFS No.
Ref. [77]

CDK2 CDK4 CDK6 CDK9

β4-strand (N-lobe) RS4 38 L66 L74 L79 L81
αC-helix (N-lobe) RS3 28 L55 L60 L65 L70
Activation loop DFG-F (C-

lobe)
RS2 82 F146 F159 F164 F168

Catalytic loop HRD-H (C-
lobe)

RS1 68 H125 H138 H143 H147

αF-helix (C-lobe) RS0 None D185 D196 D201 D211
Two residues upstream

from the gatekeeper
Sh3 43 L78 L91 L96 L101

Gatekeeper, end of the
β5-strand

Sh2 45 F80 F93 F98 F103

αC-β4 back loop Sh1 36 V64 V72 V77 V79
β3-strand AxK-A (N-lobe) CS8 17 A31 A33 A41 A46
β2-strand V (N-lobe) CS7 11 V18 V20 V27 V33
β7-strand (C-lobe) CS6 77 L134 L147 L152 L156
β7-strand (C-lobe) CS5 76 I135 V148 V153 I157
β7-strand (C-lobe) CS4 78 L133 I146 L151 V155
αD-helix (C-lobe) CS3 53 L87 L100 L105 L110
αF-helix (C-lobe) CS2 None I192 I203 I208 I218
αF-helix (C-lobe) CS1 None M196 M207 M212 M222
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spatial pattern alignment data [50], just three of 14 amino acid residues
in PKA surrounding RS3 and RS4 are conserved. These shell residues
stabilize and reinforce the protein kinase regulatory spine [52]. To re-
iterate, many therapeutic ATP competitive and allosteric protein kinase
inhibitors interact with catalytic spine (CS6/7/8), shell (Sh1), and
regulatory spine (RS1/2/3) residues.

5. Classification of protein kinase-drug complexes

Dar and Shokat defined three classes of protein kinase inhibitors and
labeled them types I, II, and III [68]. Type I inhibitors bind in the
adenine-binding pocket of an active protein kinase; type II inhibitors
bind to an inactive protein kinase with the activation segment DFG-D
pointing away from the active site (DFG-Dout); type III inhibitors bind to
an allosteric site that is separate from the adenine-binding pocket.
Zuccotto subsequently defined type I½ inhibitors as drugs that bind to
an inactive protein kinase with the activation segment DFG-D directed
inward (DFG-Din) toward the active site (in contrast to the DFG-Dout

conformation) [69]. A dormant protein kinase may display a closed
activation segment, an αCout conformation, a nonlinear or broken
regulatory spine, or various combinations thereof. Gavrin and Saiah
then divided allosteric inhibitors into two types: III and IV [70]. Type III
inhibitors bind within the cleft between the small and large lobes and
next to, but independent of, the ATP binding site while type IV in-
hibitors bind outside of the cleft. Moreover, Lamba and Gosh described
bivalent antagonists as those inhibitors that span two distinct parts of
the protein kinase domain as type V inhibitors [71]. For example, a
drug that bound to the adenine-binding pocket as well as the peptide
substrate site would be classified as a type V inhibitor. To complete this
classification, we labeled drugs that bind covalently with the target
enzyme as type VI inhibitors [46]. For example, afatinib is a type VI
covalent FDA-approved inhibitor of mutant EGFR that is used for the
treatment of NSCLC. Mechanistically, this compound binds initially to
an active EGFR conformation (like a type I inhibitor) and then the C797
–SH group of EGFR attacks the drug to form an irreversible covalent
adduct (PDB ID: 4G5J) [53].

Owing to the variation of inactive protein kinase conformations as
compared with the conserved active conformation, it was suggested
that type II inhibitors would be more selective than type I inhibitors,
which bind to the canonical active conformation. The results of Vijayan
et al. support this suggestion [72] while those of Kwarcinski et al. and
Zhao et al. do not [73,74]. By definition, type III allosteric inhibitors
bind next to the adenine binding pocket [70]. Owing to the greater
variability of this region when compared with the adenine-binding site,
type III inhibitors have the potential to possess greater selectivity than
type I, I½, or II inhibitors. Moreover, Kwarcinski et al. propose that
inhibitors that bind to the αCout conformation (type I½ inhibitors) may
be more selective than type I and II antagonists [73]. FDA-approved
αCout inhibitors include abemaciclib, palbociclib, and ribociclib (all
CKD4/6 antagonists). However, Kwarcinski et al. proposed that not all
protein kinases are able to assume the αCout conformation while they
suggest that all protein kinases are able to adopt the DFG-Dout con-
formation [73].

We divided the type I½ and type II inhibitors into A and B subtypes
[53]. Drugs that extend into the back cleft are classified as type A in-
hibitors. In contrast, drugs that do not extend into the back cleft as are
classified as type B inhibitors. Based upon incomplete data, the po-
tential significance of this difference is that type A inhibitors bind to
their target enzyme with longer residence times when compared with
type B inhibitors [53]. Imatinib is an FDA-approved drug for the
treatment of chronic myelogenous leukemia and several other disorders
that is a type IIA inhibitor of BCR-Abl that extends far into the back
cleft. Bosutinib is an FDA-approved drug for the treatment of chronic
myelogenous leukemia that is a type IIB inhibitor of BCL-Abl that does
not extend into the back cleft [53].

Ung et al. examined a variety of structural features based upon the

location of the DFG-motif and the αC-helix to define the conformational
space of the catalytic domain of protein kinases [75]. They reported
that the DFG motif can move from its active DFG-Din location to the
inactive DFG-Dout location. Correspondingly, the αC-helix can move
from its active αCin location to the inactive αCout position by rotating
and tilting. These authors described five different protein kinase con-
figurations; these include αCin-DFG-Din (CIDI), αCout-DGF-Din (CODI),
αCin-DFG-Dout (CIDO), αCout-DFG-Dout (CODO), and ωCD; the latter
designation signifies structures with variable locations of the αC-helix
or DFG-D intermediate states. CIDI refers to the catalytically active
conformation with a linear R-spine. In contrast, CIDO has the DFG-D
motif 180° flip that reshapes the ATP-binding pocket and displaces
DFG-F outward thereby breaking the R-spine. CODI signifies the αCout

and DFG-Din conformation. This may result from the activation loop
displacing the αC-helix to the αCout position. Alternatively, a drug may
induce the outward movement of the αC-helix. The CODO conforma-
tion is rarely observed. ωCD structures are extremely heterogeneous
with diverse DFG-D intermediate states and variable αC-helix posi-
tioning. Furthermore, Ung et al. suggest that ωCD structures may re-
present transition states among the various primary configurations
[75].

6. Drug-ligand binding pockets

Liao [76] and van Linden et al. [77] divided the region between the
protein kinase small and large lobes into the front cleft or front pocket,
the gate area, and the back cleft. The gate area and back cleft make up
the back pocket or hydrophobic pocket II (HPII) (Fig. 5). The front cleft
includes the hinge residues, the adenine-binding pocket, the glycine-
rich P-loop, and the catalytic loop (HRD(x)4N) residues. The gate area
includes the β3-strand of the small lobe and the proximal section of the
activation segment including DFG of the large lobe. The back-cleft ex-
tends to the αC-helix, the αC-β4 back loop, to portions of the β4- and
β5-strands of the N-terminal lobe, and to a section of the αE-helix
within the C-terminal lobe. One of the obstacles in the development of
small molecule protein kinase inhibitors is to increase selectivity to
reduce unwanted off-target side effects [78], a process that is aided by
examining drug-kinase interactions [79–81].

van Linden et al. described several elements that are found in the
front cleft, gate area, and back cleft [77]. For example, the front cleft
contains an adenine-binding pocket (AP) along with two front pockets
(FP-I and FP-II). FP-I is found between the solvent-exposed hinge re-
sidues and the large lobe xDFG-motif (where x is the amino acid im-
mediately before the activation segment DFG) and FP-II is found be-
tween the glycine-rich P-loop and the β3-strand at the ceiling of the
cleft in the small lobe. BP-I-A and BP-I-B occur in the gate area between
the β3- and β4-strands, the conserved β3-strand K of the AxK signature,
and the αC-helix of the small lobe and the xDFG-motif of the large lobe.
The smaller BP-I-A is found at the top of the gate area and is enclosed by
residues of the β3- and adjacent β5-strands including the β3-AxK re-
sidues and the regulatory αC-helix. The larger BP-I-B occurs in the
center of the gate area allowing for access to the back cleft. Both BP-I-A
and BP-I-B are found in both the DFG-Din and DFG-Dout conformations
(Fig. 5).

BP-II-A-in and BP-II-in occur within the back cleft of the DFG-Din

conformation [76]. These sub-pockets are enclosed by the large lobe
DFG-motif and the small lobe αC-helix, αC-β4 back loop, and the β4-
and β5-strands. Major changes of BP-II-A-in and BP-II-in produce BP-II-
out that is found in the DFG-Dout configuration; this structural trans-
formation occurs with the movement of DFG-F. The resulting region is
called back pocket II-out (BP-II-out); it is found where the DFG-F is
located in the DFG-Din configuration. BP-II-B is enclosed by the αC-
helix and the adjacent β4-strand in both the DFG-Din and DFG-Dout

conformations. Back pocket III (BP-III) is observed only in the DFG-Dout

conformation. This region is found on the floor of BP-II-out between the
β6-strand, the conserved catalytic loop HRD-H, the activation segment
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DFG-Dout motif, and the αE-helices of the large lobe along with the αC-
β4 back loop and the αC-helix of the small lobe. Two pockets that are
partially solvent exposed (BP-IV and BP-V) occur between the small
lobe αC-helix and the large lobe DFG-Dout motif, the catalytic loop, the
β6-strand, and the activation segment (Fig. 5).

van Linden et al. developed a comprehensive guide that describes
drug and ligand binding to more than 1200 human and mouse protein
kinase domains [77]. Their KLIFS (kinase–ligand interaction fingerprint
and structure) directory includes an alignment of 85 potential ligand
binding-site residues occurring in both the amino-terminal and car-
boxyterminal lobes; this directory facilitates the classification of drugs
and ligands based upon their binding characteristics and expedites the
detection of related interactions. Furthermore, these authors devised a
standard amino acid residue numbering system that helps in the com-
parison of many protein kinases. Table 3 specifies the correspondence
between the KLIFS database residue numbers and the catalytic spine,
shell, and regulatory spine amino acid residue nomenclature. Further-
more, these investigators established a valuable free and searchable
web site that is regularly updated thereby providing comprehensive
information on the interaction of protein kinases with drugs and ligands
(klifs.vu-compmedchem.nl/). Additionally, Carles et al. developed a
comprehensive directory of protein kinase inhibitors in clinical trials
[82]. They established a free and searchable web site that is regularly
updated which includes inhibitor structures and their physical proper-
ties, protein kinase targets, therapeutic indications, year of first ap-
proval (if applicable), and trade name (http://www.icoa.fr/pkidb/).
The Blue Ridge Insitute for Medical Research website (www.brimr.org/
PKI/PKIs.htm), which is regularly updated, depicts the structures and
properties of all FDA-approved protein kinase inhibitors.

7. Selected CDK inhibitors that are FDA approved or in clinical
trials

Palbociclib is a CDK4/6 antagonist that in combination with the
aromatase antagonist letrozole is FDA-approved for (i) the treatment of
postmenopausal women with ER+/HER2– advanced breast cancer as an
initial, or first-line, endocrine-based therapy for metastatic disease or
(ii) as a second-line treatment in combination with fulvestrant in
women with disease progression following endocrine therapy (www.
brimr.org/PKI/PKIs.htm). See Refs. [83–86] for a summary of the
preclinical studies and clinical trials that led to these approvals.

The scaffold of palbociclib consists of a pyrido[2,3-d] pyrimidinone
core (Fig. 6A); this orally effective agent inhibits CDK4-cyclin D1 (IC50

value 11 nM), CDK4-cyclin D3 (9 nM), and CDK6-cyclin D2 (15 nM)
[87]. It is not effective against CDK2-cyclin E2, CDK2-cyclin A, and
CDK1-cyclin B (IC50 values exceeding 10 μM). During the development
of this compound, VanderWel et al. found that the addition of the cy-
clopentyl group at N8 of the pyrido[2,3-d] pyrimidinone core provided
an optimal combination of potency and selectivity for CDK4/6 [88].
Moreover, the addition of the C5 methyl group decreased CDK1/2 in-
hibition by these derivatives while they remained effective against
CDK4/6. Toogood et al. from the same laboratory discovered that in-
cluding the 2-aminopyridine on the C2 of the scaffold increased se-
lectivity for CDK4/6 in vitro [89]. Furthermore, the addition of the
acetyl group at C6 maintained the selectivity toward CDK4/6.

The X-ray crystal structure of palbociclib bound to the complex of
CDK6-cyclin V (a K type cyclin) shows that a hydrogen bond forms
between the 2-amino group attached to the pyridopyrimidine scaffold
and the carbonyl group of V101 of the hinge of the enzyme (Fig. 7A).
Cyclin V is a K-type cyclin that is a gene product of Kaposi sarcoma-
associated herpesvirus that activates CDK6. A second hydrogen bond
forms between the N3 nitrogen of the palbociclib scaffold and the NeH
group of V101 while a third hydrogen bond forms between the 6-acetyl
carbonyl group and the DFG-D163 NeH group. The 5-methyl and 6-
acetyl groups are found within hydrophobic pocket BPeIeA in the gate
area [53,77] while the C2 piperazinylpyridinylamino group extends
into the solvent. Palbociclib makes numerous hydrophobic contacts
with the enzyme including interactions with the β1-strand I19, the β2-
strand V27 (CS7), the β3-strand A41 (CS8) and K43 (of the AxK sig-
nature), V77 (Sh1) within the αC-β4 loop, the F98 gatekeeper (Sh2),
the second hinge residue (H100), Q103 and D104 proximal to the αD-
helix, Q149 and N150 within the catalytic loop, the β7-strand L152
(CS6), and A162, which occurs just before DFG-D163 of the activation
segment (the x of xDFG). The N8 cyclopentyl group occupies the space
where the ribose of ATP normally occurs. The drug binds to an active
conformation of the CDK6-cyclin V complex (αCin, open activation
segment, linear R-spine) and is thus a type I inhibitor [53].

The X-ray crystal structure of palbociclib bound to CDK6 without a
cyclin (PDB ID: 5L2I) is very similar to that of the CDK6-cyclin V
structure (Fig. 7B). However, the drug binds to the αCout conformation
of monomeric CDK6 while it binds to the αCin conformation of the
CDK6-cyclin V complex. It is likely that the cyclin is responsible for
inducing the active-like αCin configuration. The hydrogen bonding
pattern is identical as are most of the hydrophobic contacts. Palbociclib
makes hydrophobic contacts with the V101 and D102 hinge residues of
CDK6, which are lacking in the structure of the CDK6-cyclin V complex.

Fig. 5. Location of the protein kinase domain drug-binding pockets. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II;
GK, gatekeeper. Adapted from Ref. [61] with copyright permission of Elsevier.
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The drug binds within the front pocket and does not extend beyond the
gate area (making it a type B inhibitor). Because it binds to an inactive
enzyme with DFG-Din and αC-helix out, it is classified as a type I½B
inhibitor [53]. As noted above, palbociclib is in clinical trials for dis-
eases other than breast cancer and it is possible that its approval for
additional clinical indications may be forthcoming as part of various
therapeutic regimens.

Ribociclib is an orally effective CDK4/6 inhibitor approved in
combination with (i) an aromatase inhibitor for the treatment of pre/
perimenopausal or postmenopausal women with HR+/HER2– advanced
or metastatic breast cancer, as initial endocrine-based therapy or (ii)
fulvestrant for the treatment of postmenopausal women with HR+/
HER2– advanced or metastatic breast cancer, as initial endocrine-based
therapy or following disease progression on endocrine therapy
(Table 4). See Refs. [90–93] for a summary of the clinical trials that led
to these approvals. The core scaffold of ribociclib consists of a pyrrolo
[2,3d] pyrimidine (Fig. 6B); this drug inhibits CDK4 (IC50 value 10 nM)
and CDK6 (39 nM) [94]. The inhibitor potency against CDK1 and CDK2
is much less (> 50 μM).

The X-ray crystal structure of ribociclib bound to CDK6 shows that
the N3 of the pyridine fragment hydrogen bonds with the NeH group of

V101 (the third hinge residue) and the adjacent amino group NeH
hydrogen bonds with the V101 carbonyl group (Fig. 7C). The drug
carbonyl oxygen hydrogen bonds with the NeH group of DFG-D163.
Ribociclib makes numerous hydrophobic contacts with the enzyme in-
cluding interactions with the β1-strand I19, the β2-strand V27 (CS7),
the β3-strand A41 (CS8) and K43 (of the AxK signature), V77 (Sh1)
within the αC-β4 loop, the F98 gatekeeper (Sh2), the first and second
hinge residues (E99, H100), D104 proximal to the αD-helix, T107 of the
αD-helix, N150 at the end of the catalytic loop, the β7-strand L152
(CS6), and A162, which occurs just before DFG-D163 of the activation
segment (the x of xDFG). Ribociclib is found within the front pocket, the
gate area, and FPeI. The drug binds to an inactive conformation of the
CDK6 (αCout, DFG-Din, and a nonlinear R-spine) and does not extend
beyond the gate area and is thus classified as a type I½B inhibitor [53].

Abemaciclib is an orally effective CDK4/6 inhibitor that is FDA
approved (i) in combination with an aromatase inhibitor as initial en-
docrine-based therapy for the treatment of postmenopausal women
with HR+/HER2– advanced or metastatic breast cancer (ii) in combi-
nation with fulvestrant for the treatment of women with HR+/HER2–

advanced or metastatic breast cancer with disease progression fol-
lowing endocrine therapy and (iii) as monotherapy for the treatment of

Fig. 6. (A–C) Structures of FDA-approved CDK inhibitors. (D–J) Structures of selected CDK inhibitors in current or previous clinical trials.

Fig. 7. The protein kinase and corresponding PDB ID of the drug-enzyme complexes are given. The drug carbon atoms are yellow and those of the enzyme are gray.
AS, activation segment. The dashed lines represent polar bonds.
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patients with HR+/HER2– advanced or metastatic breast cancer with
disease progression following endocrine therapy and prior che-
motherapy in the metastatic setting. The latter indication is the only
CDK inhibitor monotherapy approval. See Refs. [95–98] for a summary
of the clinical trials that led to these approvals. The scaffold of abe-
maciclib consists of a pyridine-pyrimidine-benzimidazole core (Fig. 6C)
[99].

The X-ray crystal structure of abemaciclib bound to CDK6 shows
that the N1 of the pyrimidine fragment hydrogen bonds with the NeH
group of V101 (the third hinge residue) and the adjacent amino group
NeH hydrogen bonds with the V101 carbonyl group (Fig. 7D). The N1
of the benzimidazole of the drug hydrogen bonds with the ε-amino
group of the β3-strand K43. Abemaciclib makes numerous hydrophobic
contacts with the enzyme including interactions with the β1-strand I19,
the β2-strand V27 (CS7), the β3-strand A41 (CS8) and K43 (of the AxK
signature), V77 (Sh1) within the αC-β4 loop, the F98 gatekeeper (Sh2),
the first and second hinge residues (E99, H100), D104 proximal to the
αD-helix, T107 of the αD-helix, the β7-strand L152 (CS6), and A162,
which occurs just before DFG-D163 of the activation segment (the x of
xDFG). Abemaciclib is found within the front pocket and FPeII. The
drug binds to an inactive conformation of the CDK6 (αCout, DFG-Din,
and a nonlinear R-spine) and does not extend beyond the gate area and
is thus classified as a type I½B inhibitor [53].

Alvocidib (flavopiridol) is a piperidine-chromenone derivative
(Fig. 6D) that is not FDA approved, but is in clinical trials for breast,
endometrial, and several other cancers and hematological malignancies
(Table 4) [100–104]. This drug targets CDK9 (IC50 = 3.2 nM) and
CDK4 (IC50= 3.2 nM), it also inhibits other CDKs (CDK1/2/3/6/7), but
with IC50 values that are 1–2 orders of magnitude higher. The X-ray
crystal structure of alvocidib bound to CDK9 shows that the C4 car-
bonyl group of the chromenone forms a hydrogen bond with the third
hinge residue (C106) and the 3-hydroxyl group on the piperidine ring
hydrogen bonds with DFG-D167 (Fig. 7E). The drug makes hydrophobic
contact with the enzyme including interactions with the β1-strand I25,
F30 within the G-rich loop, the β2-strand V33 (CS7), the β3-strand A46
(CS8) and K48 (of the AxK signature), V79 (Sh1) within the αC-β4 loop,
the F103 gatekeeper (Sh2), the hinge residues F105, E107, H108, as
well as A153 and N154 within the catalytic loop, the β7-strand L156
(CS6), and A166, which occurs just before DFG-D167 of the activation
segment (the x of xDFG), and DFG-D167. The drug binds to an active
conformation of the CDK9 (αCin, open activation segment, linear R-
spine) and is thus a type I inhibitor [53].

Dinaciclib is a pyrazolopyrimidine derivative (Fig. 6E) that is not
FDA approved, but is in clinical trials for the treatment of breast and
pancreatic cancer and several leukemias (Table 4) [105–111]. This drug
targets CDK1/2/5/9 with IC 50 values of 3.2, 1, 1, and 4 nM, respec-
tively. The X-ray crystal structure of the drug bound to the CDK2-cyclin
E complex shows that the pyrazolo nitrogen forms a hydrogen bond
with the NeH group of L83 (the third hinge residue) and the amino
group of the drug forms a hydrogen bond with the L83 carbonyl group
(Fig. 7F). The drug makes hydrophobic contact with the enzyme in-
cluding interactions with the β1-strand I10, the β2-strand V18 (CS7),
the β3-strand A31, V64 (Sh1) within the αC-β4 loop, the F80 gate-
keeper (Sh2), the hinge residues E81, F82, L83, H84, and Q85, Q131
and N132 within the catalytic loop, the β7-strand L134 (CS6), A144,
which occurs just before DFG-D145 of the activation segment (the x of
xDFG), and DFG-D145. The drug binds to an active conformation of the
CDK2-cyclin E complex (αCin, open activation segment, linear R-spine)
and is thus a type I inhibitor [53]. The X-ray crystal structure of di-
naciclib bound to CDK2 is very similar in terms of hydrogen bonding
and hydrophobic interactions. However, the enzyme is in an inactive
αCout conformation (Fig. 7G) and consequently the mode of inhibitor
binding corresponds to a type I½B inhibitor [53]. Moreover, both
structures show that dinaciclib binds within the front pocket and does
not extend to the gate area.

Roniciclib is an anilino-pyrimidine CDK multikinase inhibitor

(Fig. 6I) [112,113] that has been in clinical trials for the treatment of
ovarian cancer, small cell lung cancer, and thyroid cancer (Table 4)
[114]. The X-ray crystal structure shows that the N1 of the pyrimidine
ring hydrogen bonds with the NeH group of L83 and the amino group
of the drug hydrogen bonds with the carbonyl group of L83, the third
hinge residue (Fig. 7H). The sulfonimidoyl oxygen forms a hydrogen
bond with the NeH group of D86 within the hinge. The drug makes
numerous hydrophobic contacts with the enzyme including interactions
with the β1-strand I10, the β2-strand V18 (CS7), the β3-strand A31
(CS8), V64 (Sh1) of the back loop, the F80 gatekeeper residue, F82,
H84, Q85, D86 of the hinge, the αD-helix K89, the catalytic loop Q131
and N132, A144 (the x residue of xDFG), and DFG-D145. The drug
binds to the front pocket and FPeI of CDK2. It binds to an inactive
αCout/DFG-Din (CODI) conformation is therefore classified as a type I½B
inhibitor [53]. It is unclear whether the drug will progress any further
in clinical trials.

A summary of the drug-CDK2/6/9 hydrophobic (Φ), hydrogen-
bonding (H), and polar-bonding (P) interactions based upon the KLIFS
residue numbers is provided in Table 5. The KLIFS system gives com-
parable residues from different enzymes the same value [77], which
facilitates comparisons among different protein kinases. The various
Hanks domains correspond to those that are listed in Ref. [42]. All of
the drugs interact hydrophobically with the Hanks/KLIFS domain I/
residue 3, domain II/residues 11 and 15, the back-loop residue 36,
domain VII/residue 77, and the x residue immediately before DFG.
Residue 3 occurs immediately before the G-rich loop, residue 11 cor-
responds to CS7 and residue 15 corresponds to CS8, residue 36 corre-
sponds to the conserved valine in the αC-β4 back loop (Sh1), and re-
sidue 77 corresponds to CS6 (Table 3). All of the drugs form hydrogen
bonds with the third hinge residue. Most of the drugs make hydro-
phobic contact with (i) the first residue in the G-rich segment, (ii) the
side chain of the AxK-lysine, (iii) the gatekeeper phenylalanine, (iv), the
penultimate residue as well as the last residue in the catalytic loop, and
(v), the DGF-D side chain. The drugs make variable hydrophobic in-
teractions with KLIFS residues 5, 6, and 8 within the G-rich loop, with
hinge residues 46 (the first hinge residue), 49 (the forth hinge residue),
51 (the sixth hinge residue), and 52 (the seventh hinge residue). Pal-
bociclib, ribociclib, and alvocidib make polar bonds with DFG-D and
abemaciclib and dinaciclib make polar contact with the β3-strand ly-
sine residue.

Trilaciclib [115–117], AT7519 [118–121], and voruciclib
[122–124] are CDK inhibitors (Fig. 6F–H) that are currently in clinical
trials for the treatment of a variety of diseases (Table 4). The structure
of SHR6390 [125], which is also in clinical trials, is unknown. Riviciclib
is a CDK1/4/9 inhibitor (Fig. 6J) that has been in clinical trials, but in
the absence of any new data it is unlikely that his drug will be approved
[2]. Unfortunately, we lack X-ray crystal structures of these compounds
bound to any protein kinase. All of the drugs listed in Table 4 are orally
effective – with the exception of alvocidib and riviciclib, which are
given intravenously. See Ref. [6] for the listing of other CDK inhibitors
that are or have been in clinical trials, but are no longer considered
promising therapeutic agents.

8. Epilogue

The progression through the cell cycle is an intricate process that
involves the precise timing of more than 32,000 phosphorylation and
dephosphorylation reactions catalyzed by a network of protein kinases
and phosphoprotein phosphatases as determined by mass spectrometry
[126]. The mechanism of cell cycle progression has been studied for
about 45 years [127]. In a pioneering study, Hartwell et al. used a
genetic approach and characterized several cell division cycle (CDC)
temperature-sensitive mutants of Saccharomyces cerevisiae whose gene
function was required at specific stages of the cell cycle [128]. His in-
itial collection of cell cycle mutants contained changes in what we now
recognize as key regulators of the eukaryotic cell cycle. These include
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CDC28 (CDK1), CDC4 (cell division control protein-4) that facilitates
ubiquitylation and thereby destruction of CDK inhibitory proteins
(SIC1, CDC6) and is required at G1-S and G2-M transitions as well as
components of the anaphase promoting complex or cyclosome (APC/C)
involved in promoting cyclin degradation [127]. Nurse similarly used a
genetic approach and isolated temperature-sensitive mutants of Schi-
zosaccharomyces pombe that produced smaller size cells than those that
divided at the permissive temperature [129]. These wee-1 or small
mutants encoded a protein kinase (Wee-1) that catalyzed the phos-
phorylation and inhibition of CDK1 (Table 1) [127].

Evans and Hunt et al. used a biochemical approach and investigated
the regulation of mRNA translation in embryos of the sea urchin Arbacia
punctulata [130]. Protein synthesis in young dividing embryos is en-
coded by stored maternal mRNAs, which correspond to a few abundant
proteins whose synthesis is barely, if at all, detectable in the unfertilized
egg. One of these proteins, which was named cyclin, was degraded
every time that the cells divide. After fertilization, cyclin robustly in-
corporated [35S]- methionine only to be broken down after mitosis.
Moreover, the protein was again labeled during the next cycle only to
be degraded yet again at the end of the cycle.

Many investigators participated in the studies on the regulation of
the cell cycle and experiments indicated that the process was conserved
across many eukaryotic species including humans [127]. Because
cancer cells exhibit dysregulated cell division along with the presence
of abnormal chromosome numbers (aneuploidy) [131], it was natural
to focus on cell cycle inhibitors as potential anticancer agents [132].
Among the first studies addressing the potential of CDK antagonists as
anticancer agents was that by Kaur et al. in 1992 who investigated the
effects of alvocidib (flavopiridol) on several breast and lung cancer cell
lines [133]. It was not until 2015 that palbociclib in combination with
letrozole was approved by the FDA as a first-line treatment for HR+/
HER2– breast cancer (www.brimr.org/PKI/PKIs.htm). The FDA subse-
quently approved the combination of palbociclib and fulvestrant as a
second-line therapy in women with disease progression following en-
docrine therapy. The development of a clinically approved CDK4/6
inhibitors required about two dozen years, which contrasts with the
time-line for the development of an ALK antagonist (crizotinib) over
four years or EGFR inhibitors (erlotinib and gefitinib) over nine years
[54]. As noted in Table 4, abemaciclib, palbociclib, ribociclib, and other
CDK antagonists are undergoing clinical trails for a variety of cancers as
a single agent or as part of a combination of drugs.

One of the main difficulties in cancer therapy is the development of
resistance to both targeted and nontargeted drugs. Owing to the recent
introduction of CDK inhibitors into the clinic, only lately have there
been studies addressing mechanisms of resistance to these agents
[134,135]. Preclinical studies suggest that secondary or acquired re-
sistance may be mediated by AKT/PKB and mTOR signaling pathway
that remains active in the presence of CDK4/6 inhibitors [136]. Pre-
clinical studies performed by Yang et al. suggest that CDK6 gene am-
plification and decreased expression of the estrogen and progesterone
receptors may contribute to resistance [137]. Moreover, these in-
vestigators observed reduced hormone receptor expression in tumor
samples taken from patients who had developed resistance to abema-
ciclib or ribociclib. One strategy for minimizing the development of
resistance is the use of combination therapies. The use of palbociclib or
ribociclib in combination with exemestane (an aromatase inhibitor) and
everolimus (an mTOR inhibitor that is FDA-approved for the treatment
of HER2– breast cancer) represents one strategy for mitigating drug
resistance by targeting multiple signaling pathways [138]. Devising
protocols for minimizing or overcoming resistance to cancer therapies
constitutes one of the most important problems faced by biomedical
scientists and oncologists who work on anticancer therapies.
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