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Cyclin-dependent kinase 2 (CDK?2) is a critical requlator of cell division and has emerged

as a promising target for anticancer treatment. In this article, we summarize the
structural features of CDK2 inhibitors and corresponding binding modes, in particular
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Introduction

Cyclin-dependent kinases (CDKs) are a group of serine/threo-
nine kinases that interact with regulatory subunits called
cyclins to exert their activity."”> These CDKs are crucial in
regulating cell-cycle progression and transcription
(=~Fig. 1)34 Twenty CDKs (CDK1-20) and 29 cyclins have
been identified in human cells.’ Among them, CDK1, CDK2,
CDK4, and CDKB6 play key roles in cell-cycle regulation, where-
as CDK7-9, 11-13, 19, and 20 play key roles primarily in
transcriptional regulation.>*®7 It is worth noting that many
CDKs have multiple catalytic substrates and are involved in
various cellular processes. For example, CDK7 is a kinase that
activates CDKs during the cell cycle and a regulator of RNA
polymerase Il during transcription. CDK5 is widely recognized
as a crucial factor in regulating neuronal function and cell
migration.® A hallmark feature of cancer is the dysregulation of
the cell cycle leading to uncontrolled and excessive cell
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the noncompetitive binding modes that offer unique advantages for the development
of highly selective inhibitors. In addition, we present an overview of the latest
advancements in the development of CDK2 inhibitors and discuss the trend in the
field. This review provides valuable insights into the structure-activity relationships of
the reported CDK2 inhibitors, inspiring the development of potent and selective CDK2

growth.? CDKs regulate the different phases of the cell cycle
and have been potential targets for cancer therapy.'®

The development of CDK inhibitors has been extensively
investigated. However, the first-generation inhibitors lack
specificity for specific CDK members and mainly act as pan-
CDK inhibitors. Despite the initial interest from preclinical
studies, pan-CDK inhibitors have limited therapeutic efficacy,
leading to the termination of a large number of clinical trials
involving them. Recognizing the need for selective CDK inhib-
itors, researchers have focused on the development of second-
and third-generation inhibitors, through comprehensive re-
search on the structure of the inhibitors and their biological
functions. Palbociclib (Ibrance), the first CDK4/6-selective
inhibitor, was approved by the Food and Drug Administration
(FDA) in 2015, followed by ribociclib (Kisqali), abemaciclib
(Verzenio) and trilaciclib (Cosela), approved by FDA in 2017,
and dalpiciclib approved by the National Medical Products
Administration in 2021 (~Fig. 2).""~> These new-generation
CDK4/6 inhibitors exhibit improved selectivity and reduced
cytotoxicity compared with the first-generation pan-CDK
inhibitor, flavopiridol (~Fig. 2).'+1°
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Fig. 1 Functions of CDKs in cell-cycle progression and transcription regulation. (A) CDKs in cell-cycle progression: mitogenic stimuli in quiescent (GO) cells
activate the CDK3-cyclin C complex to stimulate the phosphorylation of Rb, promoting the GO/G1 transition. Sequential phosphorylation of Rb by CDK4/6-
cyclin D and CDK2-cyclin E leads to E2F transcription factor activation, facilitating the G1/S transition through the restriction point. As cells approach the end
of the S phase, CDK2-cyclin A directly phosphorylates E2Fs, inactivating its function and promoting S phase completion while preventing cell apoptosis due
to sustained E2F activity. CDK1-cyclin A and CDK1-cyclin B complexes play a crucial role in the passage of the G2/M checkpoint and cell division progression.
(B) CDKs in transcription regulation: the binding of mediator complex and CDK8 (or the highly related CDK19) promotes transcription activation and

regulates gene expression from super-enhancers. Transcription-associated CDKs phosphorylate the CTD of RNA polymerase Il (RNA Pol Il). CDK7, CDK12, and
CDK13 directly phosphorylate the CTD of RNA Pol I, requlating distinct phases of transcript generation, including initiation, pause/release, elongation, and

termination. CDKs, cyclin-dependent kinases; CTD, Gterminal domain.

Cyclin-dependent kinase 2 (CDK2), a member of the CDK
family, regulates cell-cycle progression, and its dysregulation
leads to uncontrolled cell proliferation and subsequent cancer
progression and metastasis. It primarily drives the proliferation
of specific tumor types with defined genetic characteristics,
including ovarian cancers, MYC-overexpressed cancers, and
melanoma.'”'8 Elevated expression of CDK2 and its associated
cyclins have been observed in many types of cancers, highlight-
ing CDK2 as a promising target for drug discovery.'?

There are significant challenges in developing CDK2-se-
lective inhibitors due to the sequence and structural similar-
ity of CDK2 to other CDKs. For instance, CDK2 shares 65%
sequence similarity with CDK1, and they have minimal

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

differences in their adenosine triphosphate (ATP)-binding
pockets.?%2! This article reviewed the structure and function
of CDK2 inhibitors, with a special focus on noncompetitive
CDK2 inhibitors, aiming to provide new insights and guid-
ance for the future development of CDK2-selective inhibitors
that meet the necessary criteria for clinical application.

The Structure of CDK2 and the Regulation of
Its Enzymatic Activity

CDK2 is a typical bilobed structure with a molecular weight
of 34kDa and is composed of 298 amino acids. The protein
consists of a smaller N-terminal lobe (residues 1-85) and a
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Fig. 2 Structures of marketed CDK4/6-selective inhibitors and the first-generation CDK inhibitor, flavopiridol.

larger C-terminal lobe (residues 86-298). The N-terminal
lobe contains five antiparallel B-sheets and a single aC-helix,
while the C-terminal lobe is rich in a-helices (~Fig. 3).22 The
two lobes are connected by a flexible hinge or linker region,
spanning residues 81-83. The three parts form a narrow,
deep lipophilic cleft that serves as the ATP-binding site.!”-22
Most of the currently developed CDK2 inhibitors bind to this
site and are therefore classified as type I inhibitors in the
family of protein kinase inhibitor.’-!’

CDK2 exists as an inactive monomeric form in mammali-
an cells and requires a series of complex activation processes
to achieve a stable and fully activated conformation. This
involves binding to cyclin A/E and the subsequent phosphor-

N-terminal domain

Hinge region

ATP
binding site

C-terminal domain

Fig. 3 Crystal structure of monomeric CDK2 (PDB ID: THCL).

ylation of Thr160 (~Fig. 4). Weel and Myt1 kinases induced
the phosphorylation of Thr14 and Tyr15 within the glycine-
rich loop (residues 8-18), leading to inactivation of CDK2-
cyclin A/E, which can be reversed by the cell division cycle 25
(CDC25) phosphatases (CDC25A, CDC25B, and CDC25C). The
activity of CDK2 can be lost by binding to endogenous
inhibitors (Cip and Kip protein).?%-?3

The Biological Activity of CDK2

CDK?2 is a fundamental component of the cell cycle in dividing
cells, exhibiting crucial activity starting from the late G1 phase
and persisting throughout S-phase.?® It regulates multiple
processes, including centrosome duplication, DNA synthesis,
G1/S transition, and the regulation of G2 progression during
the cell division cycle (~Fig. 5).* When cells in the quiescence
(GO) enter the cell cycle, the transcription of cyclin D is
promoted by the extracellular signals, leading to the formation
of CDK4/6-cyclin D (D1, D2, and D3) complexes.?* The active
CDK4/6-cyclin D complexes induce partial phosphorylation of
the retinoblastoma (Rb) protein in the G1 phase, leading to the
activation of E2F transcription factors (E2Fs). The phosphory-
lation of the Rb protein is significant in the late G1 phase
through interaction between cyclin E and CDK2, promoting the
release of E2Fs and their full activation. Consequently, E2Fs
translocate into the nucleus and stimulate the transcription of
cyclin E and cyclin A. CDK2 is stable and continuously
expressed throughout the cell cycle.?”> The activated CDK2-
cyclin E complex phosphorylates substrate factors such as Rb,
CDC6, NPAT, and P107, which enables cells to initiate DNA and
histone synthesis, facilitates the passage of the G1/S check-
point, and ensures smooth and irreversible entry into the S
phase.?>%% At the same time, CDK2-cyclin E contributes to the
phosphorylation of specific centrosome proteins, including

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).
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degraded by the Skp2-SCF complex and APC/C. APC/C, anaphase-promoting complex/cyclosome; Skp2-SCF, S-phase kinase-associated protein

2-skp-cullin-F-box protein.

nucleophosmin (NPM/B23) and centriolar coiled-coil protein
of 110kDa (CP110), leading to the initial release of centrioles
and subsequent centriole duplication.?”-?8

CDK2 controls the G1/S transition of the cell cycle. It is
activated through binding to cyclin E in the late G1 phase and
binding to cyclin A in the S phase.?® In the S phase, S-phase
kinase-associated protein 2 (Skp2) and SCF complex (Skp-
cullin-F-box protein) form the Skp2-SCF complex, which
mediates the ubiquitinated degradation of cyclin E
(~Fig. 4).2%%> At the same time, cyclin A replaces cyclin E
and binds to CDK2. In the early S phase, activation of CDK2-
cyclin A promotes the phosphorylation of multiple endoge-
nous substrates, facilitates DNA replication, and subsequent-
ly inactivates E2Fs.2% As the cells approach the end of the S
phase, the CDK2-cyclin A complex phosphorylates E2Fs
directly, thereby, inhibiting their functions. The phosphory-
lation event is essential to complete the S phase and prevent
apoptosis that may be induced by sustained E2F activity in
the absence of the CDK2-cyclin A complex.2®?43! The S
phase is terminated by the CDK2-cyclin A complex, which
drives the transition of the cell cycle from the S phase to the
G2 phase by phosphorylating CDC6 and E2Fs. Subsequently,
CDK1 is activated by cyclin A, initiating the cells into the M
phase.”

CDK2, like other kinases, phosphorylates substrates using
ATP as a phosphate donor.>® CDK2 phosphorylates various
transcription factors involved in different stages of cell-cycle
progression.?? In addition to regulating the cell cycle, CDK2 is
involved in a variety of biological processes, including cell
differentiation,3? chromosomal instability,>>3> adaptive im-
mune response,>®37 cell senescence,>®-40 cell metabolism,*'
cell apoptosis,*>™*> virus replication,*®4’ spermatogene-
sis,*®=>1 hearing loss,? etc. (~Fig. 5).

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

CDK2 Inhibitors

The activation of CDK2 is accompanied by a series of changes
of its structure including the rotation of C-helix and the
migration of T-loop. These changes generate numerous new
binding sites. Depending on the binding site, CDK2 inhibitors
can be classified into four categories (type I, 11, III, and IV
inhibitors). Type I inhibitors bind to the ATP-binding site and
target an active kinase state characterized by an aC helix-in
and DFG (conserved tripeptide Asp-Phe-Gly) motif-in con-
formation. Type II inhibitors target the ATP-binding site but
focus on an inactive kinase state characterized by an oC
helix-in and DFG motif-out conformation. Type IIl inhibitors
bind near the ATP-binding site within a pocket formed by an
oC helix-out conformation, with an active “in” conformation
of the DFG motif. Type IV inhibitors, on the other hand, bind

to allosteric sites located at a distance from the ATP-binding
site.>354

Type | Inhibitors (ATP-Competitive Inhibitors)

The lack of selectivity of CDK2 inhibitors is due to the ATP-
binding pocket is highly conserved across 518 members of
the human genome, and the fact that other cellular enzymes
also can bind ATP.>> ATP has three binding regions: the
adenine-binding region, the ribose-binding region, and the
phosphate-binding region (=Fig. 6). The hinge region con-
tains hydrogen bond donor and acceptor sites including the
carbonyl oxygen of Glu81, and the carbonyl oxygen and the
nitrogen atom of Leu83 which can establish hydrogen bonds
with the adenine ring of ATP. Therefore, many inhibitors are
designed and synthesized with adenine rings, such as
NU2508 and CVT313, based on the structural features of
ATP. Unfortunately, these inhibitors are not selective but pan-
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inhibitors. In addition, most CDK2 inhibitors including
NU6102 are dual CDK1/2 inhibitors due to the high structural
similarity between CDK1 and CDK2. However, CDK1 inhibi-
tion is closely associated with toxicity. Therefore, it is crucial
to improve the selectivity of CDK2.

Purine-Based CDK2 Inhibitors

Anscombe et al designed and synthesized NU6300 (compound
1, =Table 1) as a selective CDK2 inhibitor in 2015,°° which
provides an alternative route to ATP-competitive inhibitors
that target protein kinases. NU6300 was initially identified as
the first covalent CDK2 inhibitor. Subsequent modifications
were made to NU6102, substituting the sulfanilamide group
with vinyl sulfones, leading to a selective CDK2 inhibitor,
suggesting the potential roles of vinyl sulfones in designing
selective compounds.”® Besides, the high selectivity of the
inhibitors is attributed to their covalent attachment to the
Lys89 residue of CDK2. The vinyl moiety reacts with the e-
amino group on Lys89 located outside the CDK2 ATP-binding
cleft, which is not highly conserved among protein kinases.®

NU6102 was further optimized to produce CDK2-IN-4
(compound 2, =Table 1), a novel compound belonging to the
class of 6-substituted 2-(4’-sulfamoylanilino)purines. Com-
pound 2 demonstrates high selectivity toward CDK2
(ICso =44 nmol/L), exhibiting approximately 2,000-fold se-
lectivity over CDK1 (ICs9 = 86 pmol/L). Co-crystal structures
reveal that the inhibitor stabilizes the conformation of the
glycine-rich loop, shaping the ATP ribose binding pocket. The
characteristic of the specific binding site may be used to
develop inhibitors that differentiate between CDK1 and
CDK2.>’

In 2020, Kopriiliioglu et al developed a class of novel
compounds that replaced the 9-position purine scaffold
with a norbornyl moiety. Among these compounds, 3
(=Fig. 7) was the most potent inhibitor, with an ICsq value
of 190 nmol/L, specifically targeting the CDK2/cyclin E com-
plex. The 9-hydroxymethyl norbornyl moiety establishes -
1 interactions with the Phe80 gatekeeper, and its terminal
hydroxyl group forms two hydrogen bonds with Lys33 and
Glu51.%® Norbornyl-based carbocyclic nucleoside derivatives

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).
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offer a vast scope for the development of powerful CDK2 moiety using a structural-based molecular design method.
inhibitors. Compound 4 significantly inhibited CDK2 and CDK5 with
ICsg values of 2.1 and 4.8 nmol/L, respectively (~Fig. 7), and

exhibited moderate antiproliferative effect against HCT116
and MCF7 cancer cell lines.>®

Inspired by two previously identified CDK inhibitors,
dinaciclib and Cmpd-27, Park et al developed a novel 6-
aminopurine scaffold incorporating an N9-cis-cyclobutyl

Table 1 The structures of purine-based CDK2 inhibitors

RI
N/
L
R2" N7 N
Lo
Compd. Structure ICso (pmol/L) for CDKs Ref.
NU6300 CDK2: 0.16 26
N o
\/s N R N
T
CDK2-IN-4 CDK1/cyclin B: 86 >7
O CDK2/cyclin A: 0.044

O CDK4/cyclin D: 26
CDK7/cyclin H: 28
2 CDK9/cyclin T: 25

HN N

ALY

NN R
CcVT313 HO OH CDK2/cyclin A: 0.5 61
\/\j‘:\/ CDK1/cyclin B: 4.2
NI N CDK4/cyclin D1: 215
T
~o N=/
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Table 1 (Continued)

RI
NZ NN
A
R2Z" N7 N
Lo
Compd. Structure IC50 (pmol/L) for CDKs Ref.
Roscovitine CDK2/cyclin B: 0.65 62
Ho | N CDK2/cyclin A: 0.7
YOS N> CDK2/cyclin E: 0.7
o N A~ CDK4/cyclin D1: >100
8 CDK5/p35: 0.16
CDK6/cyclin D3: >100
CYC065 CDK2: 0.005 63
SN CDK9: 0.026
| =
NH
SN es
N7 N N

/
CDK2/cyclin A: 0.070
CDK2/cyclin E: 0.035
/
/

N)\/EN CDK4cyclin D: 0.850
\ .
HO\IN » N} CDK5/p35: 0.075
H
Purvalanol B o CDK2/cyclin B: 0.006 64

/
CDK2/cyclin A: 0.006
OH CDK2/cyclin E: 0.009
HN cl CDK4/cyclin D: >10
/

CDK5/p35: 0.006

(R)-CR8 N CDK1/cyclin B: 0.09 65
N CDK2/cyclin A: 0.072
~
CDK2/cyclin E: 0.041
CDK5/p25: 0.11
/
/

Purvalanol A /@\ CDK2/cyclin B: 0.004 64
HN cl

CDK7/cyclin H: 1.10
CDK9/cyclin T: 0.18

NU2058 CDK2: 17 66
CDK1: 26
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Compound 5, a 9H-purine derivative developed based on a
pharmacophore design strategy, is a dual inhibitor of HDAC1
and CDK2, with ICsq values of 5.8 and 56 nmol/L, respectively
(=Fig. 7). The compound significantly inhibits the prolifera-
tion of several human tumor cell lines, including human lung
cancer cell line A549 cells (IC5o = 1.49 4+ 0.07 umol/L), human
liver cancer cell line HepG2 cells (IC5o=0.77 +0.07 umol/L),
and human breast cancer cell line CAL-148 cells (IC5o=1.14
+0.21 umol/L). The hydroxamic acid group, which can form
hydrogen bonds with HDAC1, also exhibits strong hydrogen
bonding interactions with Glu8 and Lys20 residues in molec-
ular docking studies involving CDK2. These interactions
contribute to the potent activity of 5 against CDK2.%0

The structures of other representative purine-based CDK2
inhibitors and their activity against CDKs are summarized
in ~Table 1.°6-°7,61-66

Pyrimidine-Based CDK2 Inhibitors
Dinaciclib (compound 6, =Fig. 8) is a compound with a
pyrazolo[1,5-a]pyrimidine (PP) scaffold and exhibits very
high potency against CDK1, CDK2, CDK5, and CDK9 (nano-
molar activity with ICso=1-4nmol/L). It is currently in
phase 3 clinical trials,®’ unfortunately, it is a pan-CDK
inhibitor, and lacks selectivity. Pharmacokinetic studies
have shown that 6 has a short plasma half-life (t;2) in
mice. When 6 (5 mg/kg) was administered to mice intrave-
nously, it had a t;, of approximately 0.25 hours. In addition,
6 demonstrates dose-dependent antitumor activity in vivo,
and at dose levels below the maximum tolerated dose (MTD),
it inhibited tumor growth almost completely. Analysis of
mouse plasma samples collected at different times after
intraperitoneal injection of 6 (5mg/kg) revealed an area
under the curve (AUC) of 0.8 pmol/L'h and a maximum
concentration (Cpax) of 0.8 umol/L. Encouragingly, the com-
pound was effective against a variety of in vivo xenografts
including thyroid, pancreatic cancer, T cell acute lympho-
blastic leukemia, neuroblastoma, melanoma, etc.%8-73
Recent research has focused on exploring a class of novel
selective CDK2 inhibitors with a PP scaffold. The most potent
compound 7 demonstrated an ICsg value of 15 nmol/L.”# The
PP scaffold features a biphenyl substituent, which extends

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).
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into an unexplored pocket and illustrates the impact of the
active site-waters on the affinity (~Fig. 8).74

The compounds with a pyrazolo[3,4-d]pyrimidine scaf-
fold exhibit moderate inhibitory activity against CDK2, with
ICs values in the micromolar range (~Fig. 9). Among those
compounds, 8 containing a benzenesulfonamide moiety
showed an ICsq value of 0.19 umol/L, which is in a submi-
cromolar range. Besides, 8 significantly inhibited the prolif-
eration of the HepG2 cell line (ICso=0.40 pmol/L) and can
arrest the cell cycle at the S and G2/M phases; moreover, it
upregulates the expression of endogenous inhibitors p21 and
p27 of CDK2.7>~"7

The compounds with a pyrazolo[4,3-d]pyrimidine scaf-
fold that could form three hydrogen bonds with the hinge

f&

N~

OH HN

Pyrazolo[1,5-a]pyrimidine scaffold

Phosphate-ribose
pocket

IC50 (CDK2): 15 nmol/L

Fig. 8 Modifications of the pyrazolo[1,5-a]pyrimidine scaffold.



Recent Development of CDK2 Inhibitors as Anticancer Drugs

\ A \

NH
o
N

—N
oY
0=S. N \—\
HN._/
a NH, NH,
8

ICso (CDK2): 0.19 umoliL ICso (CDK2/cyclin E1): 0.002 + 0.001 pmol/L

ICso (CDK2/cyclin A2): 0.006 + 0.003 pumol/L

@f*@*@

IC50 (CDK2): 45.8 + 6.4 nmol/L

\//

@ 9N o

14
ICso (CDK2/cyclin A2): 15.5 + 5.4 nmol/L

Fig. 9 The structures of compounds 8-15.

region may lead to a higher potent. Compound 9 (~Fig. 9) is
an effective analog with a pyrazolo[4,3-d]pyrimidine scaffold
that targets CDK2/cyclin E1 and CDK2/cyclin A2 with ICsq
values 0f 0.002 £ 0.001 and 0.006 + 0.003 umol/L, respective-
ly. Compound 9 has broad antiproliferative activity against
human cancer cell lines, including lymphoma cell lines,
breast cancer cell lines, cervix cancer cell lines, etc., and is
more selective than dinaciclib. Compound 9 displays rela-
tively fast pharmacokinetics and limited oral availability,
with approximately 40% of the drug being metabolized
1 hour after intravenous administration. Compound 9 signif-
icantly reduces tumor growth in subcutaneous xenografts of
three types of lymphoma cell lines and a patient-derived
lymphoma in monotherapy, while downregulating the ex-
pression of MCL-1 and XIAP proteins. Additionally, 9 signifi-
cantly inhibited tumor growth in the MAVER-1 xenograft
animal model combined with venetoclax (ABT-199), an
inhibitor of BCL-2 family proteins.’®

Compound 10 (~Fig. 9) showed strong inhibitory activity
against CDK2, with an ICsy value of 0.021 pmol/L. The
enhanced activity may be attributed to a biarylamino moiety
on the scaffold.”® Another class of pyrimidine-pyrazole
hybrid compounds has been explored, and at least five
compounds exhibited high inhibitory activity against

Jin et al.
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IC50 (CDK2): 0.021 umol/L IC50 (CDK2/cyclin A2): 0.008 + 0.014 pmol/L
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I1C50 (CDK2/cyclin A): 5.5 nmol/L
IC5 (CDK9/cyclin T): 24 nmol/L

Q
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Ki (CDK2): 0.1 nmol/L
K; (CDK4): 1.2 nmol/L
K; (CDK®6): 0.1 nmol/L

CDK2/cyclin A2 (ICs9 < 20 nmol/L). Among them, compound
11 was the most potent (IC50=0.008 +-0.014 umol/L).80
The compounds with a 2,4-diaminopyrimidine scaffold
showed comparable inhibitory potency against CDK2. These
compounds were derived from NU6102, which replaced the
5-nitroso group with a 5-cyano-NNO-azoxy moiety, enrich-
ing the inhibitors’ chemical diversity with 2,4-diaminopyr-
imidine scaffold.?! Compound 12 (~Fig. 9), a benzamide
derivative with a pyrimidine scaffold, targets CDK2 with an
ICsg value of 45.8 4+ 6.4 nmol/L. It inhibits the proliferation of
triple-negative breast cancer cells, MDA-MB-468 cell line, in
a time-dependent manner and induces S phase arrest and
apoptotic cell death.®? Compound 13 (~Fig. 9) has a 2-
aminopyrimidine-fused azaindole scaffold and exhibits
nanomolar inhibitory potency against CDK2/9. When 13
(2.5 mg/kg) was administered to the mice intravenously, it
had a ty, of 2.5 hours, an AUC of 437.1 ng/mL-h, an apparent
volume of distribution (V4) of 11.3 L/kg, and a plasma
clearance (CL) of 3.1 L/h/kg. In contrast, an intraperitoneal
injection of 13 (5.0 mg/kg) led to a t;, of 4.4 hours, an AUC of
243.5ng/mL-h, a V4 of 63.6 L/kg, and a CL of 0.9 L/h/kg. In the
4T1 mouse syngeneic model, compound 13 demonstrated
significant dose-dependent tumor regression, achieving
90.58% tumor growth inhibition (TGI) at a dosage of 15 mg/kg
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without any mortality. Notably, the body weights of the
animals were not affected during the treatment.®3

A novel class of compounds containing a pyrimidine
scaffold has been discovered, with ICsq values in the micro-
molar range when the substituent at position 8 is of small
size, up to the size of naphthyl or methoxyphenyl, as indi-
cated by two-dimensional structure-activity relationships
(SARs). However, the inhibitory activity of the inhibitors on
other kinases has not been explored.?* Compound 14
(=Fig. 9) is such a compound containing a benzothiazole
ring structure. Molecular docking revealed the hydrogen
bond interactions between the S atom on the benzothiazole
ring and the residue Lys33, and the hydrogen bonding
between the O and N atoms of the sulfonyl group and the
residue Asp86. These interactions allow the compound to
specifically target the CDK2/cyclin A2 complex and exhibit
an ICsq value of 15.4 nmol/L. The potency of 14 is three times
greater than AZD5438 (=Table 2), a positive control com-
pound without the sulfonyl structural fragment, highlighting
the advantages of the benzothiazole ring structure in the
design of CDK2 inhibitor. Compound 14 also inhibits the
proliferation of five human cancer cell lines (HCT116, MDA-
MB-231, MCF-7, Hela, and PC-3 cells) with IC5q values of 0.70,
1.80, 10.91, 0.45, and 1.80 mmol/L, respectively. Further
study indicated that 14 induces cell-cycle arrest and apopto-
sis in a dose-dependent manner.3>8%

Modifications were performed through structure-based
drug design and property space analysis, resulting in PF-
06873600 (compound 15, ~Fig. 9), a potential and selective
candidate for tumor treatment, with K; values for CDK2,
CDK4, and CDK6 being 0.1, 1.2, and 0.1 nmol/L, respectively.
Compound 15 has favorable spatial interactions with CDK2,
with the 4-aminopiperidine sulfonamide moiety forming
hydrophobic and polar interactions with important residues
of CDK2. The (1R,2R)-2-hydroxy-2-methylcyclopentyl moie-
ty enhances the lipophilic efficiency, occupying both the
upper and lower lipophilic pockets and improving the effec-
tiveness and stability of the compound. The methyl substit-
uent fills the bottom lipophilic pocket effectively, while
hydroxyl groups establish hydrogen bonds with GIn131
and a water molecule. The 6-difluoromethyl substituent
interacts with the phenyl side chain of the gatekeeper
residue Phe80 via van der Waals force. Those interactions
produce potent and selective inhibitors of CDK2/4/6. Molec-
ular dynamics simulations confirmed its better selectivity for
CDK2 compared with CDK9. When 15 was orally adminis-
trated to mice and dogs, it had high absorption, with time to
maximal absorption (Ty,,x) being 0.25 and 1 hour, respec-
tively. Compound 15 exhibited a CL of 63 mL/min/kg (CL),a Vy4
of 0.9 L/kg, and an oral bioavailability (F) of 13% in an NSG
strain of mice, and a CL of 8.4 mL/min/kg, a V4 of 1.1 L/kg, and
F of 59% in beagle dogs.®” Furthermore, 15 inhibited cell
activity and demonstrated antitumor activity in mice bear-
ing an ovarian cancer cell line (OVCAR3) tumor. TGI studies
have shown a 90% growth inhibition effect of 15 when it was
orally dosed (50 mg/kg) as a single agent twice a day.®’
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The structures of other representative pyrimidine-based
CDK?2 inhibitors and their activity against CDKs are summa-
rized in ~Table 2.85-88-93

Pyrazolo-Based CDK2 Inhibitors

FN-1501 (compound 16, ~Table 3) is a derivative of 1-H-
pyrazole-3-carboxamide with a pyrimidine-fused heterocy-
clic group at position 4 of the pyrazole. Its inhibitory activity
against CDK2 was significantly increased (ICso = 2.47 nmol/L)
compared with the lead compound (ICso =318 nmol/L), sug-
gesting that the substitution at position 4 of the pyrazole
with a pyrimidine-heterocyclic group is the key moiety
responsible for the inhibitory effect. The interaction between
the moiety and gatekeeper Phe80 in the active site is primar-
ily responsible for this effect (=~Fig. 10). Compound 16 also
demonstrated nanomolar inhibition of FLT3 (IC50=0.27
nmol/L), significant cytotoxicity agonists NCI60 cancer cell
lines, and moderate metabolic stability in an in vitro liver
microsome stability assay. 16 also exhibits tumor activity in
vivo. In an MV4-11 xenotransplantation animal model,
intravenous injection of 16 at a dosage of 30 and 40
mg/kg/day induces significant tumor regression. In addition,
16 were well tolerated and the experimental animals did not
show any obvious signs of toxicity or body weight changes.
Further study showed that a single intravenous administra-
tion of 16 or AT7519 into the ICR mice gave LDso (median
lethal dose) values of 185.67 and 32 mg/kg, respectively,
suggesting a reduced toxicity of 16 compared with AT7519.%*

Compound 17 (~Fig. 10) was derived from FN-1501, with
greater inhibitory activity. The binding mode of 17 with
CDK2 was elucidated using a docking model. In this mode,
the aromatic ring occupies a hydrophobic pocket, the NH on
the piperazine ring forms a hydrogen bond with Glu85 in the
solvent region, and the five-membered ring on the pyrimi-
dine-heterocyclic moiety extends into the ribose pocket.®
When the piperazine ring, which extends into the solvent
region, is removed, 18 was achieved with a 10-fold increase
in potency against CDK2 and a more than 300-fold increase in
selectivity relative to CDK4. The enhanced potency warrants
further investigation.

Cheng et al reported dual-target compounds 19 and 20
based on a novel 1-H-pyrazole-3-carboxamide scaffold
(~Fig. 11).%° The compounds showed significant antiprolifer-
ative effects against five solid cancer cell lines, and remarkable
inhibitory activity against CDK2 (ICso =0.30 and 0.56 nmol/L,
respectively) and HDAC2 (ICso = 0.25 and 0.24 nmol/L, respec-
tively), suggesting their potential as potent therapeutic agents.
The pharmacokinetic properties of 19 and 20 were investigat-
ed through intraperitoneally injecting 19 (20 mg/kg) and 20
(20 mg/kg) into ICR male mice. The data showed that 19 had a
ty2 of 2.61 hours, a Cmax of 7570 ng/mL, and an AUC of 30,700
ng/mL-h. However, 20 had a shorter t;, of 1.63 hours, a Cax 0f
2170 ng/mL, and an AUC of 7200 ng/mL-h. In addition, 19 had a
higher bioavailability (F=63.6%) compared with 20
(F=27.8%). When 19 (25 and 12.5 mg/kg) were intraperitone-
ally administered into the HCT116 xenograft nude mice
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Table 2 The structures of pyrimidine-based CDK2 inhibitors
Compds. Structure 1Cs50 (pmol/L) for CDKs Ref.
AZD-5438 CDK1/cyclin B: 0.016 8
J\N4 CDK2/cyclin A: 0.045
Ho N CDK2/cyclin E: 0.006
o Q/ N CDK4/cyclin D1: 0.449
\ N CDK5/p25: 0.021
-y CDK7/cyclin H: 0.821
CDK9/cyclin T: 0.020
AUZ-454 | CDK2: 0.0082 88
N
()
SRSw
NYN NJ\N F
H H F
NH, F
Milciclib Ny H CDK1/cyclin B: 0.398 89
H NN N~ CDK2/cyclin A: 0.045
NTN\ CDK2/cyclin E: 0.363
- N © CDK4/cyclin D1: 0.160
\)N CDK5/p35: 0.265
CDK7/cyclin H: 0.150
SB1317 (TG02) CDK2: 0.013 20
(L
N\
A KS
\N)\N
H
Roniciclib A CDK1/cyclin B: 0.007 o
“dr CDK2/cyclin E: 0.009
g ©\ CDK4/cyclin D: 0.011
NH CDK7/cyclin H: 0.025
CDK9/cyclin T1: 0.005
NZ |N ;
\ N
O
T
F7INF
F
NU6140 H CDK1/cyclin B: 6.6 92
\ NTN\ \ CDK2/cyclin A: 0.41
~N N~ N> CDK4/cyclin D: 5.5
H CDK5/p25: 15
© © CDK7/cyclin H: 3.9
R547 NH, O F CDK1: 0.001 3
Q F CDK2: 0.003
)N'\ CDK4: 0.001
HN N/ Cl)
\
O=?=O

models once daily, tumor growth was significantly inhibited,

Compound 21 (=Fig. 11) is a pyrazolo[1,5-a][1,3,5]tri-

with TGIs of 37.0 and 51.0%, respectively, and no apparent  azine derivative that targets CDK2. Molecular docking mod-
weight changes or signs of toxicity were observed in animals, els indicate that pyrazole N and H atoms of 21 form two

suggesting an in vivo antitumor activity of the compoun

d.96

hydrogen bonds with the hinge region, resulting in an ICso
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Table 3 The structures of pyrazolo-based CDK2 inhibitors

Compds. Structure

IC5o (pmol[L) for CDKs Ref.

FN-1501 i NH
%\P
*«S\NJ

CDK2/cyclin A: 0.00247 94
CDK4/cyclin D1: 0.00085
CDK6/cyclin D1: 0.00196

CT7001

J\/AN
KY S =
SN

H
HN

CDK1: 1.8 104
CDK2: 0.62
CDK4: 49
CDK5: 9.4
CDK6: 34
CDK7: 0.04
CDK9: 1.2

AT7519

OH
NH
cl
Q
N
cl p NH N
\
/ /N
N
H

CDK1/cyclin B: 0.21 105
CDK2/cyclin A: 0.047
CDK3/cyclin E: 0.360
CDK4/cyclin D1: 0.100
CDK5/p35: 0.013
CDK6/cyclin D3: 0.170
CDK7/cyclin H: 2.4
CDK9/cyclin T: < 0.01

FMF-04-159-2 cl

~ N CDK6: 0.0034
=N CDK9: 0.029
CDK10: 0.077

CDK1: 0.054 106
CDK2: 0.095
o CDK4: 0.021
CDK5: 0.041

CDK12: 0.014
CDK14: 0.094

NVP-LCQ195

_N
HN™ N
H — O
N HN Cl
@ O
Cl
O\\S/N

CDK1/cyclin B: 0.002 107
CDK2/cyclin A: 0.002
CDK2/cyclin H: 0.005
CDK3/cyclin E: 0.042
CDK5/p25: 0.001
CDK5/p35: 0.001
CDK6/cyclin D3: 0.187
CDK7/cyclin H: 3.564
CDK9/cyclin T1: 0.015

BMS-265246 AV aN

CDK1/cyclin B: 0.006 108
CDK2/cyclin E: 0.009
CDK4/cyclin D: 0.230

PHA-793887 "

CDK1/cyclin B: 0.060 109
CDK2/cyclin A: 0.008
CDK2/cyclin E: 0.008
CDK4/cyclin D1: 0.062
CDK5/p25: 0.005
CDK7/cyclin H: 0.010
CDK9/cyclin T1: 0.138

value of 1.85 pmol/L. Compound 21 exhibited the highest
inhibitory effect on cell growth, with an average inhibition
rate of 41.77% in a study that screened the antiproliferation
activity of a series of novel pyrazolo[1,5-a][1,3,5]triazine
derivatives on 60 cancer cell lines. It is also observed that

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

21 can adapt well to deep hydrophobic pockets when a
halogen atom is possessed.’”

HSD992 (compound 22, =Fig. 11), which possesses a
novel tetrahydro-3H-pyrazolo[4,3-a]phenanthridine core-
based scaffold, exhibits significant inhibitory activity against
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Lead compound 16 Phe80
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ICso (CDK4): 34.13 nmol/L

Fig. 10 (A) Key moiety for inhibitory activity of 16. (B) Optimization of 16.

CDK2 and CDK3, with ICsy values of 57 and 18 nmol/L,
respectively. Additionally, it demonstrates moderate inhibi-
tion against CDK9, while no inhibitory effects on other CDKs
including CDK1 and CDK4/6. Compound 22 inhibited the
proliferation of cancer cells, including lymphoma cell lines,
lung cancer cell lines, and cervical cancer cell lines at a
concentration of 1 pmol/L, and is particularly effective
against lung cancer cell lines. 22 inhibited NCI-520 cells
with an ICsq value of 307 nmol/L.98

More efforts have been focused on the development of
potent and selective CDK2 inhibitors including PF-
06873600 and PF-07104091 from Pfizer, BLU-222 from
Blueprint Medicines, INX-315 from Incyclix Bio., and
INCB123667 from Incyte.®~'%2 PF-07104091 (compound
23, =Fig. 11), an orally available CDK2 inhibitor, is being
investigated for its potential antitumor activity in advanced
or metastatic solid tumors. 23 dose-dependently inhibited
tumor growth in a human ovarian cancer cell model and
demonstrated synergistic effects when administered con-
currently with the first-line drug palbociclib in a breast
cancer cell model.'%3

The structures of other representative pyrazolo-based
CDK?2 inhibitors and their activity against CDKs are summa-
rized in ~Table 3.94104-109

Pyridine-Based CDK2 inhibitors
Compound 24 (~Fig. 12) with a pyridine scaffold was
designed and synthesized using a scaffold hopping approach.
It showed optimal inhibitory activity against cancer cell lines
H522 (IC50=2.89 pmol/L) and U87 (IC50=3.19 pumol/L).
However, its inhibitory activity against CDK2 only reaches
the micromolar level, with an ICsg value of 1.84+0.5
pmol/L.110

Wau et al developed a set of CDK2 inhibitors based on the
structure of CYC202 using imidazo[4,5-c]pyridine as a core
scaffold.""" Among them, compound 25 (~Fig. 12) achieved
nanomolar inhibitory activity against CDK2, with an ICsg
value of 21 nmol/L, and demonstrated potential antiprolif-
eration effects against three different cancer cell lines with
the ICsq values at the micromolar range (ICso values of 3.71,
3.85, and 1.56 umol/L for HL60, A549, and HCT116 cells,
respectively). Molecular docking and dynamic study

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).
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Fig. 11 The structures of compounds 19-23.

techniques identified pyridine-3-ylmethyl moiety as a highly
promising pharmacophore in advancing novel CDK2 inhib-
itors in the future.'"

Other Novel Scaffolds

[IIM-290 (compound 26; =Fig. 13), which has a rohitukine
scaffold, is the first orally bioavailable CDK inhibitor, acting
as a dual-target inhibitor of CDK2/9, with ICsy values of
16+ 1 and 1.9 4+ 1 nmol/L, respectively. Compound 26 exhib-
its anticancer activity in cell and animal models. Compound
26 inhibited the proliferation of HL-60 and MIAPaCa-2 cells
with Glsg values of 0.9 and 1 umol/L, respectively. The
pharmacokinetic properties of 26 were assessed in BALB/c
mice. The results showed that oral administration of 26 at a
dosage of 10 mg/kg had a t;/, of 4.65hours and an AUC of
4,503 nmol/L-h, and intravenous injection of 26 at a dosage of
1.0 mg/kg had a ty; of 5.46 hours and a CL of approximately

CL ®
NH N A

NO

NI _ \j\ I N\>
|
¥z NH, HO N ~N
H
NO, NO, —
24 25

ICso (CDK2): 1.8 + 0.5 pmol/L ICso (CDK2): 21 nmol/L

Fig. 12 The structures of compounds 24 and 25.

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

ICso (CDK2): 57 nmol/L
ICso (CDK3): 18 nmol/L
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K; (CDK1/cyclin A2): 110 nmol/L
K; (CDK4/cyclin D1): 238 nmol/L
K; (CDK®6/cyclin D3): 465 nmol/L
Ki (CDK2/cyclin E1): 1.16 nmol/L

55 mL/min/kg. Compound 26 achieved a 71% absolute oral
bioavailability and good tissue distribution in various organs
including the pancreas, lungs, liver, and kidneys. By oral
administration, 26 caused 31 and 39% TGI at dosages of 70
and 100 mg/kg, respectively, without causing animal death.
The oral MTD in mice for 26 is 100 mg/kg. The compound
showed promising TGI in three human xenograft models,
including pancreatic cancer, colon cancer, and leukemia
cancer. The compound has also a stable metabolism, no
CYP/efflux pump responsibility, no mutagenicity/genotoxic-
ity or cardiotoxicity, and exhibits good characteristics in
acute oral toxicity in rats.'1?

Compound 27 (~Fig. 13), a 5,6-dihydropyrimido[4,5-f]
quinazoline derivative with a quinazoline moiety, showed
potent inhibitory activity toward CDK2 with an ICsq value of
0.09 pmol/L, and antiproliferative activity against MCF-7
cells (ICso=1.1+0.1 pmol/L) and HCT116 cells (IC5o=1.4
+0.2 pmol/L).1 3

In 2017, Arba et al performed an in silico study of a set of
porphyrin-anthraquinone hybrids with meso-substituents,
specifically pyridine or pyrazole rings. Molecular docking
analysis suggested that all compounds target the ATP-bind-
ing site of CDK2."" A new class of thiazol-hydrazono-
coumarin hybrid scaffold compounds inhibited CDK2/cyclin
E complex, with ICso values ranging from 0.022 to 1.629
nmol/L. Besides, compound 28 upregulated CDK2 regulators,
p21 and p27, with 2.3- and 5.7-fold increases, respectively,
and inhibited the proliferation of the HeLa cell line with an
ICso value of 0.0596 pmol/L.'"> Compound 29 (~Fig. 13), an
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Fig. 13 The structures of compounds 26-31.

azaindole-triazole hybrid scaffold analog, exhibits an ICsqo
value of 2 pmol/L against CDK2/cyclin E.'® The pyrazolo-4-
thiophen-thiazepinone scaffold compounds, targeting CDK2,
form three hydrogen bonds with the hinge region, with ICsq
values ranging from 3.9 to 10.3 pmol/L.'"7 A series of
fluorine-substituted amino-1,2,4-triazino[4,3-b]-1,2,4-tria-
zino-8-ones compounds have been synthesized to enhance
the bioavailability, and compound 30 (~Fig. 13) demonstrat-
ed the best potency (ICso=5.01 pumol/L)."'®

Fanta et al synthesized a series of N,4-di(1H-pyrazol-4-yl)
pyrimidin-2-amine derivatives through the substitution of
the phenylsulfonamide moiety with pyrazole-derived
groups to enhance the efficiency and specificity of the lead
compound.'"®12% Among those compounds, compound 31
(=Fig. 13) exhibited the highest potency as a CDK2 inhibitor,
with a K; value of 0.005 pmol/L. It showed a certain degree of
selectivity toward other CDKs and demonstrated submicro-
molar antiproliferative activity against 13 cancer cell lines
(Gls0=0.127-0.560 pmol/L). Docking analysis showed that
31 may establish two hydrogen bonds with Leu83 located in
the hinge region of the ATP-binding pocket. Additionally, the
2-amino group of the pyrimidinyl-N1 will likely form
a second hydrogen bond with the NH group of the corre-
sponding amino acid residue.’? Some representative CDK2

inhibitors with other novel scaffolds since 2015 are shown
in =Table 4.75:81.84.111,115,116,121

Type Il Inhibitors

The conformational changes of CDK2, particularly in the DFG
motifs involved in ATP binding, occur as it transitions be-
tween the active and inactive states. Type II inhibitors
selectively target the inactive conformation of CDK2 by
inducing an outward flip of the conserved tripeptide motif
DFG, known as the DFG-out conformation. These inhibitors
bind to free CDK2, stabilizing its inactive conformation and

N\
\N/Iks/

I1C50 (CDK2/cyclin A2): 0.09 umol/L

ICso (CDK2): 5.01 + 1.1 pmol/L

Jin et al.
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27

/
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cl | NN N,
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31

K; (CDK2/cyclin E): 0.005 umol/L

preventing activation by cyclin. The first co-crystal structure
of CDK2 with a type Il inhibitor K03861 (32) was reported in
2015 (=Fig. 14). Analysis of this inhibitor reveals that two
key groups, the “head” hinge-binding moiety (aminopyrimi-
dine ring) and the hydrogen-bonding moiety (urea moiety),
play a crucial role in stabilizing the conformation of the T-
loop and establishing hydrogen bonds with the hinge region,
aC-helix, and DFG motif.>3-88

Type Ill and IV Inhibitors (Allosteric Inhibitors)

The ATP-binding pockets show a high degree of conservation
among the 518 members of the human protein kinome,
which challenges the selectivity of ATP-competitive inhib-
itors such as GW8510, SU9516, CVT313, etc., which often
lack specificity.®°> In contrast, allosteric sites exhibit greater
variability. Residues within these sites are less conserved
among the kinases. This leads to the allosteric inhibitors
targeting the residues with higher selectivity, reduced toxic-
ity, and longer drug-target residence time.'?%123

Type lll Inhibitors

In 2011, Betzi et al used 8-anilino-1-naphthalene sulfonate
(ANS) to discover a novel binding site for CDK2. The com-
pound interferes with the binding of CDK2 to cyclin A and
binds to a hydrophobic pocket adjacent to the ATP-binding
site, formed by the aC-helix and the nearby $3-35 strands of
the N-terminal lobe. Co-crystal structure analysis reveals the
spacious nature of this pocket, capable of accommodating
two ANS compounds that extend from the DFG region above
the aC-helix.’

Upon cyclin A binding to CDK2, the aC-helix undergoes a
conformational change, narrowing the large hydrophobic
pocket in free CDK2. When ANS binds to this hydrophobic
pocket, it stabilizes CDK2 in a conformation that is unable to
interact with cyclins."'?* In  ANS-bound CDK2
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Scaffold Structure Representative compds. 1C50 (pmol/L) Ref.
for CDKs
Pyrazolo[3,4-d]pyrimidines R2 HN CDK2: 0.19 75
- %
o
N/\\ N/> Nl\\ NH
N N
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HN_ _~ R HN_ _~
F
F
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NN
P
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NO, — N
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R? 4 N o S N7
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conformations (PDB:3PXF), the inner compound (ANS1)
forms three hydrogen bonds with the polar head of Lys33,
the NH groups of Asp145 and Phe146 in the DFG motif, and
m-7t interactions with Tyr15 and Phe80 (gatekeeper). The
outer compound (ANS2) forms two hydrogen bonds with the

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

polar head of Lys56 and the NH group of His71 through the
oxygen atom on its sulfonic acid group.'?®

To disrupt protein-protein interactions (PPIs), Rastelli
et al identified seven ligands as first-in-class allosteric inhib-
itors of CDK2, through a crystal structure of CDK2 with an
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32

Fig. 14 The structure of compound 32.

open allosteric pocket. Although these ligands showed high
or similar affinity for CDK2, with ECs, values in the micro-
molar range, they did not exhibit significant inhibitory
activity against the CDK2/cyclin A complex. This suggests
that in the active conformation of CDK2/cyclin A, structural
changes in CDK2 result in the obligatory closure of the ANS
allosteric site, rendering it inaccessible to ligands.126 In the
same year, short peptides targeting a noncatalytic pocket
near the CDK2/cyclin interface were reported to weaken the
formation of CDK2/cyclin E1 complex through allosteric
interactions. However, peptide inhibitors have poor oral
bioavailability.'%’

In 2015, Hu et al discovered a nonpeptide allosteric
inhibitor, B2 (compound 33, =Fig. 15), that disrupted the
interaction between CDK2 and cyclin A3. Compound 33
showed potent inhibitory activity against CDK2/cyclin A3,
with an ICsg value of 52.12 + 1.35 pmol/L, in a concentration-
dependent trend,'?® and inhibited the proliferative activity
of A549, HepG2, and MDA-MB-231 cell lines, with ICsq values
of 85.24, 299.7, and 460.4 umol/L, respectively.

Carlino et al used compound 34 (a hexahydrocyclopenta
[c]quinoline derivative) as the probe to explore the chemical
and biological features of the allosteric pocket and synthe-
sized the enantiomers of compound 35 (=~Fig. 15), confirm-
ing that they are type Il inhibitors.'?® They further
investigated the SARs of CDK2 type III inhibitors, using
hexahydrocyclopenta[c]quinolone as a scaffold. The study
confirmed the key role of carboxylic acid and nitro groups in
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inhibiting CDK2. These groups formed a salt bridge with the
polar head of the conserved Lys33 residue and hydrogen
bonds with the backbone NHs of the Asp145 and Phe146
residues in the DFG motif.'?°

Type IV Inhibitors

Craven et al used a quantitative irreversible tethering ap-
proach to identify CDK2-selective allosteric (type IV) inhib-
itors 36-38 (=Fig. 15), which contained an acrylamide
moiety covalently bound to the Cys177 residue of CDK2.
The selectivity of these inhibitors may be attributed to the
presence of a cysteine residue at an equivalent position to
Cys177 only in CDK2."30

Other Allosteric Inhibitors

Pellerano et al discovered a novel allosteric site on CDK2 near
the T-loop and the interface of the CDK2/cyclin A complex.>®
They identified a new category of CDK2 inhibitors, referred to
as MMQs, which shared a pentacyclic quinacridine scaffold.
Among the inhibitors, MMQ3 (compound 39, =Fig. 16)
exhibited the highest potency, as indicated by its lowest
ECso (25 pmol/L) against CDK2/cyclin A and submicromolar
ICso values against a large panel of different cell lines,
including breast, lung, prostate, and colon cancer. Compound
39 was found to extend across the T-loop of CDK2 and
establish interactions with crucial residues such as Cys177
and Glu208, with Cys177 exhibiting heightened sensitivity to
binding with 39.>> In contrast to the previous four binding
modes, this particular binding mode interferes with the T-
loop conformational switch in CDK2 by specifically targeting
the T-loop and blocking the substrate-binding site, thereby
inhibiting substrate phosphorylation.

P27 (compound 40, =Fig. 16), an endogenous short
peptide, is a negative regulator that inhibits the phosphory-
lation of the CDK2/cyclin A complex. The binding site of 40 is
located in the cyclin-binding groove (CBG) on cyclin A, and it
specifically recognizes the Leu-Phe-Gly (LFG) motif region of
40. A study used this specific fragment to design a series of

o] [e] /—\ 0]
- J©J<
\
38

37

Fig. 15 The structures of type lll CDK2 inhibitors (33-35) and type IV inhibitors (36-38).
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39

Fig. 16 The structures of compounds 39-41.

peptidomimetics and analytical methods such as ADME
(absorption, distribution, metabolism, excretion) evaluation,
and electrostatic potential mapping were employed to de-
termine the optimal substituent at the phenyl ring posi-
tion."! The results suggested that a smaller substituent is
more suitable for interaction with residues located at the
active site of cyclin A.

In 2016, Premnath et al synthesized a class of benzoic acid
scaffold derivatives that target CBG on cyclin. Benzamide-
capped peptidomimetics exert inhibitory effects by mimick-
ing the function of key peptide determinants and competing
with substrate binding.'>? Another novel targeting site
involves disruption of PPI between CDC25B and CDK2/cyclin
A, as demonstrated by molecular dynamics simulation and
MM/PBSA."33 Subsequently, in 2017, a novel allosteric site in
CDK2 was predicted using the AllositePro method, which
combines pocket feature and perturbation analysis to predict
allosteric sites in proteins. The crystal structure revealed that
two key residues in the allosteric pocket are Arg150 and
Tyr180. This approach provides a new strategy for the
discovery of allosteric sites in CDK2 and contributes to the
design of selective CDK2 inhibitors with novel scaffolds.'3

In 2022, Zhang et al identified two additional drug-
binding sites at the PPI interface between CDK2 and cyclin
A. Homoharringtonine (compound 41, ~Fig. 16) exhibited
significant affinity for PPI and is effective in disrupting the
binding of cyclin A and CDK2. Compound 41 formed three
hydrogen bonds with Thr47, Arg50, and Arg150 in CDK2,
thereby obstructing the interaction between CDK2 and
cyclin A while promoting the interaction between CDK2
and tripartite motif 21 (Trim21). This interaction with
Trim21 triggered the autophagy mechanisms, leading to
the degradation of CDK2 in cancer cells.'3”

CDK2 PROTAC

Proteolysis-targeting chimeras (PROTACs) offer a promising
alternative to targeted therapy, characterized by superior
potency, selectivity, and reduced drug resistance compared
with traditional CDK small-molecule inhibitors. A typical
PROTAC molecule consists of three main components: a
ligand that binds to the target protein of interest, a ligand
that recruits the E3 ubiquitin ligase, and an appropriate
linker connecting these two ligands. PROTACs form ternary
complexes by simultaneously engaging with target proteins
and E3 ligases. Importantly, PROTACs can effectively target

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

LFG motif region of 40 M

“undruggable” proteins that lack accommodating inhibitor-
binding sites and can overcome drug resistance issues caused
by small-molecule inhibitors leading to overexpression of
pathogenic proteins. Furthermore, PROTACs do not require
high affinity and concentration like small-molecule inhib-
itors, and their catalytic role in mediating protein degrada-
tion helps circumvent potential side effects.’3¢:137

In 2019, Zhou et al conducted a study on the discovery of
innovative CDK small-molecule PROTAC degraders.'3® A9
(42) based on AT-7519 and F3 (43) based on FN-1501 were
identified as the most potent CDK2-selective degraders and
CDK2/CDK9 dual degraders, respectively (=Fig. 17). Com-
pound 42 exhibits modest antiproliferative activity in PC-3
cells with an ICsq value of 0.84 umol/L, while 43 achieved an
ICso value of 0.12 pmol/L. Compound 43 induced approxi-
mately 50% degradation of CDK2 and CDK9 at concentrations
of 62 and 33 nmol/L, respectively. The structure of 42
involves connecting a pan CDK inhibitor AT-7519 to a
cereblon (CRBN) ligand via a linker. Mechanistic studies
suggested that 42-induced degradation of CDK2 depends
on CDK2, CRBN, and the proteasome. This study represents
an initial step toward developing more effective CDK2-
selective degraders, with the potential for therapeutic appli-
cations in human prostate cancer and other conditions
through further structural modification, mechanism study,
and safety evaluation.'3®

The degradation of CDK2 may represent a therapeutic
strategy in certain cancers characterized by CCNE1 over-
expression, such as ovarian cancer. Teng et al reported CRBN-
recruiting PROTAC TMX-2172 (compound 44, =Fig. 17), a
selective CDK2/CDK5 dual degrader.'>® Compound 44 exhib-
its a high degree of selectivity for the degradation of CDK2
and CDKS5, surpassing its effect on other cell-cycle CDKs and
transcriptional CDKs. Compound 44 induced CDK2 degrada-
tion at a concentration of 250 nmol/L and also resulted in
CDK5 degradation in Jurkat cells. Treatment with 44 in
OVCARS8 cells showed a dose-dependent degradation of
CDK2 and CDKS5. Furthermore, 44 exhibited more potent
antiproliferative activity (GRso=33.1nmol/L) in OVCARS8
cells than the negative control ZXH-7035. Importantly,
even though 44 degraded CDKS5, the deletion of CDK5
achieved through genome-wide CRISPR screening and
shRNA-knockdown did not impede the growth of OVCAR8
cells. This suggests that the primary mechanism by which 44
exerts its antiproliferative effects in OVCARS cells is through
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the degradation of CDK2, highlighting its therapeutic bene-
fits in the potential treatment of ovarian cancer.

Wang et al identified CPS2 (compound 45, ~Fig. 17) as a
selective CDK2 degrader with an exceptional safety profile.
They conducted a series of experiments to evaluate the
ability of 45 to induce CDK2 degradation in various cell lines,
assess the degradation selectivity of the compound, confirm
its selectivity in cells, and perform related safety evalua-
tions.'? After 3 days of treatment with 45, there was no
significant change in the relative growth rate of the normal
cell line (Beas-2b cells) and the engineered cell line (293T
cells). In addition, the outcomes of the acute toxicity experi-
ment by intraperitoneal injection of a large amount of 45 into
mice showed that when using 45 at a dose of 400 mg/kg on
the first day, there were no apparent toxic reactions or deaths
within 1 week and the body weights of animals exhibited an
upward trend. Compound 45 effectively blocked tumor cell
growth without substantially inducing cell death. The treat-
ment with 45 at 250 nmol/L for 2 hours is sufficient to reduce
CDK2 by more than 50% in NB4 and Ramos cells. Compound
45 resulted in cell differentiation through the reduction of
CDK?2 levels, leading to the upregulation of CD11b (a recog-
nized marker of acute myeloid leukemia [AML] differentia-
tion) in various AML cell lines, including NB4, U937, and
HL6O cells. Moreover, 45 induced notable changes in nuclear
morphology and enhanced nitroblue tetrazolium reduction.
These findings suggested that 45 has the potential to induce
on-target myeloid differentiation in AML cells. In addition, 45
significantly promoted the differentiation of primary AML
cells by degradation of CDK2. RNA-sequencing experiments
demonstrated that 45 significantly influenced the transcrip-
tion of genes associated with cell differentiation and matu-
ration pathways, which are essential for AML cell
differentiation. 45 also has the potential to treat diseases
caused by nonenzymatic activity of CDK2.

A novel compound 46 (~Fig. 17), obtained by conjugating
a Ribociclib derivative and Pomalidomide through a linker,
could effectively degrade CDK2/4/6 in various cancer cells
and downregulate the phosphorylation of Rb. Compound 46
demonstrated significant antiproliferative activity against a
wide range of human cancer cell lines, particularly in mela-
nomas (ICso=0.09761 4 0.021 umol/L in B16F10 cells; ICsq
=0.1659 +0.150 umol/Lin A375 cells). Western blot analysis
suggested 46 induced caspase-dependent apoptosis in mel-
anoma cells via the P53/Bcl-2/Bax apoptotic pathway.'4!
Additionally, Wang et al addressed the issue of poor oral
bioavailability of PROTAC molecules with CRBN ligands by
developing the orally bioavailable prodrug 47. The prelimi-
nary pharmacokinetic analysis revealed that orally adminis-
tered 46 at a dosage of 200 mg/kg resulted in a Cpax Of
692,268 ng/mL, Tpax (time to reach Cpax) of 0.25 hours, and
AUCq_1, (area under the concentration-time curve from 0 to
12 hours) of 82,280.39667 ng/mL; and orally administered
47 at a dosage of 200 mg/kg resulted in a Cyax of 2,261,897
ng/mL, a Tpyax 0f 0.25 hours, and an AUCy_;, 0f 2,810,197.617
ng/mL. The prodrug exhibited high oral bioavailability of up
to 68%. Compound 47, via oral administration, not only
demonstrated favorable pharmacokinetic characteristics
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but also suppressed the proliferation of B16F10 tumors
and induced the degradation of CDK2/4/6. The development
of 47 offers a potential solution for the oral delivery of
PROTAC molecules by incorporating a lipophilic group onto
CRBN ligands.

Hati et al identified PROTAC-8 (compound 48, =Fig. 17),
an AZD5438-based PROTAC, as a selective CDK2 degrader
that could protect against cisplatin- and noise-induced hear-
ing loss.”*? Compound 48, synthesized by conjugating
AZD5438 with an E3 ligase ligand VH-032 using a linker,
exhibited selective and partial degradation of CDK2. Com-
pound 48 at 100nmol/L resulted in approximately 50%
degradation of CDK2 in HEI-OC1 cells. Importantly, 48
exhibited selectivity for degradation of CDK2 over CDK1,
CDK5, CDK7, and CDK9. Molecular dynamics simulations and
in vivo zebrafish models provided insights into the structural
and functional foundations of 48 as a CDK2-specific degrad-
er, highlighting its therapeutic potential in treating hearing
loss and various types of cancers.

CDK2 Inhibitors in Clinical Trials

Several CDK2 inhibitors are currently in clinical development
as anticancer drugs (=Table 5). Prior to this, many inhibitors
were discontinued from clinical development due to off-
target effects, associated side effects, and failure to achieve
acceptable clinical endpoints.?° Flavopiridol (Alvocidib) is a
flavone alkaloid inhibitor and the first CDK inhibitor to enter
clinical trials, while R-roscovitine (Seliciclib, CYC202) is a
purine analog. Both are pan-CDK inhibitors and have exhib-
ited unsatisfactory outcomes in previous clinical trials. Cur-
rently, they are being utilized in combination with other
anticancer drugs in phase I and phase II clinical trials.2° The
clinical research progress of dinaciclib is noteworthy, encom-
passing a broad spectrum of solid tumors and hematological
malignancies. Phase III clinical trials focusing on chronic
lymphocytic leukemia (CLL) have revealed that dinaciclib
demonstrates promising anticancer activity and tolerability
in patients with refractory CLL, particularly when compared
with ofatumumab, a targeted anti-CD20 monoclonal anti-
body. The prospect of combining dinaciclib with other novel
therapies is highly anticipated.'®® Furthermore, PF-
07104091, a selective CDK2 inhibitor, is currently under
investigation as a single treatment and in combination
with other therapies for small cell lung cancer, ovarian
cancer, and breast cancer. Additionally, it is being studied
in combination with PF-06873600 for the treatment of breast
cancer and solid tumors. These clinical trials are presently
recruiting participants and are in the phase I/II stage of drug
development. The emergence of CDK2/4/6 inhibitors in
recent years has been prominent in the treatment of breast
cancer and ovarian cancer. This trend underscores the po-
tential of CDK2 inhibitors to address drug resistance chal-
lenges associated with CDK4/6 inhibitors in breast cancer.'**
The phase II clinical trials for the CDK2/4/6 inhibitor PF-
06873600 are currently ongoing in patients with hormone
receptor-positive (HR +) and human epidermal growth fac-
tor receptor 2 negative (HER2-) metastatic breast cancer.
Additionally, several other compounds targeting CDK2 are at
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Drug Classification Stage Indication
Flavopiridol (Alvocidib) Pan-CDK Phase | Relapsed/refractory acute myeloid leukemia
Phase |l
Phase I/Il MDS
Phase | Newly diagnosed AML
Phase | AML
Phase Il
R-roscovitine Pan-CDK Phase | Advanced solid tumors
(Seliciclib, CYC202) Phase Il Cushing disease
TG02 Pan-CDK Phase | Advanced hepatocellular carcinoma
(Zotiraciclib, SB1317) Phase | Recurrent/progressive high-grade gliomas
Phase | Elderly newly diagnosed or adult
Relapsed patients with anaplastic
astrocytoma or glioblastoma
Phase | Locally advanced primary and recurrent oncogenic RAS exon 2
mutant colorectal cancer
Phase I/Il Recurrent anaplastic astrocytoma and glioblastoma
Phase I/II Recurrent high-grade gliomas with IDH1 or IDH2 mutations
AT7519 Pan-CDK Phase | Solid tumors that are metastatic or cannot be removed by
(AT7519M) surgery
Dinaciclib Pan-CDK Phase | Relapsed/refractory acute myeloid leukemia
(SCH727965, MK7965) - - -
Phase | Hematologic malignancies
Phase | Advanced solid tumors
Phase | Advanced breast cancer
CYC065 CDK2 Phase | Relapsed/refractory AML or MDS
Phase I/Il Advanced solid tumors and lymphoma
Phase | Relapsed|/refractory CLL
Phase I/Il Leukemia or myelodysplastic syndrome
Milciclib CDK2 Phase I Thymic carcinoma
(PHA-848125) Phase Il Advanced non-small cell lung cancer
Phase Il Unresectable/metastatic hepatocellular carcinoma
PF-07104091 CDK2 Phase I/Il Advanced or metastatic small-cell lung cancer
Breast and ovarian cancers
Phase I/Il Unresectable/metastatic hepatocellular carcinoma
PF-06873600 CDK2/4/6 Phase Il Hormone receptor-positive breast cancer
HER2-negative breast cancer
Triple-negative breast cancer
Epithelial ovarian cancer
Fallopian tube cancer
Primary peritoneal cancer

Abbreviations: AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; HER2, human epidermal growth factor receptor 2; IDH1/2,

isocitrate dehydrogenase 1 or 2; MDS, myelodysplastic syndromes.

Note: The data are obtained from https://clinicaltrials.gov, which provides information on clinical trials conducted between 2018 and 2023.

various stages of drug development, including milciclib,
AT7519M, CYCO065, and others.

Summary and Prospect

In the past two decades, substantial progress has been
achieved in the development of CDK inhibitors. Although

CDK?2 inhibitors have been in clinical development since the
1990s, most of them have primarily functioned as pan-CDK
inhibitors. Consequently, early clinical trials were discon-
tinued due to off-target effects and poor efficacy. Despite a
long history of clinical studies, no CDK2 inhibitors have been
approved for clinical use.' However, since 2015, the emer-
gence of CDK4/6-selective inhibitors such as palbociclib,
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abemaciclib, and ribociclib, has rekindled researchers’ inter-
est in CDK2 inhibitor research. This created a diverse range of
novel scaffold compounds, significantly broadening the
CDK2 inhibitor pool.

Classical CDK2 inhibitors bind to the conserved ATP
catalytic pocket, mimicking the structure of the natural
substrate ATP. This allows them to compete with ATP for
the active site, hence they are categorized as ATP-competi-
tive inhibitors. However, due to the highly conserved nature
of amino acid residues in the ATP-binding pocket within the
CDK family, these inhibitors lack selectivity toward specific
kinases, potentially leading to off-target effects and resultant
toxicity. In addition, the emergence of point mutations in
amino acid residues of the binding site, or the activation of
compensatory signaling pathways following the inhibition of
kinase function, has hindered the development of the clinical
applications of such inhibitors. Covalent inhibitors, also
known as irreversible inhibitors, are characterized by the
electrophilic warheads that form covalent bonds with spe-
cific nucleophilic amino acids at the ATP-binding site, there-
by irreversibly inhibiting the kinase’s activity. Although this
enhances affinity and effectiveness to the target and pro-
longs therapeutic effect, significant challenges related to
drug resistance and off-target effects persist. In addition,
safety concerns arising from irreversible binding should be
duly noted.>>>*'4> Allosteric inhibitors, classified as non-
ATP competitive inhibitors, bind to allosteric pockets, which
can be located near or far from the ATP-binding site. Unlike
the ATP-binding site, the residual conservation of the allo-
steric site is significantly lower. Allosteric inhibitors exhibit
selectivity toward various kinase subtypes by interacting
with specific amino acid residues, effectively addressing drug
resistance issues caused by Type I/Il inhibitors. Moreover,
they show promise in vivo pharmacology.”>->*146 PROTAC
technology facilitates the rapid degradation of pathogenic
target proteins, requiring only a catalytic amount of drugs. It
provides high selectivity, safety, and the capability to over-
come drug resistance. Nonetheless, PROTAC molecules are
characterized by a relatively high molecular weight, which
may lead to reduced membrane permeability and limited
oral bioavailability.'37-147

Uncovering additional roles of CDK2 in cancer develop-
ment, investigating cellular signaling cascades involving
CDK2, facilitating biomarker discovery, and establishing a
clear mechanism of action, is crucial to develop highly
selective CDK2 inhibitors to reduce drug toxicity from off-
target effects.'®20 It is also important to search for and
identify sensitive biomarkers and patients with suitable
genetic backgrounds for the clinical application of CDK
inhibitors. Concurrent targeting of CDK2 with other CDKs
holds promise in expanding the range of drug development
and reducing the emergence of drug resistance. Furthermore,
CDK2 is involved in numerous oncogenic pathways, and
combination therapy with CDK2 inhibitors shows more
promise than single-drug treatment in clinical tumor thera-
py. Therefore, it is vital to develop rational and effective
combination drug strategies to accelerate the progress of
CDK2 inhibitors in clinical applications.
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