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CDK9 inhibitors in cancer research
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Cyclin dependent kinase 9 (CDK9) plays an essential role in regulating transcriptional elongation.

Aberrations in CDK9 activity have been observed in various cancers, which make CDK9 an attractive

therapeutic target for cancers. This led to an intensive development of small-molecule CDK9 inhibitors or

new emerging strategies, such as proteolysis targeting chimeras (PROTACs). Here, we review the CDK9

modulators in cancer not only for research purposes, but also for therapeutic applications.

Introduction

Cyclin-dependent kinases (CDKs) belong to the serine/
threonine kinase subfamily, and are involved in multiple
functions, such as the cell division, apoptosis, transcription,
and differentiation.1,2 Most CDKs form heterodimeric
complexes with their partners called cyclins to perform their
physiological function.3,4 CDKs are comprised of 21 hypo
types that are divided into two groups based on their roles in
cell cycle progression and transcription regulation.5,6 CDKs 1–
6, 11 and 14–18 along with cyclins mainly regulate cell cycles
and CDKs 7–13, 19 and 20 are associated with transcription
control. CDKs 1–3 along with cyclins A, B, and E participate
in S–G2, and M phases. CDKs 2, 4, and 6 associated with
cyclins D and E are key players in the regulation of G0–G1

transition and the early phase of G1. CDK2 along with the
cyclin A complex is also involved in the progression of the S
phase. CDKs 7–13 along with cyclins C, H, L, K and T are
associated with transcription regulation/RNA processing.7

Most CDKs have been implicated in human cancers.
Abnormalities in CDK expression, activity and regulation
have been found in human cancers and are considered as a
hallmark of cancer development and progression.5,8 Due to
their specialized roles in cell cycle progression and gene
transcription regulation, CDKs present particularly promising
drug targets for therapeutic interference for cancers.9,10 The
first generation CDK inhibitors with multiple CDK inhibition
have been explored for anticancer potential, such as
flavopiridol11 and roscovitine.12 The second generation drugs
were designed to have a smaller selective spectrum of CDKs,
such as dinaciclib.13 Recently, drugs with more selectivity

against CDKs have been developed. Three CDK4/6 inhibitors,
palbociclib,14 ribociclib,15 and abemaciclib16 received the US
Food and Drug Administration (FDA) approval for the
treatment of HR+ breast cancer and other malignancies.
During the past decade, attempts for discovering
pharmacological CDK inhibitors have led to the realization
that transcriptional CDKs are promising drug targets for
therapeutic interference in human cancers.

Among the transcription-associated CDKs, CDK9 is the
most extensively studied. CDK9 forms a functional complex
with regulatory subunit cyclin T or cyclin K, which plays a
critical role in regulating gene transcription elongation,
messenger mRNA (mRNA) maturation and several physiologic
processes.17 CDK9 with cyclin T forms the main component
of the positive transcription elongation factor b (P-TEFb),
which phosphorylates the carboxyl-terminal domain (CTD) of
RNA polymerase II (RNAPII) to stimulate transcription
elongation of most protein coding genes.18 The dysregulation
of transcriptional programs has been observed in various
human cancers, which makes CDK9 a prioritized target for
cancer therapy across a range of tumor types.19–21 The
importance of CDK9 has led to an intensive search for CDK9
inhibitors for therapeutic purposes. In this review, we provide
an overview of CDK9 inhibitors in cancer research and
therapy.

Cyclin dependent kinase 9 (CDK9)

CDK9 has two isoforms based on their respective molecular
weight: a short form 42 kDa protein and a long-form 55 kDa
protein. Compared to the 42 kDa isoform of CDK9, the 55
kDa isoform has an additional 117 amino acid residues at
the amino terminus. The 42 kDa isoform of CDK9 is mainly
distributed in the cytoplasm and nucleus and more highly
expressed, while the 55 kDa isoform is mainly found in the
nucleolar region.22 Both CDK9 isoforms form heterodimeric
complexes with cyclin T. Cyclin T1 is the predominant CDK9-
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associated cyclin, while cyclin T2a and T2b are minor CDK9
partners.

CDK9 consists of an N- and a C-terminal kinase lobe
and a short C-terminal extension (Fig. 1). The ATP-binding
site is sandwiched between the N- and C-terminal lobes.
The adenine moiety of ATP forms hydrogen bonds with
hinge residues ASP104 and CYS106. Hydrogen or ionic
bonds are also formed between the phosphate group of
ATP and the backbone residue of ASP167, LYS48 and
LYS151. It is reported that CDK9 overexpressed in various
tumor tissues and its high expression is associated with
the poor survival of patients with cancer.17,23,24

Mechanistically, CDK9 inhibition blocks phosphorylation at
Ser2 of the RNAPII CTD and induces downregulation of
protein levels of oncogenes and anti-apoptotic proteins,
leading to the inhibition of proliferation and the promotion
of apoptosis, which are confirmed in various malignancies.
Recent studies have shown that the prominent method of
blocking the P-TEFb function is to inhibit the ATP-binding
site of CDK9.

During the past decade, attempts have been made
toward the development of many CDK9 inhibitors for
treatment of various malignancies.25,26 There are several
pan-CDK inhibitors in clinical studies in various stages of
their research and development with poor selectivity and
high toxicity. Potent and selective CDK9 inhibitors have
recently emerged.26 The high structural homology among
the CDKs has presented challenge for the discovery of
selective CDK inhibitors. CDK9 shows high sequence
conservation with other CDK family members, thus the
design of selective CDK9 inhibitor is particularly
challenging. Representative pan-CDK inhibitors and
selective CDK9 inhibitors are described in detail in this
paper as follows.

CDK9 inhibitors for cancer therapy
CDK9 inhibitors with flavonoid cores

The first CDK9 inhibitor to be tested in clinical trials was
flavopiridol (Fig. 2, alvocidib, [cis-5,7-dihydroxy-2-(2-
chlorophenyl)-8-[4-(3-hydroxy-1-methyl)-piperidinyl]-1-
benzopyran-4-one]), a flavonoid derived from an indigenous
plant with multiple CDK inhibition.27 The Ki value of
flavopiridol for CDK9/cyclin T was 10-fold lower than those
for other CDKs.28 Preclinically, flavopiridol was an effective
anti-cancer drug against various types of cancer, such as
acute leukemia, breast cancer, lung cancer, prostate
carcinoma, colon cancer and gastric cancer.29–33 Flavopiridol
enhanced the radiosensitivity of carcinoma cells and
displayed synergistic effects with chemotherapy drugs, such
as taxanes, gemcitabine, cytarabine, topotecan and
doxorubicin34–37 Flavopiridol inhibited CDKs that showed a
clear blockade of cell cycle progression at the G1/S and G2/M
boundaries and phosphorylated the CTD of RNAPII.38,39 The
primary antitumor mechanism of flavopiridol in leukemia
appeared to be the CDK9-mediated downregulation of
transcription of antiapoptotic proteins.40 The crystal structure
of flavopiridol with CDK9 (Fig. 3A) revealed that hydrogen
bonds were formed from residues CYS106 and ASP104 to the
hydroxyl of compound flavopiridol. The O hydroxyl of
flavopiridol bonded with the ASP167 side chain. The
chromenone group occupied a hydrophobic pocket formed
by PHE103, PHE30, LYS48 and VAL33. Additionally,
flavopiridol formed van der Waals contacts with the ILE25
and VAL33 residues of the glycine-rich loop (G-loop, residues
17–36). The PHE30 residue made van der Waals contacts
(edge to face) with the piperidinyl group of flavopiridol.

TP-1287 (Fig. 2) was reported as a phosphate prodrug of
flavopiridol with highly improved solubility under acidic,

Fig. 1 Structure of CDK9/cyclin T (PDB: 3BLR).
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Fig. 2 The development of CDK9 inhibitors with flavonoid cores.

Fig. 3 (A) The crystal structure of flavopiridol (green) and CDK9 (pink, PDB: 3BLR). (B) The predicted binding mode of compound IIIM-290 (green)
and CDK9 (pink, PDB: 3BLR). (C) The predicted binding mode of compound 51 (green) and CDK9 (pink, PDB: 3BLR). (D) The predicted binding
mode of compound 13c (green) and CDK9 (pink, PDB: 3BLR). (E) The predicted binding mode of compound LZT-106 (green) and CDK9 (pink, PDB:
3BLR). The hydrogen bonds are depicted by red dotted lines.

RSC Medicinal ChemistryReview



RSC Med. Chem., 2022, 13, 688–710 | 691This journal is © The Royal Society of Chemistry 2022

neutral, and basic conditions in 2017. Pharmacokinetic
studies were conducted showing that TP-1287 has high oral
bioavailability. TP-1287 strongly inhibited tumor growth,
exhibiting 109.1% tumor growth inhibition at a dose of 7.5
mg kg−1.41 Phase I, the first-in-human study of oral TP-1287
(NCT03604783), has been launched recently in November
2021 and patients with advanced solid tumors have been
enrolled.

Riviciclib (P276-00, Fig. 2) was obtained from Nicholas
Piramal Ltd, Mumbai, India in 2007.42 Riviciclib inhibited
CDK1, CDK4 and CDK9 with IC50 values at 79 nM, 63 nM
and 20 nM, respectively.43 It modulated the cell cycle and
induced apoptosis against mantle cell lymphoma (MCL),
head and neck cancer. The anti-tumor activity and safety of
riviciclib alone or with other agents have been evaluated in
phase II clinical studies in patients. Single-agent treatment
with riviciclib failed to produce objective responses among
13 patients with relapsed or refractory MCL in a phase II
study.

Voruciclib (P1446A-05, P-1446) was obtained by
introducing a trifluoromethyl group at the para position of
the benzene ring in riviciclib in 2012 (Fig. 2).44 Voruciclib
was a clinical stage oral CDK9 inhibitor, structurally similar
to flavopiridol.45 The Ki value of voruciclib for CDK9/cyclin
T2 was 0.626 nM. Structural differences of the
methylpyrrolidin ring in voruciclib altered the target
selectivity. Compared to flavopiridol, voruciclib was a CDK-
selective inhibitor with potent activity against CDK9 and
reduced activity against kinases outside of the CDK family.
Voruciclib displayed effective CDK9 activity with repression
of MCL-1.46 Voruciclib achieved synergistic anti-tumor
efficacy with venetoclax and showed potential use in
combination with conventional anti-cancer drugs.47,48

The 2,6-dichloro-styryl derivative IIIM-290 (11d, Fig. 2), a
flavopiridol analogue, showed strong inhibition of CDK9
kinase (IC50 = 1.9 nM). It also exhibited inhibition of CDK1,
CDK4 and CDK6 with IC50 values of 4.9 nM, 22.5 nM and 45
nM, respectively. IIIM-290 achieved 71% oral bioavailability
with in vivo efficacy in pancreatic, colon, and leukemia
xenografts at 50 mg kg−1, po.49 IIIM-290 enhanced the
survival of animals with P388 and L1210 leukemia.50 The
predicted binding mode of IIIM-290 with CDK9 was obtained
(PDB: 3BLR). As shown in Fig. 3B, IIIM-290 could well embed
in the ATP binding pocket of CDK9. The key interactions of
IIIM-290 were hydrogen bonds and π–π interactions. The
chromenone moiety formed an H-bond with the CYS106
residue. The protonated NH of the piperidine ring formed
H-bonding interaction with the carbonyl oxygen of ALA153
and the oxygen formed an H-bond with the NH of ASP167. In
addition, the ring connected with piperidine and the
protonated NH of piperidine formed two important π–π

interactions with PHE 103 and PHE 30, respectively.
In 2019, wogonin derivative compound 51 (Fig. 2) showed

potent activity toward CDK9 (IC50 = 19.9 nM) and exhibited
good selectivity toward other CDKs. Compound 51 displayed
strong antiproliferative activity against leukemia cell lines

and solid tumor cell lines. 51 inhibited the cell growth via
inducing caspase-dependent apoptosis. Compound 51
showed significant antitumor efficacy without obvious toxic
effects in vivo.51 As shown in Fig. 3C, compound 51 bound
tightly to CDK9. The carbonyl group of 51 formed an
important H-bonding interaction with the CYS106 residue. In
addition, the pyrazole moiety of compound 51 formed
another important H-bond with ALA153. Two H–π

interactions with PHE103 and LEU156 were also observed.
The benzomethylpiperazine moiety of 51 reached the solvent
area.

Compound 13c (Fig. 2), a flavonoid derivative, showed
significant nanomolar inhibition against CDK9 and GSK3β
protein kinases with IC50 values of 64 nM and 59 nM,
respectively. 13c exhibited high cytotoxic potency in tumor
cell lines, such as ovarian cancer, gastric adenocarcinoma,
breast cancer, prostate cancer, pancreatic cancer, colon
carcinoma, and leukemia cell lines.52 As depicted in Fig. 3D,
compound 13c formed key bidentate H-bonding interactions
with the CYS106 residue of CDK9.

LZT-106 (Fig. 2) was a CDK9 kinase inhibitor with IC50 =
30 nM that could effectively downregulated the Mcl-1 protein
via dual targeting of CDK9 and GSK-3β signaling.53 LZT-106
significantly reduced the tumor volume in a xenograft mouse
model of colorectal cancer in in vivo experiments. The
predicted binding mode study (Fig. 3E) was performed to
explore the interactions of LZT-106 into the active site of
CDK9 (PDB: 3BLR). LZT-106 is almost entirely buried in the
CDK9 pocket. The carbonyl group of LZT-106 formed a
hydrogen bond with the cysteine of CYS106 in the hinge
region. The methylpiperazine group of LZT-106 formed
hydrogen bonds with the residues ASP167 and ASN154 into
the ATP binding site of CDK9. The chromenone moiety
occupied the hydrophobic pocket at the back of the ATP
binding site.

CDK9 inhibitors with aminopyrimidine cores

ZK 304709 (Fig. 4A) was an inhibitor of CDKs 1, 2, 4, 7, and
9, vascular endothelial growth factor receptor (VEGFR)1-3,
platelet-derived growth factor receptor (PDGFR)-, and FMS-
like tyrosine kinase (FLT)-3. ZK 304709 failed in phase I
studies for patients with advanced solid tumors due to dose-
limited absorption and high inter-patient variability.21

Roniciclib (BAY 1000394, Fig. 4A) was derived from further
lead optimization of ZK 304709.54 Roniciclib was a potent
pan-CDK inhibitor and inhibited the activity of cell-cycle
CDK1-4, and of transcriptional CDKs CDK7 and CDK9 with
IC50 values in the range between 5 and 25 nM.55 It potently
inhibited the growth of various human tumor xenografts.
Furthermore, roniciclib showed more additive efficacy when
combined with cisplatin and etoposide. Unfortunately, phase
II clinical trials of roniciclib in extensive-disease small cell
lung cancer, non-small cell lung cancer (NSCLC) and
advanced breast cancer, were terminated due to the
unfavorable risk–benefit profile in patients.56
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Fig. 4 (A) The development of CDK9 inhibitors with aminopyrimidine cores. (B) The crystal structure of 12u (green) bound to CDK9/cyclin T1
(pink, PDB: 4BCG).
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Zotiraciclib (TG02, SB1317), a pyrimidine-based
macrocycle compound, was an oral multi-kinase inhibitor of
CDKs, JAK2 and FLT3 with potent anti-tumor properties
(Fig. 4A).57 CDK9 was the most sensitive zotiraciclib
target.58,59 Zotiraciclib was synergized with temozolomide
representing a promising therapeutic strategy in
glioblastoma.60 Zotiraciclib was also in combination with
carfilzomib in patients with multiple myeloma.61 The
combination of zotiraciclib and ibrutinib demonstrated
moderate synergy.62 Zotiraciclib could induce cell-cycle arrest
and lead to rapid commitment to apoptosis.63,64 It induced
an effective blockade of both CDK and STAT signaling. The
phase II study evaluating zotiraciclib plus temozolomide in
recurrent anaplastic astrocytoma and glioblastoma
(NCT02942264) and phase I studies of zotiraciclib in chronic
lymphocytic leukemia (CLL) or small lymphocytic lymphoma
(NCT01699152) and advanced hematological malignancies
(NCT01204164) have been completed. Phase I studies of
zotiraciclib in the treatment of recurrent/progressive high-
grade glioma patients (NCT03904628) and in elderly newly
diagnosed or adult relapsed patients with anaplastic
astrocytoma or glioblastoma (NCT03224104) are in progress.

BTX-A51 (Fig. 4A) was a novel, oral, direct inhibitor of
casein kinase 1α (CK1α), CDK7, and CDK9.65 BTX-A51 could
increase p53 protein levels and downregulate negative
regulators, Mdm2, enabling selective apoptosis of leukemia
cells.66 Phase I studies of BTX-A51 in people with advanced
solid tumor or non-Hodgkin lymphoma (NCT04872166) and
relapsed or refractory acute myeloid leukemia or high-risk
myelodysplastic syndrome (NCT04243785) are in progress.

Compound 12u (Fig. 4A), a 4-thiazol-2-anilinopyrimidine
derivative, inhibited CDK9 with IC50 = 14 nM and showed
over 80-fold selectivity for CDK9 versus CDK2.67 12u exhibited
potent anticancer activity in primary chronic lymphocytic
leukemia cells and showed little toxicity in healthy normal
cells. As shown in Fig. 4B, the aminopyrimidine moiety of
12u hydrogen-bonded with the residue CYS106 of the hinge
regions in the crystal structure of CDK9 (PDB: 4BCG). In
addition, the NH of the thiazole group formed a hydrogen
bond with ASP167. At the back of the ATP binding site, the
C-carbonitrile group in the hydrophobic region formed a
favorable pair–π interaction with the gatekeeper residue
PHE103. The pyrimidine ring of 12u was sandwiched between
the hydrophobic side chains of ALA46 and LEU156 with van
der Waals contacts.

Compound 9s (Fig. 4A), as a series of 2,4,5-trisubstituted
pyrimidine derivative, inhibited CDK9 potently with Ki

value as 14 nM.68 9s showed more than 20-fold
selectivity for CDK9 over CDK1 and CDK2, and 10-fold
selectivity over CDK7. 9s inhibited cellular CDK9 activity and
induced cancer cell apoptosis.

CDKI-73 (Fig. 4A), a heterocyclic 3-(5-fluoro-4-(4-methyl-2-
(methylamino)thiazol-5-yl)pyrimidin-2-ylamino)
benzenesulfonamide, was a potent CDK9 inhibitor with IC50

= 4 nM.69,70 However, it also inhibited CDK1, CDK2 and
CDK7 in the low nM range. CDKI-73 exhibited a favorable

pharmacokinetic profile with an oral bioavailability of F =
56%. CDKI-73 significantly inhibited tumour growth,
suppressed cellular CDK9 kinase activity and down-regulated
the RNAPII phosphorylation in ovarian cancer, colorectal
cancer and acute myeloid leukemia.20,71,72 CDKI-73 was also
synergetic lethal with PARP inhibitor olaparib in BRCA1
wide-type ovarian cancer.73

UNC10112785 (Fig. 4A) potently inhibited the kinases of
CDK8, CDK19, and CDK9, with IC50 values of 1.05, 2.67, and
19.9 nM, respectively, and about 10-fold selectivity over other
kinases analyzed. Inhibition of CDK9 by UNC10112785 drove
MYC oncoprotein loss in pancreatic cancer.74

Coumarin derivative 30i (Fig. 4A) was discovered as a
CDK9 inhibitor with an IC50 value of 2 nM with high
selectivity (160- to 8300-fold) over CDK1-8 and CDK 19.
Compound 30i showed potent cellular antiproliferative
activity in a panel of tumour cell lines, including leukaemia,
pancreatic cancer, gastric cancer, melanoma, liver cancer,
breast cancer, colon cancer and non-small-cell lung cancer.
30i displayed acceptable drug-like properties. In vivo, 30i
significantly induced tumour growth inhibition in an acute
myeloid leukaemia (AML) xenograft mouse model.75

Compound 66 (Fig. 4A) was an active dual CDK6 and
CDK9 inhibitor (IC50 = 40.5 and 39.5 nM, respectively) and
showed good selectivity over CDK2 (IC50 > 10 μM).
Compound 66 inhibited cell proliferation by blocking cell
cycle progression and inducing cellular apoptosis. 66
significantly inhibited tumor growth in a breast cancer
xenograft mouse model.76

2,4,5-Trisubstituted pyrimidine 30m (Fig. 4A) was a potent
and selective CDK9 inhibitor with an apparent inhibition
constant (Ki) value of 10 nM, which showed 100-fold
selectivity for CDK9 over CDK1 and CDK2. 30m was a potent
anti-proliferative agent in both the ovarian cancer model
A2780 and patient-derived CLL cells.77

LDC000067 (abbreviated to LDC067; WO 2008/129080)
with a 2,4-aminopyrimidine scaffold inhibited CDK9 with an
IC50 of 44 ± 10 nM (Fig. 4A).78 Its selectivity for CDK9 over
other CDKs was in the range of 55-fold (vs. CDK2) to over
230-fold (vs. CDK6 and CDK7). Treatment with LDC000067
enhanced pausing of RNAPII on genes and induced apoptosis
in cancer cells.

A novel potential CDK9 inhibitor, 12i (Fig. 4A), with a
5-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)-1H-indole scaffold
showed good cytotoxicity against liver cancer, melanoma,
breast cancer, and lung cancer cell lines.79

CDK9 inhibitors with pyridine (or triazine) cores

Triazine BAY-958 (LDC 526, Fig. 5) was a potent PTEFb/CDK9
inhibitor (IC50 = 11 nM). It displayed kinase selectivity, even
within the CDK family. BAY-958 exhibited good
antiproliferative activity in vitro. Daily oral administration of
BAY-958 hydrochloride resulted in a marked inhibition of
tumor growth. Nevertheless, BAY-958 had unfavorable
physicochemical with a rather low aqueous solubility and
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DMPK properties. Lead optimization efforts of BAY-958
finally led to the identification of compound BAY-1143572.80

Atuveciclib (BAY-1143572, Fig. 5), a sulfoximine
compound, was a selective CDK9/PTEFb inhibitor currently
being investigated in phase I clinical trials with advanced
cancer and leukemia (NCT02345382, NCT01938638).81 It
showed at least 50-fold selectivity against other CDKs in
enzymatic assays.82,83 Atuveciclib possessed significant
antitumor activity against AML, NK-cell leukemia/
lymphoma.80,84 Atuveciclib also had an additive effect with
the GSK-3β inhibitor, 9-ING-41 or p53-MDM2 interaction
inhibitor, nutlin-3a, or the BCL2 inhibitor, venetoclax.85,86

Mechanism studies demonstrated that atuveciclib
downregulated MDM4 and enhanced p53 activity induced by
nutlin-3a in killing A375 melanoma cells.83 Atuveciclib was
converted into PROTACs with enhanced the selectivity and
activity.87

Extensive lead optimization efforts of atuveciclib led to
identification of N-(pyridin-2-yl)-pyridin-2-amine VIP152
(previously BAY-1251152, BAY, Fig. 5). VIP152 exhibited
potent CDK9 inhibitory activity (IC50 = 3 nM) and high
selectivity against the structurally related kinases CDK2 (ratio
of IC50 values: 1033) and CDK7 (ratio of IC50 values >

5000).88 VIP152 has progressed into phase I clinical trials for
advanced cancers (NCT04978779, NCT02635672,
NCT02745743).89 Compared with atuveciclib, VIP152 showed
significantly increased biochemical CDK9 inhibition and
cellular potency, increased selectivity against CDK2 as well as
obvious efficacy upon i.v. application.90 The results of a
phase I study showed that VIP152 displayed good tolerability
and on-target activity, which indicated that VIP152 might be
a good candidate for future combination therapies.91

AZ5576 (Fig. 5) was a potent, selective, and orally bioavailable
CDK9 inhibitor with an IC50 < 5 nM. AZ5576 demonstrated a
selective effect on RNAPII phosphorylation at Ser2 in cells with
an IC50 of 96 nM.92 AZ5576 exhibited potent efficacy in MYC-
expressing diffuse large B-cell lymphoma (DLBCL). Treatment
with AZ5576 inhibited growth of DLBCL cell lines in vitro and
in vivo.93 The predicted binding mode of AZ5576 (PDB: 4BCF) is
shown in Fig. 6A. CYS106 made two hydrogen-bonds with the
pyridyl amide core of AZ5576. The cyclohexyl amide gave access
to the solvent channel. The 4-fluoro-2-methoxyphenyl moiety
filled the hydrophobic pocket formed near ASP167 of the
activation loop. An important π–π interaction was also observed
between 4-fluoro-2-methoxyphenyl group and the PHE103
residue. Further structure optimization of AZ5576 resulted in
the identification of AZD4573.

AZD4573 (Fig. 5) was a potent and highly selective CDK9
inhibitor (IC50 < 4 nM) with suitable predicted human
pharmacokinetic properties, resulting in activation of caspase
3/7 and cell apoptosis in a broad range of hematological
cancer cell lines.94 AZD4573 enabled the indirect inhibition
of cancer-promoting gene MCL-1, providing a therapeutic
option for MCL-1 dependent diseases.95–97 AZD4573 was
currently in phase I clinical trials for the treatment of
hematological malignancies (NCT04630756, NCT03263637).
The AZD4573 cocrystal structure bound to CDK9/cyclin T
(PDB: 6Z45) is shown in Fig. 6B. Consistent with the
predicted binding mode of AZ5576, AZD4573 interacted with
the backbone atoms of CYS106 through the pyridine and the
amidic NH. One of the gemdimethyl substituents of AZD4573
filled a small pocket formed near ASP167 of the activation
loop, in close proximity to the side chains of ASN154 and
ALA166.

Fig. 5 The development of CDK9 inhibitors with pyridine (or triazine) cores.
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JSH-150 (compound 40, Fig. 5), starting from the core
scaffold of CDK7/9 inhibitor 12u, was a selective CDK9
inhibitor. JSH-150 exhibited an IC50 of 6 nM against CDK9
and achieved around 300–10000-fold selectivity over other
CDK kinase family members.98 It displayed high selectivity
over other 468 kinases/mutants. JSH-150 displayed potent
antiproliferative effects against a wide range of cancer cell
lines including solid tumor and leukemia cells through
arresting the cell cycle and inducing the apoptotic cell death.
The predicted binding mode analysis of JSH-150-CDK9
complexes (PDB: 4BCG) revealed that aminopyridine of JSH-
150 formed two hydrogen bonds with CYS106 (Fig. 6C). The
CN group formed a hydrogen bond with THR29. In addition,
the oxygen atom formed a hydrogen bond with ASP109. The
aminothiazole group was embedded in the hydrophobic
pocket, in which the NH formed a hydrogen bond with the
oxygen atom of ASP167.

A structurally similar inhibitor to JSH-150, NVP-2 (Fig. 5),
developed by Novartis, was a highly selective

aminopyrimidine-derived CDK9 inhibitor.99 NVP-2 potently
inhibited the kinase activity of CDK9 with an IC50 less than
0.514 nM and exhibited good kinome selectivity against 468
kinases. The only kinases that inhibited greater than 99%
were CDK9 and DYRK1B with an IC50 of 350 nM, 700-fold
higher than that observed for CDK9. NVP-2 exhibited anti-
proliferative effects on leukemia cancer cell line, MOLT4.

CDK9 inhibitor FIT-039 (Fig. 5), N-[5-fluoro-2-(1-
piperidinyl)phenyl]isonicotinthioamide, suppressed CKD9/
cyclin T1 kinase activity with an IC50 value of 5.8 μM but did
not have a marked inhibitory effect on other CDKs, such as
CDK4, CDK2, CDK5, CDK6, or CDK7. FIT-039 suppressed
viral oncogenes E6 and E7 and had a therapeutic effect on
HPV-Induced neoplasia.100 The predicted binding mode of
FIT-039 docked into the ATP binding site of the CDK9 crystal
structure is shown in Fig. 6D. The fluoride group and
nitrogen atom in pyridine of FIT-039 interacted with the
LYS48 and CYS106 residues of CDK9 by forming hydrogen
bonds, respectively. The pyridine group occupied a

Fig. 6 (A) The predicted binding mode of AZ5576 (green) and CDK9 (pink, PDB: 4BCF). (B) The crystal structure of AZD4573 (green) bound to
CDK9 (pink, PDB: 6Z45). (C) The predicted binding mode of JSH-150 (green) and CDK9 (pink, PDB: 4BCG). (D) The predicted binding mode of FIT-
039 (green) and CDK9 (pink, PDB: 3BLQ). The hydrogen bonds are depicted by red dotted lines.

RSC Medicinal Chemistry Review



696 | RSC Med. Chem., 2022, 13, 688–710 This journal is © The Royal Society of Chemistry 2022

hydrophobic pocket formed by PHE103, ASP104, VAL79 and
ALA46.

CDK9 inhibitors with purine cores

R-Roscovitine (seliciclib, CYC202, Fig. 7) was a synthetic CDK
inhibitor with most potent activity against the CDK2, CDK7
and CDK9.101–103 It was the first CDK inhibitor to enter
clinical trials as an anticancer agent.104–106 R-Roscovitine has
cytotoxic activity against a range of human cancers, such as
lymphomas, multiple myeloma, lung cancer, colon cancer
and so on.107–109 As reported, R-roscovitine caused cell cycle
arrest and induced cell death through the inhibition of
transcription and down-regulation of antiapoptotic
proteins.101,107 A phase II clinical trial of R-roscovitine
(NCT03774446) is currently being conducted to evaluate its
safety. A phase I study (NCT00999401) of sequential
administration of oral sapacitabine and oral seliciclib in
patients with advanced solid tumors has been completed.

Fadraciclib (CYC065, Fig. 7), a 2,6,9-trisubstituted purine
analog, was an orally ATP competitive inhibitor of CDK9 and
CDK2 over other CDKs and non-CDK enzymes against
leukaemia, uterine serous carcinoma, breast cancer, lung
cancer, and neuroblastoma.110–114 Treatment with fadraciclib
alone or in combination with other agents induced a marked
G1 arrest and gross apoptosis of tumor cells.115 The efficacy
and mechanism of action of fadraciclib was identified and
fadraciclib inhibited CDK9-dependent RNAPII
phosphorylation, resulting in rapid induction of apoptosis.
Fadraciclib could act synergistically with selected DNA
damaging or targeted agents, such as trastuzumab and
taselisib.116 Fadraciclib as a single agent trial is being
examined in phase I clinical trials in advanced cancers
(NCT02552953). Fadraciclib is a combined regimen with
venetoclax for relapsed/refractory CLL (NCT04017546,
NCT03739554).

CCT068127 (Fig. 7), a trisubstituted purine compound,
was a CDK2 and CDK9 inhibitor derived from parental
seliciclib.117 It has increased potency toward CDK2/cyclin E
(22-fold) and CDK9/cyclin T (11-fold) kinase activities and

selectivity toward CDK2 and 9 versus CDK4 and CDK7,
compared to seliciclib. CT068127 treatment resulted in
reduced phosphorylation of RNAPII, and cell cycle arrest and
apoptosis of cancer cells. The combination of CCT068127
and ABT263, a BCL2 family inhibitor, showed potent
inhibition activity for the treatment of human cancer.

CDK9 inhibitors with pyrazoloĳ1,5-a]pyrimidine cores

Dinaciclib (SCH 727965, Fig. 8A) inhibited CDK2, CDK5,
CDK1, and CDK9 activity in vitro with IC50 values of 1, 1, 3,
and 4 nM, that demonstrated single agent activity in solid
tumor and myeloma.118–120 In addition, dinaciclib provided a
novel strategy to overcome IFNG-triggered acquired resistance
in pancreatic tumour immunity.121 Dinaciclib and anti-PD1
combination therapy promoted an antitumor immune
response in patients with hematological malignancies or
advanced breast cancer.122 Dinaciclib could result in cell-
cycle arrest in many tumor cell lines. Apoptotic and
antitumor effects of dinaciclib were demonstrated.123,124

Dinaciclib has been evaluated in clinical trials. A phase III
study comparing dinaciclib versus of atumumab in patients
with refractory CLL has been completed (NCT01580228).
Phase II studies of dinaciclib monotherapy in patients with
advanced breast and lung cancers (NCT00732810), relapsed
or refractory multiple myeloma (NCT01096342) have been
completed.

KB-0742 (Fig. 8A) was an oral, potent, and selective CDK9
inhibitor (CDK9 inhibition IC50 = 6 nM at 10 mM ATP) with
>50-fold selectivity over all CDKs profiled and >100-fold
selectivity against cell-cycle CDKs (CDK1-6).125 KB-0742 was
derived from KI-ARv-03, a selective inhibitor of CDK9 (IC50 =
0.15 mM at 45 mM ATP) over all other tested CDKs with a
minimum of 130-fold selectivity. KB-0742 showed potent anti-
tumor activity in castration-resistant prostate cancers
(CRPCs) in vitro and in vivo. A clinical trial for KB-0742 was
launched in participants with relapsed or refractory solid
tumors or non-Hodgkin lymphoma (NCT04718675).21 As
shown in Fig. 8B, the pyrazolopyrimidine core of KB-0742
made two hydrogen bonds to CYS106 (NH and CO) of the

Fig. 7 The development of CDK9 inhibitors with purine cores.
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CDK9 hinge in the predicted binding mode. The terminal
primary amine of KB-0742 interacted with GLU107 and
ASP109 residues of CDK9. The 3-pentane extension of the
propane alkyl chain formed van der Waals interactions with
the G-loop.

Phillipson et al. reported the discovery of a new series of
compounds based on a pyrazoloĳ1,5-a]pyrimidine nucleus.

Compound 18b (Fig. 8A) was discovered as a novel CDK9
inhibitor with improved selectivity over PI3Ka based on PIK-
75.126 PIK-75, a PI3Kα inhibitor (IC50 = 0.5 nM), showed
significant activity against a number of kinases, such as
CDK9 (IC50 = 1.37 nM) and CDK7 (IC50 = 5.15 nM). 18b
inhibited CDK9 with an IC50 value of 203 nM and exhibited
greater selectivity over PI3Kα.

Fig. 8 (A) The development of CDK9 inhibitors with pyrazoloĳ1,5-a]pyrimidine cores. (B) The predicted binding mode of KB-0742 (green) and
CDK9 (pink, PDB: 3MY1). The hydrogen bonds are depicted by red dotted lines.
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CDK9 inhibitors with pyrazole cores

AT7519 (Fig. 9A) was a potent inhibitor of several CDK family
members, which showed potent antiproliferative activity in a
panel of human tumor cell lines.127,128 Global
phosphoproteomics revealed AT7519 with CDK suppression
as a vulnerability to KRAS addiction in pancreatic cancer. The

mechanism of action showed that AT7519 caused cell cycle
arrest followed by apoptosis via RNAPII inhibition in human
tumor cells.129,130 Phase II studies of AT7519 in patients with
relapsed and/or refractory CLL (NCT01627054) and with
relapsed MCL (NCT01652144) have been completed. Effects
of AT7519 alone and AT7519 plus bortezomib in a phase II
clinical study have also been completed with multiple

Fig. 9 (A) The development of CDK9 inhibitors with pyrazole cores. (B) The crystal structure of CAN508 (green) bound to CDK9 (pink, PDB:
3TN8). The hydrogen bonds are depicted by red dotted lines.

Fig. 10 The development of CDK9 inhibitors with aminothiazole cores.
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Fig. 11 (A) The development of CDK9 inhibitors with azaindole cores or nitrogen-containing heterocycles. (B) The crystal structure of compound
6 (green) with CDK9 (pink, PDB: 7NWK). The hydrogen bonds are depicted by red dotted lines.
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myeloma (NCT01183949). AT7519 in phase I clinical
development treated patients with advanced or metastatic
solid tumors or refractory non-Hodgkin's lymphoma
(NCT00390117).

CAN508 (Fig. 9A) was an arylazopyrazole CDK9 inhibitor
with an IC50 of 350 nM. It exhibited a 38-fold selectivity for
CDK9/cyclin T over other CDKs.131 CAN508 has also been
shown to inhibit the growth of various cancer cell lines and

Fig. 12 (A) The development of CDK9 inhibitors with pyrroloĳ2,3-d]pyrimidin cores. (B) The predicted binding mode of compound 6e (green) and
CDK9 (pink, PDB: 4BCF). (C) The predicted binding mode of compound 21e (green) and CDK9 (pink, PDB: 4BCF). The hydrogen bonds are
depicted by red dotted lines.

Fig. 13 Chemical structure of designing PROTAC degrader 3 based on compound 1.

Fig. 14 Chemical structure of designing PROTAC 11c based on wogonin.

RSC Medicinal ChemistryReview



RSC Med. Chem., 2022, 13, 688–710 | 701This journal is © The Royal Society of Chemistry 2022

induced cell apoptosis. CAN508 treatment was identified to
inhibit angiogenesis through a CDK9-dependent
mechanism.132 The crystal structure (Fig. 9B) of CAN508
with CDK9/cyclin T was determined (PDB: 3TN8). CAN508
bound to the ATP binding site located between the N- and
C-terminal lobes of CDK9. The diaminopyrazole ring of
CAN508 made hydrogen bonds to the main chain nitrogen
of CDK9 CYS106 and the chain oxygen of ASP104 in the
hinge region. Additional hydrogen interaction between
CAN508 and the carbonyl group of ILE25 of CDK9 was
identified. The OH group of the CAN508 phenolic moiety
engaged in a network of hydrogen bonds with residues
GLU66, LYS48, and PHE168 of CDK9. CAN508 was
sandwiched between the ALA46 in the N-terminal and
LEU156 in the C-terminal lobe.

RGB-286638 (Fig. 9A) was an indenopyrazole-derived
multi-targeted CDK inhibitor, which inhibited the kinase
activity of CDK9/cyclin T1, CDK1/cyclin B1, CDK2/cyclin E,
CDK4/cyclin D1, CDK3/cyclin E, and CDK5/p35 with IC50

values of 1, 2, 3, 4, and 5 nM, respectively.133 In addition,
RGB-286638 also inhibited other tyrosine and serine/
threonine non-CDK enzymes. CDK9 was the primary target of
RGB-286638 that mediated its caspase-dependent apoptosis
activity in multiple myeloma. A phase I study of RGB-286638
(NCT01168882) was performed to evaluate the
pharmacokinetic and pharmacodynamic profiles in patients
with solid tumors.134

CDK9 inhibitors with aminothiazole cores

SNS-032 (BMS-387032, Fig. 10), an aminothiazole, was a
highly efficacious and selective antitumor agent of CDKs 2, 7
and 9 (IC50 = 48 nM, 62 nM and 4 nM, respectively).135 SNS-
032 prevented tumor cell-induced angiogenesis by inhibiting
the vascular endothelial growth factor. SNS-032 showed single
agent activity in malignant hematologic cells and solid
tumors.136,137 Phase I clinical trials of SNS-032 in patients
with advanced B-lymphoid malignancies (NCT00446342) and
solid tumors (NCT00292864) have been completed.

MC180295 (Fig. 10) was a novel potent and selective CDK9
inhibitor. MC180295 against a panel of 250 kinases at 1 μM
was highly selective against CDKs within the human kinome.
MC180295 had broad anti-cancer activity in vitro and was
effective in in vivo cancer models.138

CDK9 inhibitors with azaindole cores or nitrogen-containing
heterocycles

A-1592668 (Fig. 11A) was a potent small-molecule inhibitor of
CDK9 (IC50 = 2.6 nM), with CDK selectivity profiles.139

A-1592668 was afforded by modification primarily to the
right-hand portion of the pharmacophore from A-1467729
(Fig. 11A). A-1467729 was a potent CDK9 inhibitor (IC50 = 1.2
nM) with >1000× selectivity over CDK1, CDK2, CDK7 and
CDK8. A-1592668 initiated apoptosis and tumor cell death in
MCL-1-dependent hematologic tumors. A-1592668

Fig. 15 Chemical structure of designing PROTAC THAL-SNS-032 based on SNS-032.

Fig. 16 Chemical structure of designing PROTAC F3 based on compound FN-1501.
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demonstrated robust pharmacodynamic marker movement.
It could be in combination with venetoclax for the treatment
of patients with hematologic malignancies.

Compound 4ab (Fig. 11A) inhibited CDK2 and CDK9
activity with nanomolar potency (IC50 = 5.5 and 24 nM,
respectively). 4ab showed potent antiproliferative activities
against a panel of tested tumor cell lines. In addition, 4ab
demonstrated good aqueous solubility and an acceptable
in vivo PK profile. 4ab showed good in vivo efficacy in a
mouse mammary triple-negative breast cancer model.140

Azaindoles 38 and 39 (Fig. 11A) were obtained from the
optimization of a hit compound 2 (CDK9 IC50 = 34 nM) and a
co-crystal structure of the azabenzimidazole-based lead 6
(CDK9 IC50 = 47 nM) bound to CDK9. 38 and 39 were potent
and highly selective CDK9 inhibitors, with an IC50 value of 8
and 6 nM, respectively. 38 and 39 showed no significant
inhibition at 1 μM apart from CDK9 (99% inhibition), which
exhibited high selectivity vs. CDK1, CDK2, CDK6, CDK7, and
CDK12. 38 and 39 exhibited good physicochemical and
pharmacokinetic properties.141 The crystal structure of 6 with
CDK9-cyclin T1 is shown in Fig. 11B. The azabenzimidazole
scaffold of compound 6 made hydrogen bonds to the CYS106
residue of the CDK9 hinge. The azabenzimidazole scaffold
also formed a CH–O interaction to the backbone carbonyl
oxygen of ASP104. The acetamido group oriented into the
solvent and the 3H-imidazoĳ4,5-b]pyridine moiety made
contact with the hydrophobic pocket formed by PHE103,
PHE105, VAL79 and LEU156.

Ghanem et al. designed a series of novel imidazo[4,5-b]
pyridine based compounds as potent anticancer agents with

CDK9 inhibitory activity. The compounds had promising
anticancer activity against either breast or colon cancer cell
lines. Compound VI (Fig. 11A) was the most potent one
exhibiting a submicromolar level against CDK9 enzyme assay
(IC50 = 0.50 μM).142

PHA-767491, (Fig. 11A, 1,5,6,7-tetrahydro-2-(4-pyridinyl)-
4H-pyrrolo[3,2-c]pyridin-4-one hydrochloride), was a dual
inhibitor of the Cdc7/CDK9 inhibitor with IC50 values of 10
nM and 34 nM, respectively. PHA-767491 resulted in
apoptotic cell death in multiple cancer cell types and tumor
growth inhibition in cancer models.143 PHA-767491 was
synergized with multiple epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR-TKIs), such as lapatinib,
erlotinib and gefitinib, to overcome resistance to EG.

7t (Fig. 11A), an indirubin-30-monoxime derivative, was a
potent CDK inhibitor that showed significant inhibition
against both CDK2/cyclin E1 and CDK9/cyclin T1. 7t
exhibited IC50 values at the submicromolar level.144

CDK9 inhibitors with pyrroloĳ2,3-d]pyrimidine cores

Our group has developed some CDK9 inhibitors based on
pyrroloĳ2,3-d]pyrimidine scaffolds. Compound 6e (Fig. 12A)
showed CDK4/9 and HDAC1 inhibitory activity of IC50 = 8.8,
12, and 2.2 nM, respectively. 6e showed good selectivity in a
kinase profiling assay against 375 kinases. In addition, 6e
showed significant antitumor efficacy in vitro and in vivo.145

As shown in the predicted binding mode (Fig. 12B), two
hydrogen bonds were formed between the aminopyrimidine
of 6e and the backbone residue of CYS106 in CDK9.

Fig. 17 Chemical structure of designing PROTAC B03 based on BAY-1143572.

Fig. 18 Chemical structure of designing PROTAC 2.
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Compound 6e gained a hydrogen bonding interaction
between the hydroxamic acid group and the THR29 residue
of CDK9. The dimethylcarbamoyl moiety filled the
hydrophobic pocket, which formed a hydrogen bond with

ASP167 of the activation loop. Compound 21e (Fig. 12A)
potently inhibited CDK9 with an IC50 value of 11 nM and
suppressed the stemness properties of NSCLC effectively. 21e
displayed good selectivity over the CDK family kinases and
kinase profiling assay against 381 kinases. 21e efficiently
inhibited the CDK9 signaling pathway and stemness both
in vitro and in vivo.146 As shown in the predicted binding
mode (Fig. 12C), the 2-aminopyrimidine of 21e hydrogen
bonded with the CYS106 residue of the kinase hinge regions
in CDK9. An additional hydrogen bond existed between the
isothiocyanate group of compound 21e and the HIS108
residue. The pyrrolo-[2,3-d]-pyrimidine group exploited the
hydrophobic region close to the gatekeeper residue PHE103
to form a π–π interaction in CDK9. The dimethylcarbamoyl
moiety filled the hydrophobic pocket, forming a van der
Waals contact with the ASP167 residue. Compound 18i
(Fig. 12A) was discovered with potent activity against CDK4
and CDK9 at the nanomolar level with IC50 = 2.5 nM and 7
nM, respectively. 18i demonstrated only modest activity

Fig. 19 Chemical structure of designing degrader 45.

Fig. 20 (A) The main amino acid residues of CDK9 (PDB: 3BLR) that formed interactions with the inhibitors. The hydrophobicity ranges its intensity
from 3.00 (maximum hydrophobic zones) to −3.00 (minimum hydrophobic zones). The minimum intensity areas are the blue shaded regions and
the maximum intensity areas are denoted with dull brownish color. (B) Atoms of inhibitors participating in hydrogen bonds with the hinge region
of CDK9 are shown in purple shadow.
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against 3 out of the 394 protein kinases. Oral administration
of 18i showed significant therapeutic effects in xenograft
mouse models of breast cancer.147

Selective CDK9 small molecule
degraders (PROTACs)

The PROTAC strategy has been used to design selective CDK9
degraders. PROTACs are formed with one fragment that
binds the target protein, another that binds a ubiquitin (E3)
ligase, and a linker connecting these two fragments. Recent
studies have reported the identification of selective CDK9
degraders.

In 2017, Robb et al. reported the first example of a
PROTAC that selectively degraded CDK9. The degrader 3
(Fig. 13) was composed of compound 1 and thalidomide
binding to the E3 ubiquitin ligase Cereblon (CRBN), and an
alkane chain. Compound 1 showed selectivity for CDK5 and
CDK9 over CDK2 whereas degrader 3 was selective for CDK9.
Degrader 3 degraded CDK9 with a DC50 about 8 μM (the
value estimated from the reported data). In addition, 3
degraded CDK9 resulting in reduced phosphorylation of Ser2
on RPB1, a CDK9 substrate and reduced the levels of Mcl-1, a
prosurvival protein, regulated by CDK9 activity.148

In 2018, Bian et al. disclosed the identification of a series
of PROTACs targeting CDK9 based on the scaffold of
wogonin. Compound 11c (Fig. 14) selectively promoted the
proteasome-dependent and CRBN-dependent degradation of
CDK9. The wogonin-based PROTAC 11c degraded CDK9 with
moderate anti-proliferative effects in several cancer cell
lines.149

THAL-SNS-032 (Fig. 15) was a selective CDK9 degrader
consisting of SNS-032, a thalidomide derivative which bound
CRBN, and a 3-polyethylene glycol (PEG) linker. SNS-032 was
a multi target inhibitor, while THAL-SNS-032 induced rapid
and specific degradation of CDK9 with near complete
degradation at <250 nM concentration.99

Zhou et al. designed and optimized a dual-degrader,
compound F3 (Fig. 16), targeting multiple CDKs by using the
PROTAC approach. Compound F3 potently induced
degradation of both CDK2 (DC50 = 62 nM) and CDK9 (DC50 =
33 nM). In prostate cancer cells, compound F3 inhibited cell
proliferation by arresting the cell cycle in S and G2/M
phases.150

In 2021, Qiu et al. reported PROTAC B03 (Fig. 17) based
on a selective CDK9 inhibitor BAY-1143572 and
pomalidomide. B03 could inhibit cell growth more effectively
than BAY-1143572 alone. Moreover, B03 induced the
degradation of CDK9 in AML cells at a low nanomolar
concentration, with little inhibition of other kinases.151

King et al. optimized and improved a previously
reported144 aminopyrazole based CDK9 degrader. They
explored aminopyrazole based PROTAC 2 (Fig. 18) that
selectively degraded CDK9 (DC50 = 158 nM). PROTAC 2
selectively degraded CDK9 over other CDK family members.
PROTAC 2 sensitized pancreatic cancer cells.152

Degrader 45 (Fig. 19) was a heterobifunctional molecule
and a selective and efficacious CDK9 degrader. Degrader 45
enabled potent inhibition of TNBC cell growth with an IC50

value of 4 nM. 45 could induce cell apoptosis in vitro and
inhibited tumor growth in the TNBC xenograft model in vivo.
Mechanistic investigation demonstrated that degrader 45
could effectively downregulate the downstream targets of
CDK9 at the transcriptional level.153

Conclusions

CDK9 plays an important role in the regulation of
transcription. Deregulation of the CDK9 pathway or CDK9
overexpression was widespread in a variety of malignancies.
Thus, blocking CDK9 signaling provided an appealing
therapeutic approach to curb cancer development. During
the past decade, many researchers have focused their efforts
on the development of small molecule inhibitors CDK9 for
anticancer potential. Several generations of CDK9 inhibitors
have been discovered. Pan-CDK inhibitors with multiple CDK
inhibition have been known for some time, and some
involved in clinical trials. They displayed remarkable anti-
tumor efficacy. However, due to their low specificity, pan-
CDK inhibitors may come with toxicities, limiting their
further applications. Several pan-CDK9 inhibitors, including
flavopiridol, roniciclib, etc., have limited clinical application
in cancer treatment due to their side effects. Subsequently,
selective CDK9 inhibitors with improved selectivity have since
emerged. Some CDK9 inhibitors, including atuveciclib,
VIP152, AZD4573, JSH-150, NVP-2, KB-0742, AT7519, and so
on, have been developed with better selectivity and less side
effects. Selective CDK9 inhibitors may be beneficial to
patients. Despite this, efforts and progress have been made.
Notably, the development of PROTAC strategies in recent
years has made it possible to reduce the toxicity and side
effects.

As depicted in Fig. 20A, there are some essential amino
acid residues for the kinase inhibitory activity in the ATP-
binding pocket of CDK9, such as CYS106, ASP167, ASP104,
and THR29. Important interactions between inhibitors and
CDK9 included hydrogen bonds, hydrophobic interactions,
and the π–π stacking interaction. In particular, the residue
CYS106 in the hinge region was important for hydrogen
bonds. In addition, the shallow hydrophobic pocket was
formed by the HIS108, PHE105, and PHE103 residues of
CDK9. Moreover, the gatekeeper residue PHE103 at the back
of the ATP binding site may form a favorable π–π interaction.
Structural studies of CDK9 inhibitors reported indicated that,
according to their core skeleton, CDK9 inhibitors included
flavonoid, aminopyrimidine, pyridine (or triazine), purine,
pyrazoloĳ1,5-a]pyrimidine, pyrazole, aminothiazole, azaindole
and pyrroloĳ2,3-d]pyrimidine cores (Fig. 20B). Nearly all the
core skeletons (Fig. 20B) were anchored to CDK9 through
hydrogen bonding interactions with the hinge region
residues, similar to ATP mimetic inhibitors of other
kinases.154
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Most of the kinase inhibitors reported could be classified
into two main categories based on their mode of actions:
ATP-competitive inhibitors and allosteric inhibitors.155 As
above, ATP-competitive inhibitors formed one to three
hydrogen bonds to the amino acids situated in the hinge
region of the target kinase, similar to the binding mode of
the adenine residue of the ATP.156 Allosteric inhibitors
induced a conformational change to the kinase and modified
its activity.157,158 Recently, several allosteric inhibitors for
other protein kinases have been developed and reported with
advantages of high selectivity and few adverse effects.159,160

To our knowledge, no CDK9 inhibitors targeting allosteric
sites have been developed yet. Therefore, allosteric regulation
may open a new avenue for CDK9 drug discovery.

From the perspective of the development of inhibitors, the
design of drugs targeting CDK9 is a promising strategy for
the development of antitumor drugs. Selectivity improvement
is an important aspect for the development of CDK9 drugs.
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