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Targeting cyclin-dependent kinase 9 in cancer therapy
Yi-li Shen1, Yan-mao Wang1, Ya-xin Zhang1, Shen-jie Ma1, Le-he Yang1, Cheng-guang Zhao1,2 and Xiao-ying Huang1

Cyclin-dependent kinase (CDK) 9 associates mainly with cyclin T1 and forms the positive transcription elongation factor b (p-TEFb)
complex responsible for transcriptional regulation. It has been shown that CDK9 modulates the expression and activity of
oncogenes, such as MYC and murine double minute 4 (MDM4), and it also plays an important role in development and/or
maintenance of the malignant cell phenotype. Malfunction of CDK9 is frequently observed in numerous cancers. Recent studies
have highlighted the function of CDK9 through a variety of mechanisms in cancers, including the formation of new complexes and
epigenetic alterations. Due to the importance of CDK9 activation in cancer cells, CDK9 inhibitors have emerged as promising
candidates for cancer therapy. Natural product-derived and chemically synthesized CDK9 inhibitors are being examined in
preclinical and clinical research. In this review, we summarize the current knowledge on the role of CDK9 in transcriptional
regulation, epigenetic regulation, and different cellular factor interactions, focusing on new advances. We show the importance of
CDK9 in mediating tumorigenesis and tumor progression. Then, we provide an overview of some CDK9 inhibitors supported by
multiple oncologic preclinical and clinical investigations. Finally, we discuss the perspective and challenge of CDK9 modulation in
cancer.
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INTRODUCTION
Cyclin-dependent kinase (CDK) 9 is a prominent member of the
transcriptional CDK subfamily [1]. Associated with cyclin T1/T2, CDK9
forms the catalytic subunit of the positive transcription elongation
factor b (p-TEFb) that is required for the phosphorylation of the RNA
polymerase II (RNA Pol II) C-terminal domain (CTD) and transcription
elongation [1, 2]. It has been shown that CDK9 modulates the
expression and activity of oncogenes, such as MYC [3] and murine
double minute 4 (MDM4) [4], and plays an important role in the
development and/or maintenance of the malignant cell phenotype
[5–7]. Dysregulation of the CDK9 pathway has been observed in a
range of human tumors, such as acute myeloid leukemia [8], prostate
cancer [9], colorectal cancer [10], and pediatric soft tissue sarcomas
[11]. Due to its essential role in the development and progress of
malignancy, CDK9 has emerged as a novel prognostic marker and an
appealing target for cancer therapy [12–15]. Small-molecule inhibitors
and natural compounds targeting CDK9 are being investigated in
preclinical and clinical studies because they exert effective anti-
apoptotic and antitumor activity [16, 17]. In this review, we provide an
updated overview of the biological characteristics of CDK9, focus on
representative CDK9 modulators, and provide new insight into the
roles of CDK9 in cancer.

CYCLIN-DEPENDENT KINASE 9: A KEY TRANSCRIPTIONAL
REGULATOR
CDK9 is the catalytic subunit of p-TEFb that, in association with
cyclin T, modulates RNA transcriptional elongation [1]. In the

majority of active mammalian genes, RNA Pol II transcribes 30-
60 nucleotides before elongation is interrupted by a regulated
pause in the promoter-proximal regions [18]. The pausing is
mainly regulated by two pause-promoting factors, the DRB
sensitivity inducing factor (DSIF) and the negative elongation
factor (NELF) [1]. Then, the active p-TEFb/CDK9 complex is
recruited by the bromodomain-containing protein 4 (BRD4) and
the super elongation complex (SEC). In this process, CDK9
phosphorylates three main substrates: Ser2 of RNA Pol II CTD,
the DSIF, and the NELF, finally releasing the RNA Pol II from the
pause status and assuring productive initiation of RNA synthesis
[11, 15, 17] (Fig. 1).
Novel links between CDK9 function and transcription were

provided by several recent studies. It was discovered that small
ubiquitin-like modifier (SUMO) regulates cell transcription by
controlling the sumoylation of CDK9 and the regulation of
transcriptional elongation, while MYC amplifies gene expression
by antagonizing the sumoylation of CDK9 [19]. The results
obtained by Ma et al. indicate that in human immunodeficiency
virus-1 (HIV-1) infection CDK9 is significantly sumoylated by
TRIM28, which inhibits the CDK9 kinase activity and p-TEFb
assembly, subsequently suppressing viral transcription and con-
tributing to HIV-1 latency [20]. Furthermore, it was demonstrated
that histone deacetylase sirtuin 6 (SIRT6) binds to RNA Pol II and
prevents the release of NELF, while deficiency of SIRT6 activates
CDK9, enriches histone H3 lysine 9 acetylation (H3K9ac) and
histone H3 lysine 56 acetylation (H3K56ac), and facilitates the
recruitment of elongation-promoting factors (including MYC and
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BRD4), the SEC factors AF4/FMR2 family member 4 (AFF4) and
elongation factor for RNA polymerase II 2 (ELL2) [21]. CDK9-
mediated TAT-interacting protein 60 (TIP60) phosphorylation
regulates the affinity of TIP60 to histone 3 and RNA Pol II, while
the lysine acetyltransferase (KAT) activity of TIP60 is mainly
regulated by the phosphorylation on S86, which is also dependent
on the phosphorylation of S90 [22]. CDK7-mediated CDK9 Ser175
phosphorylation promotes the assembly of p-TEFb with trans-
activator of transcription (TAT) and provirus HIV reactivation [23].
Moreover, CDK9-dependent co-and/or post-transcriptional events
involving Spt5 and infectious cell culture protein 27 (ICP27) play
crucial roles in the expression of herpes simplex virus 1
replication-dependent late genes [24].

THE ROLE OF CDK9 IN CANCER
Clinical implications of CDK9 in cancer
Genomic alterations of CDK9 are relatively uncommon in human
cancers and, involve mutations, amplifications, deep deletions and
multiple alterations (Fig. 2). Due to its low frequency, CDK9
amplification as a primary criterion for inhibitor sensitivity is not
available. Previous studies have indicated that dysregulation in
CDK9 and the CDK9 pathway are related to oncogenesis and
progression in multiple tumor types, such as osteosarcoma [13],
ovarian cancer [25], synovial sarcoma [26], pancreatic cancer [27],
and endometrial cancer [28]. McLaughlin et al. found that high
expression of POLR2A (RNA-II), the essential downstream target of
CDK9, is significantly correlated with poor metastasis-free survival
in estrogen receptor-negative (ER-neg) breast cancer patients (n=
123), although CDK9 expression level is not [29]. Parvathareddy
et al. evaluated CDK9 expression in 441 epithelial ovarian cancer
(EOC) samples, and found that CDK9 is over-expressed in 56.2%
(248/441) samples, associated with adverse clinic-pathological
characteristics, such as distant metastasis (P < 0.0001), stage IV
tumors (P < 0.0001), tumor recurrence (P= 0.0105) and high Ki-67
index (P < 0.0001) [30]. Moreover, patients with CDK9high and
CDK9low status have shown disease-free survival (DFS) of 12 months
and 20 months respectively, suggesting that CDK9 could be an
independent predictor of poor DFS [30]. In addition, the association
between CDK9 and drug resistance has been recently reported,
including neoadjuvant chemotherapy [13], CDK4/6 inhibitors [6],
EGFR-TKIs [29] and BCL2 inhibitor [31–33].

Transcriptional regulation of CDK9 in cancer
To date, multiple CDK9 inhibitors are available and are undergoing
clinical trials, and their anti-tumoral effects are mainly exerted via
transcriptional regulation of different oncogenic target genes,

involved in cell proliferation, apoptosis, migration, angiogenesis,
metabolism and stemness characteristics (Fig. 3).
In terms of proliferation and apoptosis, it has been determined

that CDK9 inhibitors suppress cell proliferation and induce
apoptosis across broad cancer cell line panels. Studies also showed
reduced tumor burden and satisfactory tolerability upon CDK9
inhibition in vivo. Acute inhibition of CDK9 results in transient
transcriptional suppression and preferential depletion of proteins
with short half-lives, such as MCL-1, MYC, and CCND1. Therefore,
most preclinical studies have attributed the mechanism of action
of CDK9 inhibitors predominantly to depletion of MCL-1 and MYC,
which are determinants for cancer cell survival and apoptosis. BFL-
1 inhibitor alone is insufficient to overcome BFL-1 overexpression
associated with intrinsic venetoclax resistance in lymphomas, while
CDK9 inhibitor sufficient to downregulate both BFL-1 and MCL-1
[31]. In addition, several studies have revealed that CDK9 has a role
in the recovery of WT-p53 function in cancer. It has been reported
that CDK9 phosphorylates the p53-induced RING-H2 (PIRH2)
protein and attenuates p53 protein degradation in primary
microglia and astrocytes [34]. In colorectal tumor cells, CDK9
inhibitors decrease the transcription of inhibitor of apoptosis
stimulating protein of p53 (iASPP), promoting p53’s transcriptional
activity and its tumor-suppressive activities [35]. Yao et al.
demonstrated not only that mouse double minute 2 (MDM2)
mediates p53 degradation, but also that sirtuin 1 (SIRT1) activates
p53 and its target gene transcription [36]. CDK9 inhibitor
suppresses both MDM2 and SIRT1 to increase p53 stability and
prevent hepatocellular carcinoma progression [36]. Štětková et al.
found that CDK9 inhibitors can also activate p53 in melanoma and
breast carcinoma cells by diminishing the MDM4 level [4].
In terms of migration and invasion, it has been shown that

inhibition of CDK9 suppresses migration activity in ovarian cancer
cells and osteosarcoma cells [13, 25]. CDK9 regulates the
expression of matrix metalloproteinase (MMP)-9, but not MMP-2,
although both engaged in the digestion of extracellular matrices
in cancer cells [37]. Zhang et al. also verified that CDK9 inhibitor
partially decreases MMP-9 levels by inhibiting YAP [38]. In the
same study, intrasplenic uveal melanoma cell-injected mice
displayed decreased metastatic nodules in the livers after being
treated with CDK9 inhibitor [38]. Mechanistically, CDK9 transcrip-
tionally regulates stemness-related protein Krüppel-like factor 4
(KLF4) and c-Myc-dependent RhoA, and thereby inhibites migra-
tion and invasion of uveal melanoma cells [38].
In terms of angiogenesis, it was reported that CDK9 inhibitors

inhibit three-dimensional capillary network formations of
endothelial cells, and can be rescued by recombinant vascular
endothelial growth factor (VEGF), the most potent tumor

Fig. 1 CDK9 function in transcription elongation. CDK9 associates with cyclin T1 forming the p-TEFb complex. RNA Pol II is paused after
adding a few dozen nucleotides to the transcript due to the DSIF and NELF influence. After activation and recruitment, the p-TEFb complex
phosphorylates three main substrates: Ser2 of RNA Pol II CTD, the DSIF and the NELF, to release RNA Pol II from pause status and activate the
productive elongation phase of transcription.
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angiogenic factor [39]. Moreover, CDK9 inhibition also suppresses
intercellular adhesion molecule-1 (ICAM-1) expression, which is
important for the activity of endothelial cells and their interaction
with tumor cells [40].
In terms of metabolism, Su et al. showed that CDK9 inhibition

induces mitochondrial dysfunction in glioblastoma cells via reducing
MCL-1 and BIRC5 expression, which induces mitochondrial-mediated
apoptosis in glioblastoma cells [41]. CDK9 inhibition downregulates
most of the genes involved in respiratory complexes I, III, IV, and V,
especially in complex I, as well as disrupted mitochondrial membrane
integrity and released cytochrome c from mitochondria [41]. The
study also showed that combination regimens of CDK9 inhibitor and
temozolomide are lethal to glioblastoma in vivo and in vitro,
suggesting a candidate combination for glioblastoma therapy [41].
Carte et al. discovered that MCL-1 regulates metabolic pathways,
including the tricarboxylic acid cycle, glycolysis, and pentose
phosphate pathway and modulates cell adhesion proteins and
leukemia-stromal interactions, which are independent of apoptosis
induction by MCL-1 [32]. Inhibition of MCL-1 by the CDK9 inhibitor
AZD4573 sensitizes the BCL-2 inhibitor venetoclax, thereby extending
the survival of patient-derived xenograft (PDX) mice established from
venetoclax-resistant acute myeloid leukemia patients [32]. Mechani-
cally, Huang et al. found that CDK9 inhibitor restrains the glycolysis of
B-cell acute lymphocytic leukemia cells via downregulation of glucose
transporter type 1 (GLUT1) and the key rate-limiting enzymes of
glycolysis, such as hexokinase 2 (HK2) and lactate dehydrogenase A
(LDHA) [42].
In terms of stemness characteristics, Wang et al. synthesized a

series of CDK9 inhibitors and found that the most potential
candidate (named 21e) downregulates NSCLC cells’ sphere forma-
tion ability, side population characteristics and stemness markers
abundance, which includes SRY (sex-determining region Y)-box 2
(SOX2), octamer-binding transcription factor 4 (OCT4), KLF4, and
Nanog [5]. NOTCH signaling is a promising target in glioblastoma
due to its function in stem cell fate and self-renewal [43]. However,
NOTCH antagonists have demonstrated limited efficacy in clinical
trials [44]. Xie et al. proposed that recombining binding protein
suppressor of hairless (RBPJ) can be a better target in glioblastoma

with higher pharmacologic action [45]. It was reported that RBPJ
binds to CDK9 to promote target gene transcription elongation [45].
Moreover, CDK9 targeting decreases the proliferation and self-
renewal of brain tumor-initiating cells [45]. These results reveal the
important role of CDK9 in maintaining stem cell phenotypes, which
are associated with tumorigenesis and drug resistance.

Novel interactions between cellular factors and CDK9 in cancer
cells
CDK9 associates with cyclin T1/T2 to form the catalytic subunit of
p-TEFb, which is a two-unit molecule required for the proper
function of polymerase II [46]. Recent studies have identified other
cellular factors that interact with CDK9, including mammalian
target of rapamycin (mTOR), anti-silencing function of 1B histone
chaperone (ASF1B), signal transducer and transcription 3 (STAT3),
and BRD4, suggesting that CDK9 target inhibition may impair the
interactions between CDK9 and other cellular factors and cause
subsequent antitumor properties (Fig. 4).
Two novel mTOR-like (CTOR) complexes (CTORC) formed by

CDK9 and mTOR play key roles in mRNA transcription and
translation of mitogenic genes [47]. In the cytoplasm, in
association with the rapamycin-insensitive companion of mam-
malian target of rapamycin (RICTOR), mammalian stress-activated
protein kinase-interacting protein 1 (mSIN1), and mammalian
lethal with sec-13 protein 8 (mLST8), CDK9 forms the CTORC2
complex, which is associated with and/or impacted by the
phosphorylation of proteins functioning in ribosomes that control
mRNA translation. In the nucleus, CDK9, RAPTOR, and mLST8
combine to form the CTORC1 complex, which is found in gene
promoter sites to promote the transcription of certain oncogenes.
CDK9 inhibition impaires CTORC complex formation and sup-
presses the malignant phenotype of acute myelogenous leukemia
(AML) in vitro and in vivo, and synergizes with cytarabine, a key
component of standard chemotherapy for AML patients [47].
Sandrine et al. provided the first evidence that STAT3 is

involved in chromatin remodeling and transcriptional elongation
by interacting with brahma-related gene 1 (BRG1) and CDK9 [48].
Interaction between STAT3 and BRG1 increases the accessibility of

Fig. 2 Genomic alterations of CDK9 in various human cancers. The data were obtained from www.cbioportal.org, under the set of sample
quantity >100 and alteration frequency >1% (accessed on 16 August 2021).
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the p21waf1 promoter so that it can bind to RNA Pol II. Then, STAT3
recruits CDK9 to phosphorylate RNA Pol II Ser 2 and promotes the
prolongation of cell transcription [48]. Hou et al. extended their
previous study to show that the STAT3-CDK9 complex can
stimulate gamma-fibrinogen (γ-FBG) gene recruitment and pro-
long transcription [48]. Acetyl-bufalin shows potent efficacy
against non-small cell lung cancer (NSCLC) by impairing the
formation of the CDK9-STAT3 complex, verifying that it can be
used as a possible target for NSCLC and other cancers [49]. It was
reported that ASF1B positively regulates CDK9 stabilization and
forms stable complexes with CDK9, promoting cell proliferation
and reducing apoptosis in cervical cancer [50]. Disruption of
ASF1B by targeting CDK9 may elicit strong anti-cervical tumor
responses [50]. Zhang’s results defined a function for sirtuin 2
(SIRT2) in regulating checkpoint pathways that respond to
replication stress through the deacetylation of CDK9, providing
insight into how SIRT functions in protecting genomic integrity,
and even in cancer progression [51]. The SIRT2-mediated
deacetylation of CDK9 promotes STAT1 signaling to regulate the
transcription of interferon-stimulated genes and interferon-driven
antiproliferative responses [52]. This study suggests that targeting
the SIRT2-CDK9-STAT1 axis can provide therapeutic benefits for
immune-related diseases and cancer [52].
BRD4 has emerged as a key epigenetic modulator for gene

transcription and cancer development [53, 54]. Biochemical and
immunofluorescence data identified an interaction between BRD4
and the active kinase form of CDK9 in the nuclei of human cells
[55, 56]. Two regions of BRD4 directly bind to p-TEFb. The CTD
interacts with cyclin T1 and CDK9, while the second bromodomain
(BD2) region interacts with the acetylated region of cyclin T1.
Previous publications indicated that the BRD4-p-TEFb interaction
plays a central role in the rapid initiation of transcription after the
exit from mitosis [57]. The coordination between BRD4 and CDK9
promotes TGF-β-induced Nox4 expression and myofibroblast
transition, and inhibition of the CDK9-BRD4 pathway may be a
useful strategy to limit hypertrophic scar formation [55]. Wang and
colleagues discovered that the kinase activity of CDK9 in the
p-TEFb complex stimulates BRD4 in NUT midline carcinoma [7].
Blocking the BRD4-CDK9 interaction reduces BRD4 hyperpho-
sphorylation, represses expression of downstream oncogenes
SOX2 and MYC, and abolishes cellular transformation [7]. Fisher
et al. proposed a phosphorylation-dephosphorylation cycle
whereby the p-TEFb complex catalyzes the inhibitory phosphor-
ylation of PP1 and PP4 that is localized to the 3′ and 5′ ends of
genes, respectively, to govern pause-release and the elongation-
termination transition [58].

CDK9 epigenetically regulates genes in cancer
CDK9 has also been implicated in epigenetic regulation, expand-
ing its functional repertoires. A tremendous number of studies in

the last two decades have centered on the recognition that
epigenetic alterations are associated with almost every step of
tumor development and progression [59–61]. It is now widely
recognized that genomic and epigenomic mutations, as well as
environmental factors, work in concert to modify cellular and
organismal pathobiology. Epigenetic modifications involve
changes to the chromatin structure and result in differential gene
expression rather than changes to the DNA sequence [61]. The
major epigenetic regulators include DNA methylation enzymes,
histone modifiers and readers, chromatin remodelers, non-coding
RNAs, and other components of chromatin [62, 63].
Most recently, it was found that CDK9 provides guidance for a

complex network of chromatin modifications and translational
control. Previous work showed that the inhibition or knockdown
of CDK9 resulted in a nearly complete loss of histone H2B mono-
ubiquitylation (H2Bub1) in tumor cells, linking the unique cross-
talk between CDK9 activity and histone code in the regulation of
histone mRNA 3’-end processing, as the inhibition of CDK9
results in the insufficient formation of the 3’-end of histone
messenger RNA [64]. Furthermore, Miriam et al. uncovered gene
regulatory mechanisms dependent on CDK9 and H2Bub1 and
revealed that CDK9 and H2Bub1 collaborate to suppress
antisense transcription through the histone deacetylase Clr6-
CII in fission yeast [65].
In You’s study, BRD4 and the p-TEFb complex are enriched at

the BRD4-NUT-induced histone-hyperacetylated chromatin
domain, thus stimulating BRD4 hyperphosphorylation [7]. Using
an inhibitor to disrupt the p-TEFb-BRD4 interaction in NUT midline
carcinoma (NMC) cells led to the repression of BRD4 downstream
oncogenes SOX2 and MYC and abrogation of NMC cellular
transformation [7]. This finding revealed the mechanism of CDK9
dysregulating BRD4, which is an important epigenetic reader via
phosphorylation that could lead to tumorigenesis. Surprisingly,
recent data indicate that bromodomain and bromodomain extra-
terminal (BET) proteins function as master transcription elongation
factors independent of CDK9 recruitment [66]. Targeted BET
degradation disruptes the CTD phosphorylation of RNA Pol II and
global productive elongation, but no significant abrogation of
chromatin-engaged CDK9 was observed [66]. However, research-
ers cannot rule out whether the subsequent recruitment of p-TEFb
will affect this process [66]. Moreover, future studies are needed to
address the complex connections between BRD4 and CDK9, as
well as their independent functions in RNA Pol II phosphorylation
and elongation control.
Jean et al. presented preliminary evidence that CDK9 is essential

for maintaining gene silencing at heterochromatic loci [14]. First,
through genetic inhibition and overexpression of CDK9, the
researchers identified CDK9 as a novel epigenetic target that is
required to maintain transcriptional repression at epigenetically
silenced loci [14]. CDK9 inhibition has a bimodal effect, in that one

Fig. 3 Transcriptional regulation of CDK9 in cancer. Activated CDK9 in the p-TEFb complex promotes cancer cell proliferation, anti-
apoptosis, migration, angiogenesis, metabolism and stemness characteristics via transcriptional regulation of target genes.
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gene subset initially undergoes downregulation, with subsequent
upregulation for another. Most of these silenced or upregulated
genes are highly hypermethylated in their promoters, indicating
that CDK9 inhibition is irrelevant for the occurrence of DNA
demethylation [14]. Second, they delved into the mechanism of
CDK9-mediated repression and found that CDK9 directly mediates
the phosphorylation of BRG1, which is a central component of the
SWI/SNF family that regulates chromatin structure [67]. Global and
diffuse relaxation of chromatin caused by CDK9 inhibition
indicated that CDK9 is involved in chromatin remodeling. Based
on the above, the group gave rise to the theory that CDK9-
mediated phosphorylation of BRG1 leads to its release from
chromatin [14]. Then, in vitro and in vivo experiments further
demonstrated that specific CDK9 inhibition could hinder color-
ectal tumor proliferation and sensitize ovarian tumors to the
immune checkpoint inhibitor α-PD-1 in mice [14]. A previous study
reported that CDK9 mediates the phosphorylation of the SWI/SNF
complex components in HIV-1-infected T-cells, and phosphoryla-
tion of the SWI/SNF component Baf53 leads to its release from
DNA [68]. Given its mechanisms governing enhancer regulation

(e.g., MYC) [17], it remains to be seen how CDK9 can maintain a
balance between upregulating and silencing genes.
Several miRNAs are extensively involved in the process of

tumorigenesis by regulating cell cycle, metastasis, angiogenesis,
metabolism, and apoptosis in different types of cancer [69, 70],
including pancreatic [71], ovarian [72], and lung cancer [73], and
therefore represent a new molecular marker and therapeutic
strategy to regulate gene expression through the epigenetic
machinery [74, 75]. CDK9 not only controls myogenic transcription
factors (MyoD and Srf), but also increases the expression of
miRNA1 and miRNA206 and inhibits the expression of miRNA133,
thereby modulating myocyte progenitor cell growth, differentia-
tion, and apoptosis [76]. Additional studies that concentrate on
elucidating the mechanism of how miRNA is regulated by CDK9 in
tumor progression will provide valuable data.

SMALL MOLECULE INHIBITORS TARGETING CDK9
According to the role of CDK9 in cancer development and
progression, multiple CDK9 inhibitors are currently under

Fig. 4 Interactions between cellular factors and CDK9 in cancer cell. Except for cyclin T, recent studies have identified other cellular factors
that interact with CDK9. For example, mTOR, ASF1B and STAT3 combine with CDK9 to form complexes that promote tumorigenesis and
progression.
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development. However, most CDK9 inhibitors, especially those in
clinical development, are broad-spectrum inhibitors due to the
highly conserved structure of CDKs [77]. Although the antitumor
activity of pan-CDK inhibitors has been clinically tested, few

monotherapy developments have advanced beyond phase I/II trial
evaluation due to narrow safety margins and poor pharmacoki-
netic properties [78]. Importantly, a combinational approach for
CDK-targeted agents may be more effective than monotherapy, as

Fig. 5 The molecular structural formulas of CDK9 inhibitors. The formulas were obtained from previous studies or the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) (accessed on 2 September 2021).
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some combination trials are currently ongoing. Natural com-
pounds have been proved to be a rich source of target drugs,
including CDK9 inhibitors, due to their diverse biological proper-
ties and chemical structures. Here we present several natural
product-derived and chemically synthesized CDK9 inhibitors,
especially those that have entered clinical trials (http://
clinicaltrials.gov/) (Fig. 5, Table 1).

Representative natural product-derived CDK9 inhibitors
Flavopiridol, a synthetic flavonoid derived from rohitukine, inhibits
multiple CDKs, including CDK1, CDK2, CDK4, CDK6, CDK7, and
CDK9 [79]. Preclinical findings have demonstrated its ability
against breast cancer, prostate cancer, colorectal cancer, and
esophageal cancer, as well as leukemia and lymphoma [79].
Flavopiridol is the first CDK inhibitor entering clinical trials.
However, most single-agent clinical trials have failed due to
insignificant benefits or severe adverse effects, as reported in
Table 1 [80–83]. Monotherapy has resulted in few objective
responses in patients with relapsed chronic lymphocytic leukemia
(NCT00058240) [84, 85]. In combination with other anti-cancer
drugs, evidence for a positive therapeutic outcome has been
mixed. When combined with cytosine arabinoside plus mitoxan-
trone, flavopiridol has passed safety and tolerability tests and
shown encouraging clinical responses in patients with poor-risk
AML in a phase I/II trial (NCT00016016) [86]. This combination has
also shown promising results in newly diagnosed and relapsed
AML patients, with complete remissions (CR) observed in 75% of
patients [86]. In a phase II study (NCT00083122), a flavopiridol and
cisplatin regimen displayed clinical activity and manageable
toxicity in patients with platin-resistant ovarian and primary
peritoneal carcinoma, with a 17.5% partial response (PR)+ CR rate,
median time to progression of 4.3 months, and overall survival of
16.1 months [87]. Doses of (irinotecan 100 mg/m2+ flavopiridol
60mg/m2/irinotecan 125mg/m2+ flavopiridol 50 mg/m2) have
been proven to be safe, but with limited antitumor activity in a
phase I trial (NCT00006485) [88]. Researchers also conducted a
phase I trial (NCT00042874), demonstrating the combination
efficacy with flavopiridol and oxaliplatin and fluorouracil/leucov-
orin (FOLFOX) in patients with advanced solid tumors [89].
Particularly, in platinum-refractory germ cell tumors, this combina-
tion has shown promising results with 33% partial response and
70% decrease in serum tumor markers [89]. However, when
combined with docetaxel in metastatic breast cancer patients,
dose-limiting toxicities frequently occurred either with 72-h
continuous infusion or with dose escalation for 1-h in a phase I
trial (NCT00020332) [90]. Several serious adverse reactions have
been observed in the conducted trials, such as tumor lysis
syndrome, secretory diarrhea, neutropenia, cytokine release
syndrome, asthenia and vascular thrombosis. Due to the relatively
high incidence of serious toxicity, enthusiasm for the research of
flavopiridol has waned, even in combination therapy.
IIIM-290, derived from the natural product rohitukine, is an oral

CDK2/9 inhibitor exhibiting therapeutic efficacy in colon, pan-
creatic, and leukemia xenograft models [91]. The IC50 values for
in vitro inhibition of CDK2/A and CDK9/T1 are 16 ± 1 nM and 1.9 ±
1 nM, respectively [91]. Due to poor solubility, the efficacious
antitumor dose in vivo is 50 mg/kg [91], although bio-
pharmaceutical improvement is currently under investigation
[92, 93]. Mubashir et al. found IIIM-290 induces p53-dependent
mitochondrial apoptosis, including mitochondrial membrane
potential impairment, reactive oxygen species (ROS) enhance-
ment, PUMA expression, cytochrome c release and caspase
activation [94].
Meriolin is a chemical structural hybrid synthesized by

meridianins and variolins, both derived from marine invertebrates.
Meijer et al. found meriolin 3 inhibits CDK1, CDK2, CDK4 and
CDK9, and its cytotoxicity is validated in multiple cancer cell types
[95]. The mechanism for meriolin 3‐triggered apoptosis related to

CDK inhibition activity is as follows: CDK9 inhibition down-
regulates short-live MCL-1 expression; CDK1 inhibition reduces the
sequestration of proapoptotic protein MCL-1; and CDK1 and CDK2
inhibition blocks cell cycle transition [95, 96].
Oroxylin A, a methylated metabolite of baicalein, possesses

antitumor activity against a wide range of human neoplasms, such
as breast cancer, colorectal cancer, liver cancer, and myelogenous
leukemia [97–100]. The tumor suppressor protein p53 coordinates
key biological processes, such as cell death, DNA repair, metabolic
homeostasis and immunomodulation, and thereby p53 activation
is considered an attractive target for cancer therapy [101, 102].
Wei et al. proved oroxylin A blocks hepatocellular carcinoma
cancer progression by inhibiting CDK9-associated MDM2 and
SIRT1 signaling and stabilizing the level of WT-p53 [102].
Recovered WT-p53 functions as a genome guardian to suppress
tumor progression. Due to their structural complexity, natural
compounds always affect multi-targets and pathways. In another
study, Yang et al. have reported oroxylin A impairs CDK7 stability,
resulting in G2/M phase arrest [103]. Zhang et al. also found
oroxyloside, a metabolite of oroxylin A, possesses CDK2/D1
inhibition properties, leading to cell cycle G0/G1 arrest [104].
Currently, no relevant clinical trial is ongoing.
Bufalin is a cardiotonic steroid and an active ingredient

extracted from the Chinese medicine chansu. Yang et al.
optimized bufalin into acetyl-bufalin for more optimal pharmaco-
kinetics and lower toxicity [49]. Further experiments validated the
increased antitumor activity of acetyl-bufalin on cell proliferation,
apoptosis, migration, and tumor burden. Molecular docking, high
throughput proteomics and Western blot demonstrated the
binding interaction between acetyl-bufalin and CDK9. This study
suggests that acetyl-bufalin, as a CDK9 inhibitor, might be a
potential candidate for NSCLC therapy [49].
Wogonin, a natural compound isolated from the plant

Scutellaria baicalensis, can selectively inhibit CDK9 activity. Bian
et al. synthesized and evaluated a series of wogonin-derived CDK9
inhibitors, the most specific named as 20b and LBJ-23 [105, 106].
20b and LBJ-23 exhibit strong antiproliferative activity against a
panel of tumor cell lines by inducing apoptotic cell death. They
also synthesized CDK9-targeted proteolysis targeting chimera
(PROTAC) 11c, which induces degradation of CDK9 protein and
antiproliferation of CDK9-overexpressed tumor cell [107].
Lu et al. discovered a coumarin derivative acting as a CDK9

inhibitor, named 30i [108]. 30i displays 160 to 978-fold selectivity
over CDK1/2/3/4/5/6 and 3250-fold selectivity over CDK7/8/19.
Substituent coumarin moiety occupied the flexible hinge/aD
region of CDK9, which shows the steric hindrance in other CDKs,
explains the high CDK9 selectivity. Furthermore, 30i’s antitumor
activity has been demonstrated both in vivo and in vitro [108].

Selective chemically synthesized CDK9 inhibitors
Bernard and colleague discovered AZD4573, a new selective CDK9
inhibitor effective against hematological malignancies [109]. Its
known affinities in MCF7 cells encompass CDK 9 (IC50= 0.014 μM),
CDK1 (IC50= 0.37 μM), CDK7 (IC50= 1.1 μM), CDK4/6 (IC50= 1.1
μM) and CDK2 (IC50 > 10 μM) [109]. Gene expression and
proteomic analyses revealed that MCL-1 is the most significantly
modulated gene in AZD4573-treated cells, while the other
members of the BCL-2 family remain unchanged [16]. The
combination of AZD4573 with the BCL-2 inhibitor venetoclax
showed promising results in AZD4573-resistant models, raising
the possibility of combination therapy [16]. Notably, a phase I trial
(NCT03263637) and a phase I/II trial (NCT04630756) are being
evaluated in hematological malignancy patients to assess the
safety, tolerability, preliminary antitumor activity, and synergism
with acalabrutinib. Clinical trials with AZD4573 are still in their
infancy, and further efforts are urgently needed.
Vladimir et al. found a selective CDK9 inhibitor, designated

CAN508, through further optimizing the pharmacophore in 4-
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arylazo-3,5-diamino-1H-pyrazoles [110]. CAN508 exhibits potent
inhibitory activity against CDK1/B (IC50= 44.02 ± 7 μM), CDK2/E
(IC50= 20 ± 6 μM), CDK2/A (IC50= 69 ± 1 μM), CDK4/D1 (IC50=
13.5 ± 3.1 μM), CDK7/H (IC50= 26 ± 13 μM), CDK9/T1 (IC50= 0.35 ±
0.04 μM) in the presence of 100 μM ATP [110]. CAN508 treatment
induces apoptosis and suppressed proliferation in human color-
ectal cancer and breast cancer cells, as well as in esophageal
adenocarcinoma cell xenograft models [40, 110, 111]. CAN508 also
exerts anti-angiogenic effects by reducing transcription of vascular
endothelial growth factor (VEGF) [40].
FIT-039 inhibits the kinase activity of CDK9/T1 (IC50= 5.8 μM)

and CDK4/D3 (IC50= 30 μM), while it is inactive against other
CDKs, including CDK2, CDK5, CDK6 and CDK7 [112]. FIT-039
inhibits HPV viral replication and expression of E6 and E7 viral
oncogenes, reducing the tumor burden in HPV+ cervical cancer
xenografts [113]. FIT-039 has also been clinically evaluated in a
phase I/II study of patients with verruca caused by the human
papilloma virus (UMIN000029695). The safety and tolerability of
FIT-039 patches have been evaluated in patients with cutaneous
warts [114]. To date, there is no randomized clinical trial focusing
on the safety and efficacy of FIT-039 in tumors.
Atuveciclib (BAY 1143572) was optimized to inhibit CDK9/T1

(IC50= 6 μM) and showed over 100-fold selectivity for other CDK/
cyclin complexes, such as CDK1/B (IC50= 1100 μM), CDK2/E (IC50
= 1000 μM), CDK3/E (IC50= 890 μM), CDK5/p53 (IC50= 1600 μM),
CDK6/D (IC50 > 10000 μM) and CDK7/H (IC50 > 10000 μM) [115].
Tumor regression and even remission were observed following
daily oral administration of BAY 1143572 in human AML models in
female NMRI nu/nu mice (MOLM-13) and athymic rats (MV4-11)
[115]. Subsequent experiments by Narita et al. also proved its
effectiveness and safety in adult T cell leukemia (ATL) cells in
preclinical models [116]. Similarly, the utility of BAY 1143572 in the
treatment of natural killer cell leukemia/lymphoma was also
confirmed in vitro and in vivo [117]. In addition to hematological
malignancies, BAY 1143572 suppresses cell proliferation and
invasion in triple-negative breast cancer (TNBC) cells, suggesting
CDK9 is a potential therapeutic target in CDK9-high TNBC [118].
Synergistic antitumor effects were observed when BAY 1143572 is
combined with 5-fluorouracil [119], cisplatin [118], and the BCL2
inhibitor venetoclax [120]. Encouraged by a promising overall
profile in vitro and in vivo, two phase I trials of BAY 1143572 have
been completed using patients with advanced cancer and
leukemia (NCT01938638, NCT02345382). However, both studies
were terminated early due to severe adverse events (e.g.,
neutropenia) and the lack of clinical responses at any of the
doses tested [121, 122].
SNS-032, an N-acyl-2-aminothiazole originally developed as a

selective CDK2 inhibitor (IC50= 38 nM), was later discovered to be
a potent inhibitor of CDK7 (IC50= 62 nM) and CDK9 (IC50= 4 nM).
This drug has been effective against leukemia cells [123, 124],
while it has also inhibited tumor growth respectively in xenografts
of uveal melanoma and breast cancer [38, 125]. It has also been
demonstrated to sensitize non-small cell lung cancer to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis both in vitro and in vivo [126]. In preclinical settings, it
reduces angiogenesis, hypoxia-mediated cell invasion, antiapop-
totic proteins transcription and abrogated oncogene addiction
[39, 127–129]. In particular, SNS-032 prevents cancer metastasis in
uveal melanoma cell xenografts through transcriptional inhibition
of stemness-associated proteins and C-MYC-dependent genes
[38]. Considering that the current CDK9 inhibitors are reversible
and require continuous target occupancy to maintain CDK9
inhibition, Olson and colleagues designed a hybrid compound,
THAL-SNS-032, formed by the conjugation of SNS-032 to
thalidomide [130]. This optimized compound exhibits higher
selectivity for CDK9 in a cereblon (CRBN)-dependent fashion, and
prolongs the inhibitory effect compared to traditional kinase
inhibitors [130]. Two phase I clinical trials of SNS-032

(NCT00292864, NCT00446342) in patients with solid and hemato-
logic malignancies have been completed. The results showed the
tolerability and limited clinical efficacy of SNS-032, although the
maximum administered dose (MAD) was not reached due to a
decision made by the sponsor [131, 132].
KB-0742 is a novel and highly selective CDK9 inhibitor currently

being investigated in phase I studies (NCT04718675). Richters’s
group attempted to develop AR-variant activity modulators, and
they discovered a potent and selective CDK9 inhibitor, KI-ARv-03
[133]. Optimization of this compound into KB-0742 increased its
shape complementarity with the CDK9 ATP-binding pocket,
resulting in an ultra-selective and single-digit nanomolar potent
CDK9 inhibitor [133].
Considering the adverse events, Lücking et al. optimized

atuveciclib into the CDK9 inhibitor BAY 1251152 (IC50= 3 μM)
with high selectivity against other CDKs, such as CDK2 (ratio of
IC50 values 1033), and CDK7 (ratio of IC50 values > 5000) [134].
Pharmacokinetic studies in rats showed that BAY 1251152 has a
low blood clearance (CLb: 1.1 L·h−1·kg−1), a moderate volume of
distribution (Vss: 0.74 L/kg), and a short to moderate half-life (t1/2:
1.0 h) [134]. Furthermore, BAY 1251152 exhibited a blood/plasma
ratio of approximately 1 and did not show significant inhibition of
cytochrome P450 activity, with IC50 values > 20 μM [134]. In the
MV4-11 xenograft model, BAY 1251152 (4.5 mg/kg, Q7D ×3, iv.)
exhibits increased antitumor efficacy and safety compared with
atuveciclib (12 mg/kg × 15 days, po) [134]. BAY 1251152 is
currently being evaluated in phase I studies to determine the
safety, tolerability, pharmacokinetics, and initial pharmacody-
namic biomarker response in patients with advanced cancer
(NCT02745743, NCT02635672). Although satisfactory safety and
tolerability were observed, BAY 1251152 did not result in objective
responses in AML patients in one phase I trial (NCT02745743)
[135, 136].

FUTURE PERSPECTIVES
Since it was first identified in the early 1990s, CDK9 has been
shown to be a primary participant in several physiological and
pathological pathways [137]. Due to being a part of the major
pathways responsible for the development of highly prevalent
pathologies, such as cancer, CDK9 represents a new class of
pharmaceutical targets. Although CDK9 traditionally acts in
transcription elongation, recent studies revealed that it also
interacts with a wide range of proteins involved in translation,
RNA processing, translation termination, and epigenetic modifica-
tions [58, 138, 139]. Research efforts should continue to elucidate
CDK9’s functions to understand the higher-order mechanism
responsible for the development of malignancies.
Additional work on the development of CDK9 inhibitors will also

be important, as the following reasons explain. (1) Searching for
more potent and selective CDK9 inhibitors is still necessary. Most
known CDK9 inhibitors lack high selectivity for the conserved
structures of CDKs [77], and these CDKs are pivotal regulators of
the cell cycle and transcription process under physiological
conditions. An ideal CDK9-targeted agent should exhibit high
affinity, low toxicity, and enhanced specificity and efficacy against
tumor cells. In this review, we summarize a series of selective
CDK9 inhibitors currently being investigated, some having
demonstrated satisfactory antitumor activity. (2) Searching for
optimal therapies mode. CDK9 is involved in extensive crosstalk
with other signaling pathways in cancer cells. Thus, combination
therapy may avoid potential drug resistance and elicit more
powerful antitumor responses. Preclinical results have suggested
that CDK9 inhibitors may synergize with BCL-2 inhibitors, PARP
inhibitors, EGFR inhibitors, BET inhibitors, and 5-fluorouracil
[29, 119, 140–142]. Moreover, it was reported that the CDK7/9
inhibitor PHA-767491 overcomes bone marrow stroma-mediated
drug resistance and sensitizes AML cells to BH3-mimetics [143]. (3)
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Identifying sensitive patient groups. Three selective CDK4 and
CDK6 inhibitors have recently received FDA approval for the
treatment of hormone receptor (HR)-positive, advanced-stage
breast cancer in combination with antihormonal agents [144, 145].
This success demonstrates the importance of defined robust
predictive biomarkers to select patients who may benefit from
these therapies. Acute inhibition of CDK9 results in transient
transcriptional suppression and preferential depletion of proteins
with short half-lives, such as MCL-1 and MYC. MCL-1 and MYC-
driven cancers, such as leukemia, prostate cancer and breast
cancer, may therefore be satisfactory candidates for CDK9
inhibitors [17, 146, 147]. However, current clinical trial data are
limited and, even yielded contradictory effects. The selection of
correct target patients is crucial and needs to be improved
through the study of larger samples and clinical experiments.
Moreover, biomarker strategies should be established for patient
selection because CDK9 mutations are rare in cancer. Further
investigations on biomarkers of CDK9 overactivation may help
identify specific target cancer patients and thus improve clinical
outcomes.
In summary, CDK9’s role has increasingly been the focus of

international attention, especially in cancer. We eagerly wait for
the entry of CDK9 inhibitors into the clinical armamentarium
against cancer and optimal therapies mode, which may improve
the lives of cancer patients in the future.
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