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Abstract. Inflammation is a key component of athero sclerosis. 
Genes coding for inflammatory or anti‑inflammatory mole-
cules are considered good candidates for estimating the risk 
of developing atherosclerosis. Cyclin‑dependent kinase 9 
(CDK9), the kinase of positive transcription elongation factor b 
(P‑TEFb), is crucial in the cell cycle and apoptosis. Previous 
studies have focused on its inhibition of immune cells for the 
resolution of inflammation. Considering the effects of inflam-
mation in the pathogenicity of atherosclerosis, decreasing 
inflammation through the inhibition of CDK9 may be useful 
for the prognosis of atherosclerosis. The aim of this review was 
to examine whether inhibition of the CDK9 monocyte may 
affect the process of inflammation by acting on the cytokine 
secretion and interacting with endothelial cells (ECs). Thus, 
CDK9 may be a novel target for the diagnosis and therapy of 
atherosclerosis.
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1. Introduction

Atherosclerosis is a complex vascular disease that usually 
begins in the first decade of life and is now recognized mainly as 
an inflammatory illness (1). It is a process characterized by the 
accumulation of lipids, mononuclear cells, fibrous components 
and calcium in the arteries (2). Vascular injury, recruitment of 
monocyte cells and infiltration of foam cells in combination 
with T lymphocytes, promotes lesion formation (2,3).

Atherogenesis was traditionally considered a metabolic 
disease demonstrating arterial obstruction by fatty deposits 
in its wall (4). The current view is that atherogenesis involves 
highly specific biochemical and molecular responses with 
continuous interactions between different cellular players. 
Despite the presence of inflammatory reaction in each 
individual step of atherosclerosis from its beginning to a 
terminal manifestation, the cause‑effect relationship of the 
two processes remains to be elucidated (4).

Inflammation is crucial in the pathogenesis of atheroscle-
rosis. Genes coding for inflammatory or anti‑inflammatory 
molecules are considered potentially ideal candidates for 
estimating the risk of developing atherosclerosis (5‑7). 
Accordingly, the production of high inflammatory molecules 
has been associated with atherosclerosis (8‑11). Positive 
control of inflammation may play a protective role against 
atherosclerosis and is a potential therapeutic candidate for the 
prevention of atheroma formation.

Cyclin‑dependent kinases (CDKs) play an important role 
in the cell cycle and apoptosis. An increasing number of agents 
have been identified to interfere with the pathogenicity of 
atherosclerosis by targeting CDKS. Of these, CDK9 has been 
shown to exhibit marked characteristics in controlling inflam-
mation (12). In a previous study (unpublished data), results of 
the 2‑D proteomics analysis revealed that CDK9 was highly 
expressed in the serum of patients with atherosclerosis. The 
aim of the study was to analyze those results and identify the 
key role for CDK9 and its underlying mechanism.

2. CDK9 and P‑TEFb

The CDK family can be divided into two major functional 
groups based on their roles in the cell cycle and/or transcrip-
tional control. CDK9 associates with each of four cycles 
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(T1, T2a, T2b and K), forming distinct positive transcription 
elongation factors (P‑TEFs). Findings of previous studies (13) 
have demonstrated that P‑TEFb is positively regulated with 
transcriptional elongation by phosphorylating the C‑terminal 
domain (CTD) of RNA polymerase II (RNA pol II), as well as 
negative elongation factors, which block elongation by RNA 
pol II shortly after the initiation of transcription. P‑TEFb has 
also been found to positively modulate other steps during 
transcription. In addition, ‘abnormal’ CDK9 function is 
associated with certain diseases. Specifically, activity of the 
cyclin T1/CDK9 complex is essential for human immuno‑
deficiency virus (HIV)‑1 replication and CDK9 upregulation 
is associated with cardiac hypertrophy (13‑17).

As opposed to other CDKs, CDK9 does not control the 
cell cycle. Instead it promotes RNA synthesis in genetic 
programmes for cell growth, differentiation and viral patho-
genesis (18). CDK9 inhibition appears to contribute to the 
anticancer activity of the majority of CDK inhibitors under 
clinical investigation. CDK9 was identified in investigations 
conducted on HIV as retroviruses hijack host transcription (19) 
and CDK9 inhibitors may serve as specific antiretroviral 
agents, particularly due to their involvement in preventing 
drug resistance. Myocardial hypertrophy is a risk factor for 
congestive heart failure that is characterized by the derepres-
sion of CDK9 activity (20). Therefore, CDK9 inhibitors may 
serve a therapeutic role in cardiology. Despite indications that 
CDK9 inhibition may be utilized as a therapeutic strategy 
in all three indications, the lack of selective inhibitors has 
confounded clinical development (21).

For P‑TEFb, which is involved in the transcriptional elon-
gation phase, the processing of transcription is arrested due 
to blockage by negative transcription elongation factors (22). 
Owing to additional phosphorylation in the RNA pol II CTD 
at serine 2 by CDK9 activity, P‑TEFb enables pol II to resume 
transcription subsequent to the promoter‑proximal pause. In 
addition to RNA pol II, P‑TEFb phosphorylates transcriptional 
complexes including the 5,6‑dichloro‑1‑β‑D‑ribofuranosyl‑
benzimidazole sensitivity‑inducing factor and the negative 
elongation factor which are responsible for the promoter‑prox-
imal pausing of transcriptional machinery (20). P‑TEFb 
primarily functions as in the elongation step, however, 
it has been identified in the pre‑initiation transcription 
complex. Although CDK9 and cyclin T1 individually do 
not possess any DNA‑binding activity, the recruitment of 
P‑TEFb to promoters is critical to activate gene expres-
sion (20). DNA sequence‑specific transcription factors, such 
as nuclear factor κB (NF-κB), c‑myc, c‑fos and peroxisome 
proliferator‑activated receptor γ, have been designated as 
P‑TEFb‑associated factors that recruit P‑TEFb to their respec-
tive gene promoters.

3. CDK9 with T cells and monocytes

Stimulation of primary human T lymphocytes results in the 
upregulation of cyclin T1 expression, which correlates with 
phosphorylation of the CTD of RNA pol II. The upregula-
tion of cyclin T1 and concomitant stabilization of CDK9 
may facilitate the productive replication of HIV in activated 
T cells (23). It has been reported that the treatment of peripheral 
blood lymphocytes with the mitogens, phytohaemagglutinin 

(PHA) and phorbol myristate acetate (PMA), results in the 
accumulation of cyclin T1 through distinct mechanisms. PHA 
leads to the accumulation of cyclin T1 mRNA and protein, 
which results from cyclin T1 mRNA stabilization, with no 
significant alteration in cyclin T1 promoter activity (23). 
Cyclin T1 mRNA stabilization necessitates the activation of 
calcineurin and c‑Jun N‑terminal kinase as inhibition of either 
prevents cyclin T1 accumulation. By contrast, PMA leads to 
cyclin T1 protein upregulation through the stabilization of 
cyclin T1 protein, apparently independently of the proteasome 
and without accumulation of cyclin T1 mRNA. This process 
is a function of Ca2+‑independent protein kinase C activity. 
However, extracellular‑signal‑regulated kinases 1/2 activation 
is not necessary. The PHA and anti‑CD3 antibodies induced 
the expression of the cyclin/CDK complexes involved in RNA 
pol II CTD phosphorylation and the G1‑S cyclins regulating 
cell cycle progression (23). By contrast, PMA alone does not 
induce the expression of G1‑S cyclins although it is often as 
potent as PHA in inducing RNA pol II cyclin/CDK complexes. 
These findings suggest the expression and activation of RNA 
pol II kinases is coordinated by pathways that independently 
stimulate gene expression although they are insufficient to 
induce S‑phase entry in primary T cells (23).

In human cells, CDK9 in the cycT1/P‑TEFb complex is 
required for transcription of major histocompatibility class II 
(MHC II) genes. However, which human genes require P‑TEFb 
function in vivo remains to be determined. Overexpression of 
a dominant negative CDK9 protein in activated Jurkat T cells 
does not affect the induction of CD25, CD69, or interleukin‑2 
(IL‑2), three molecules known to be important for T‑cell func-
tion (24). By contrast, the overexpression of a dominant negative 
CDK9 protein in the U937 promonocytic cell line induced cell 
sensitivity to apoptosis, particularly after PMA treatment in 
order to induce differentiation, suggesting that CDK9 has an 
antiapoptotic function during monocyte differentiation (24). 
The elucidation of normal cell functions of CDK9 in CD4+ 
T cells and monocytes/macrophages is therefore vital for 
assessing the feasibility of CDK9 as a therapeutic target (25).

The ability to readily undergo apoptosis is important for 
monocyte homeostasis, since monocytes usually circulate in 
the blood for a period of only a few days, during which time 
they emigrate to tissues and differentiate to macrophages or 
die through apoptosis (26,27).

Findings of previous studies have shown that CDK9 
catalytic activity is low in promonocytic cells due to limiting 
amounts of the cycT1 regulatory subunit (28,29), suggesting 
that a low level of cycT1 protein in monocytes and thus a low 
level of CDK9 function, may be required for apoptosis in 
the absence of differentiation. The antiapoptotic function of 
CDK9 may be due to involvement in an apoptotic pathway or 
blocking in the differentiation program of monocytes by the 
dominant negative CDK9 protein.

Results of a previous study on monocyte differentiation 
suggested that cells have an intrinsic program to differentiate 
when apoptosis becomes an obstacle in enforcing the expres-
sion of B‑cell lymphoma 2 (30). This finding suggests that 
CDK9 functions in the P‑TEFb complex to organize gene 
transcription, such as that for p21WAF1, whose expression 
confers resistance to apoptosis prior to monocyte differentia-
tion (31). An additional possibility is that CDK9 function is 
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necessary for the differentiation program of monocytes. The 
results suggest that CDK9 function is likely to be crucial to 
the monocyte/macrophage life cycle. As CDK9 is important 
in monocyte apoptosis and differentiation, it may be a feasible 
therapeutic target in the treatment of atherosclerosis (32). 
The effect of CDK9 on the transcription and extravasation 
of leukocyte to promote resolution of inflammation has been 
previously investigated (24,33).

CDK9‑deficient mice would be the optimal model to 
determine the exact role of CDK9 in inflammatory processes 
in vivo. However, such a model is not available. Thus, current 
investigations depend on the use of kinase inhibitors (34). 
The overactivity of cell cycle CDKs is evident in tumor cells, 
leading to their growth advantage. Consequently, CDK inhibi-
tion has been suggested as a novel anticancer strategy (35). 
Flavopiridol and Roscovitine are the most intensively studied 
CDK inhibitors. Flavopiridol was found to have potent anti-
proliferative action on 60 human cancer cell lines in the US 
National Cancer Institute screen panel and was the first CDK 
inhibitor to be submitted to clinical trials (36). Flavopiridol 
suppressed inflammatory processes such as inhibtion of murine 
collagen‑induced arthritis in a dose‑dependent manner (37). 
Additionally, it effectively limited murine hepatitis induced 
by concanavalin A (ConA), which triggers a strong and 
rapid leukocyte‑dependent inflammatory liver injury (38). 
Roscovitine protected against acute graft‑versus‑host disease 
by blocking the clonal expansion of T cells (12) and against 
glomerulonephritis by inhibiting the proliferative response 
of T and B cells (39). Thus, the anti‑inflammatory effect of 
CDKs inhibitors has been ascribed to its inhibition of the 
proliferation and induction of cell death in immune cells and.
Consequently, recent investigations have focused on these 
actions in the context of resolution of inflammation (40).

4. CDK9 and endothelium

CDK inhibitors were suggested to induce immune cell death 
and thereby increase the resolution of inflammation. Notably, 
beyond the antiproliferative actions and cell death induction of 
CDK9, to the best of our knowledge, few studies have focused 
on the action of CDK inhibitors, at an early and crucial step 
in inflammation, and the interaction of leukocytes with endo-
thelial cells (ECs). Excessive leukocyte extravasation from 
the blood into the tissue, a process that is closely regulated by 
the endothelium, is a hallmark of inflammation and contrib-
utes to the pathogenesis and progression of numerous severe 
inflammation‑associated pathologies, including atheroscle-
rosis, arthritis, or asthma. In mice, hepatitis was identified by 
intravenous application of ConA (41). Liver injury was greatly 
suppressed by pretreatment with flavopiridol. Additionally, 
a significant decrease of the endothelium‑specific adhesion 
molecule E‑selectin and the intercellular adhesion molecule‑1 
mRNA expression in flavopiridol‑treated mice was observed. 
The abovementioned findings show that the anti‑inflammatory 
action of flavopiridol is associated with the reduction of leuko-
cyte infiltration and cell adhesion molecule expression which 
emphasize the inhibition of CDK9 as an interesting approach 
against inflammation‑associated pathologies. CDK9 inhibi-
tion is considered to have potential value in the combat against 
inflammation (12). Independent of its function as a subunit of 

P‑TEFb, CDK9 is considered to interact with κB p65 and to 
repress NF‑κ cytoplasmic regions of gp130, the receptor for 
the proinflammatory cytokine IL‑6. I has also been reported 
that CDK9 inhibitors disrupt IL‑6/STAT3 signaling in the 
liver (42). HEXIM1, an endogenous inhibitor of P‑TEFb, 
is associated with NF‑κB dependent gene transcription in 
smooth muscle cells. Authors of that study (12) assessed the 
action of CDK9 suppression on leukocyte‑EC interaction and, 
in particular, on endothelial activation, an important inflam-
mation‑triggering event. Low‑dose flavopiridol effectively 
protects against inflammation‑induced interactions between 
leukocytes and the endothelium, primarily by blocking 
endothelial activation. This occurs as κB does not change the 
inhibition B activation cascade. Notably, the canonical NF‑κB 
of the proinflammatory transcription factor NF‑κB flavo-
piridol B induced κ, while NF‑κB transcription was decreased 
via CDK9 suppression. Thus, the data suggest flavopiridol as a 
promising anti‑inflammatory agent. Moreover, CDK9 inhibi-
tion is revealed as an interesting approach to the treatment of 
inflammation‑associated diseases (43‑47).

5. CDK9 and inflammatory cytokines

Cytokines play a key role during the process of inflamma-
tion. IL‑6 and IL‑8 are regarded as inducers of alteration in 
endothelial functions. A number of studies have reported that 
infection by the dengue virus (DENV) induces the secretion 
of IL‑8. In addition to cellular proteins, P‑TEFb interacts with 
viral gene products to assist the progress of the viral life cycle. 
It has been reported that P‑TEFb is crucial for DENV‑induced 
IL‑8 mRNA expression (48). The association between P‑TEFb 
and DENV core protein leads to an increase in the activity 
of NF‑κB and the upregulation of IL‑8 gene transcription. 
Recruitment of P‑TEFb and DENV core proteins to the IL‑8 
promoter suggested that the association of P‑TEFb with DENV 
core protein is involved in IL‑8 induction by DENV infection. 
P‑TEFb has been identified as a key co‑activator that associ-
ates with DENV core protein to induce IL‑8 expression when 
DENV infects host cells (48). P‑TEFb is importan for DENV 
induced IL‑8 expression and this IL‑8 production is dependent 
on DENV core protein and the activation of NF‑κB element 
within the IL‑8 gene promoter. The abovementioned findings 
showed the recruitment of P‑TEFb and DENV core protein to 
the IL‑8 promoter, suggesting that the association of P‑TEFb 
with DENV core protein is crucial for triggering the induction 
of IL‑8 expression. The core of the IL‑8 promoter is located 
at ‑1 to ‑133 within the 5 flanking region of the IL‑8 gene. It 
is indispensable and sufficient for transcriptional regulation of 
the gene. Several transcriptional activators, including NF‑κB 
and activator protein 1 are present in this core region (48).

IL‑10 is produced by a number of cells such as T helper 
(Th)1, Th2, Th17, T regulatory, CD8+ T cells, B cells and 
myeloid cells. One of the primary functions of IL‑10 is the regu-
lation of pathogen‑mediated activation of macrophages and 
dendritic cells. IL‑10 suppresses the T cell‑activating potential 
of APC by downregulating MHC class II and the expression 
of costimulatory molecules such as CD80 and CD86. IL‑10 
also inhibits the expression of chemokines, inflammatory 
enzymes and potent proinflammatory cytokines such as tumor 
necrosis factor α (TNFα), the target for various clinical strate-
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gies in rheumatoid arthritis and Crohn's disease (49). Although 
recent advances have resulted in a greater understanding of 
the regulation of IL‑10 production, the precise mechanism of 
IL‑10‑dependent inhibition of TNFα remains to be elucidated. 
Activation of STAT3, as a consequence of IL‑10 binding to its 
cell surface receptor (IL‑10R1/IL‑10R2), is critical for medi-
ating the anti‑inflammatory response. IL‑10 has been shown to 
target the transcriptional and post‑transcriptional processes in 
a gene‑specific manner (49).

IL‑10 plays a non‑redundant role in limiting inflammation 
in vivo. Using primary human macrophages, IL‑10 has been 
shown to suppress selected inflammatory genes, primarily at the 
transcription level. For the TNF gene, this occurs, not through 
the inhibition of RNA pol II recruitment and transcription 
initiation, but through a mechanism for targeting the stimulation 
of transcription elongation by CDK9. The region downstream 
of the TNF untranslated region containing the NF‑κB binding 
motif, both for the induction of transcription by lipopolysac-
charide and its inhibition by IL‑10, is crucial (50). Deregulation 
of the inflammatory response can lead to diseases such as 
rheumatoid arthritis, Crohn's disease, or septic shock. The 
cytokine IL‑10 limits the magnitude, duration and detrimental 
outcome of the inflammatory response. This finding was identi-
fied in the generation of IL‑10‑deficient mice that spontaneously 
develop inflammatory bowel disease and with the identification 
of patients with homozygous mutations in the IL‑10 receptor 
subunits who present with early‑onset colitis (50).

Based on above findings, we hypothesized that the tran-
scriptional inhibition of monocytes, with CDK9 inhibition, 
may influence the secretion of inflammatory cytokines, 
monocyte differentiation and interaction of monocytes with 
endothelium, inhibiting monocyte infiltration by direct 
involvement on endothelial activation, which may decrease 
the pathologic effect of atherosclerosis. Future studies are to 
focus on monocyte and its interference with CDK9 and detec-
tion of its effect on monocyte proliferation and apoptosis. The 
underlying molecular mechanisms with a special focus on the 
signaling processes in inflammation‑activated monocytes are 
also to be investigated. Findings of the present review may 
contribute to understanding the role of CDK9 in the inflamma-
tory response, as well as be useful in identifying new targets of 
anti‑atherosclerosis in the clinic.
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