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The Cyclin-dependent kinase (CDK) class of serine/threonine kinases has crucial roles in the regulation of cell cycle
transition and is mainly involved in the pathogenesis of cancers. The expression of CDKs is controlled by a complex
regulatory network comprised of genetic and epigenetic mechanisms, which are dysregulated during the progres-
sion of cancer. The abnormal activation of CDKs results in uncontrolled cancer cell proliferation and the induction of
cancer stem cell characteristics. The levels of CDKs can be utilized to predict the prognosis and treatment response
of cancer patients, and further understanding of the function and underlying mechanisms of CDKs in human tumors
would pave the way for future cancer therapies that effectively target CDKs. Defects in the regulation of cell cycle
and mutations in the genes coding cell-cycle regulatory proteins lead to unrestrained proliferation of cells lead-

ing to formation of tumors. A number of treatment modalities have been designed to combat dysregulation of

cell cycle through affecting expression or activity of CDKs. However, effective application of these methods in the
clinical settings requires recognition of the role of CDKs in the progression of each type of cancer, their partners, their
interactions with signaling pathways and the effects of suppression of these kinases on malignant features. Thus, we
designed this literature search to summarize these findings at cellular level, as well as in vivo and clinical levels.

Introduction

Cyclin-dependent kinases (CDKs) are a group of serine/
threonine kinases with crucial roles in the regulation
of cell cycle progression. The activity of these kinases
is induced by cyclins. In fact, CDK/cyclin complexes
control progression of the cell cycle in an orderly man-
ner [1]. Emerging evidence suggest that CDKs and
cyclins actively participate in the regulation of transcrip-
tion, epigenetic mechanisms, metabolic processes and
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self-renewal capacity of stem cells [1]. Most notably,
some of these functions are exerted in an independent
manner from establishment of CDKs/cyclins complexes
[1]. Another group of proteins, namely cyclin-dependent
kinase inhibitors (CKIs) has been revealed to negatively
regulate cyclin/CDKs. The main function of CDKIs is
to obstruct cell cycle transition and suppress cell pro-
liferation through inhibition of the enzymatic activity
of CDKs. Inhibitor of CDK4 proteins and CDK-inter-
acting protein/kinase inhibitory proteins belong to this
group [2].

Defects in the regulation of cell cycle and mutations in
the genes coding cell-cycle regulatory proteins result in
unrestrained proliferation of cells leading to formation
of tumors [3, 4]. Accordingly, modulation of activity of
these proteins by therapeutic agents has been suggested
as a promising strategy for treatment of cancers [5].

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-022-02747-z&domain=pdf

Ghafouri-Fard et al. Cancer Cell International (2022) 22:325

Successful introduction of these modalities into clinical
settings needs proper recognition of the role of CDKs in
the progression of each type of cancer, their interacting
molecules and signaling pathways and the effects of sup-
pression of these kinases on malignant features. Thus, we
designed this literature search to summarize these find-
ings at cellular level, as well as in vivo and clinical levels.

Cyclin-dependent kinase 1 (CDK1)

Cell line studies

A recent study has demonstrated that vitro that cen-
tromere protein F (CENPF) through interaction with
CDK1 can increase G2/M-phase transition, enhance cell
proliferation and possibly activate the anti-tumor effects
of p53 in a human adrenocortical carcinoma cell line.
Moreover, assessment of GSEA has verified involvement
of CENPF in the G2/M-phase cell cycle and p53 signaling
[6].

Expression of CDKI1 has also been found to be
increased in bladder cancer cells, parallel with over-
expression of the long non-coding RNA (IncRNA)
PVTI1. Notably, suppression of PVT1 has decreased
activity, proliferative potential, colony formation, migra-
tory capacity, and invasiveness of bladder cancer cells.
miR-31 binding sites have been reported in both PVT1
and CDK1 transcripts. Taken together, PVT1-mediated
reduction of miR-31 could increase expression of CDK1
in bladder cancer cells to enhance their proliferative
potential, migration, and invasion [7]. Another study has
shown the role of CDK1 in phosphorylation of TFCP2L1
at Thr177 in embryonic stem cells of mice as well as
human bladder cancer cells. Notably, this type of phos-
phorylation has a crucial role in pluripotency and cell
cycle progression of stem cells through modulation of
expression of developmental genes. CDK1/TFCP2L1 axis
is also involved in the induction of stemness character-
istics and tumorigenic ability of bladder cancer cells [8].
Treatment of bladder cancer cells with the protein kinase
D (PKD) inhibitor CRT0066101 has suppressed prolif-
eration of these cells. CRT0066101 treatment or PKD2
silencing has induced cell cycle arrest at the G2/M phase,
diminished expressions of cyclin B1, CDK1 and levels
of CDK1 phosphorylated at Thrl61, while increasing
p27Kipl and CDK1 phosphorylated at Thr14/Tyr15. This
protein kinase inhibitor has also decreased expression
of Cdc25C, which dephosphorylates and induces activ-
ity of CDK1, while enhancing function of Chkl, which
suppresses CDK1 activity through phosphorylation and
inactivation of Cdc25C. Moreover, CRT0066101 could
elevate expression of a number of proteins that inhibit
activity of the CDK1/cyclin B1 complex [9].

In breast cancer cells, the RNA binding protein
KIAA1429 has been shown to interact with CDKI.
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Although this RNA binding protein is regarded as an
N6-methyladenosine-associated regulatory protein, its
oncogenic roles in breast cancer are exerted through
regulation of CDK1 in an independent manner from
its association with N6-methyladenosine (Fig. 1).
Treatment of breast cancer cells with 5'-fluoroura-
cil has efficiently reduced expressions of KIAA1429
and CDK1 [10]. Furthermore, siRNA-mediated silenc-
ing of CDK1 and CDC20 has significantly repressed
cell migration and invasion of two breast cancer cell
lines [11]. Another study has shown that knockdown
of the ubiquitin-associated domain-containing gene
UBAP2L in breast cancer cells suppresses their prolif-
eration, impairs their colony formation aptitude and
induces cell cycle arrest at G2/M phase. Most notably,
this intervention has led to enhancement of p21 levels,
while reducing levels of both CDK1 and Cyclin B1 [12].

Cyclin B/CDK1 has been shown to phosphoryl-
ate inhibitor of apoptosis stimulating protein of P53
(iASPP), thus increasing nuclear localization of this
protein and its inhibitory effects on p53. In Burkitt
lymphoma cells, iASPP has been found to affect activ-
ity of transactivation domain p63 (TAp63). In fact, the
interplay between CDK1 and iASPP can enhance the
suppressive impact of iASPP on p53 and TAp63. Most
notably, the tumor suppressor miR-129 has been shown
to suppress expression of CDK1 and iASPP through
binding with their transcripts. Moreover, CDK1 target-
ing by miR-129 can lead to inhibition of iASPP phos-
phorylation, therefore deterring nuclear localization of
iASPP and its suppressive impact on p53 and TAp63
[13].

The oncogenic mutation HRASY'? has been found to
induce activity of CDK1 and enhance protein O-Glc-
NAcylation, both of them having essential roles in induc-
tion of SOX2 expression and cancer stem cell properties
in fibroblasts and cancer cell lines harboring RAS muta-
tions. Most notably, the CDK inhibitor dinaciclib could
reduce the quantities of cancer stem cells originated from
these cells [14].

In colorectal cancer cells, knock-down of CDK1 has
induced sensitivity to apoptosis. Moreover, CDK1 target-
ing with a MEK/ERK inhibitor has demonstrated effec-
tive impacts on proliferative abilities of these cells [15].

Notably, experiments in the vemurafenib-resistant
colon cancer sublines have shown stable activation of
CDK1, signifying the role of CDK1 activation in stimula-
tion of resistance to vemurafenib. Adefovir dipivoxil that
interrupts the interaction between CDK1 and KCTD12
and induces cell cycle arrest at G2 could inhibit colon
cancer cells proliferation and induce sensitivity to vemu-
rafenib [16]. Table 1 shows function of CDKs in cancer
cell lines.
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Fig. 1 A schematic diagram of CDK1 and the role of WTAP in modulating CDK2 in renal cell carcinoma. Mounting evidence has demonstrated the
roles of N6-methyladenosine (m6A) in physiological processes and the progression of various human cancers such as cell cycle regulation that is
mostly dependent on cyclins and CDKs. As a component in the m6A ‘writers, WTAP is detected to be an RNA-binding protein and has a role in the
m6A modification, mRNA splicing as well as processing. As an illustration, a recent study has detected that WTAP, an important component of the
m6A writer complex, could have an oncogenic role in renal cell carcinoma tumorigenesis via physically binding to CDK2 transcript and promoting
its transcript stability [68]
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Animal studies

In vivo assessments have shown that down-regulation of
miR-31 enhances expression of CDK1 at transcript and
protein levels. Down-regulation of PVT1 (an IncRNA
which increases expression of CDK1) has led to lessen-
ing of bladder tumor size, decrease in the proliferation
rate of tumor cells and reduction of CDK1 and Ki-67-ex-
pressing cells as demonstrated by immunohistochemistry
[7]. In animal models of breast cancer, up-regulation of
RBM?7 which induces activity of CDK1 has been shown
to increase tumor growth [19]. In colorectal cancer, high
levels of miR-378a-5p reduces tumor burden through
decreasing expression of CDK1 [24]. Moreover, disrup-
tion of the interaction between CDK1 and KCTD12 using
Adefovir dipivoxil has been shown to reduce in vivo tum-
origenesis of colon cancer cells and induce vemurafenib
sensitivity in xenografts [16].

Most notably, in animal models of hepatocellular car-
cinoma, administration of a CDK1 inhibitor along with
sorafenib has enhanced the effectiveness of sorafenib
[37]. Moreover, in animal models of pancreatic cancer,
reduction of phosphorylation of CDK1, 2, 7, and 9 by
AT7519 has been associated with reduction of tumor
growth [63]. Studies in animal models of other cancers
have also verified that decrease in activity of CDKs con-
sistently reduces tumor burden and induces sensitivity to
available therapies (Table 2).

Investigations in clinical samples

The CDK1-interacting protein CENPF has been found to
be over-expressed in human adrenocortical carcinoma
samples in correlation with tumor stage and poor overall
survival (OS). Further assessment of immune cells infil-
tration has shown that over-expression of CENPF is asso-
ciated with different pattern of infiltration of immune
cells and high TMB/MSI score. Based on the results of
gene-drug interaction assessments inhibitors of this pro-
tein, such as Cisplatin, Sunitinib, and Etoposide, can be
putative therapeutic modalities for adrenocortical carci-
noma [6]. In clinical samples of bladder cancer, activity
of the CDK1/TFCP2L1 axis has been found to be associ-
ated with aggressive characteristics of tumors including
advanced tumor grade, lymphovascular/muscularis-pro-
pria invasion, metastatic ability and poor clinical out-
comes [8].

Assessment of expression profiles of three breast can-
cer datasets has led to identification of hub genes that
indicate poor prognosis. Further analyses have indicated
enrichment of four up-regulated genes, namely CDKI,
CDC20, AURKA, and MCM4 in oocyte meiosis and cell
cycle pathways. Taken together, bioinformatics meth-
ods and experimental validation have suggested these
genes as reliable markers for breast cancer [11]. In breast
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cancer, up-regulation of CDK1 has been associated with
short overall, relapse-free and progression-free survival
times as well as advanced clinical stage [69]. In patients
with cholangiocarcinoma, up-regulation of CDKI1 or
PSMC2 (which regulates CDK1) has been associated
with lymph node metastasis and advanced clinical stage
[22] and tumor grade [23], respectively. Table 3 shows the
association between dysregulation of CDKs in clinical
samples and clinical characteristics.

Cyclin-dependent kinase 2 (CDK2)

Cell line studies

Inactivation of CDK2 has been shown to effectively
overcome the differentiation arrest of acute myeloid
leukemia (AML) cells. Treatment of AML cells with
CDK2-targeted proteolysis-targeting chimeras (PRO-
TACs) has resulted in prompt and effective degradation
of CDK2 in various cell lines without similar destruc-
tion of other targets. Moreover, this therapeutic agent
has induced significant differentiation of AML cells as
well as primary patient cells [92]. Another study in AML
cells has shown that CDK2 is the only interphase CDK
that is degraded through a ubiquitin-dependent pro-
teasomal system. This mode of degradation of CDK2 is
associated differentiation of AML cells. KLHL6 has been
shown to be the specific E3 ubiquitin ligase which regu-
lates CDK2 degradation. Notably, suppression of CDK2,
but not CDK1/4/6, could induce granulocytic differen-
tiation in AML cell lines. From a mechanistical point of
view, CDK2 depletion results in reactivation of transla-
tion of differentiation pathway. Moreover, the effect of
CDK?2 in induction of differentiation blockade is exerted
through preserving the activity of PRDX2 [93]. Moreo-
ver, CDK2 has been shown to down-regulate expression
of C/EBPa through ubiquitin-dependent proteasomal
degradation system resulting in differentiation blockade
in AML. Mechanistically, CDK2-induced C/EBPa down-
regulation is facilitated by SKP2. In fact, CDK2 enhances
stability of SKP2 through Ser64 phosphorylation leading
to C/EBPa ubiquitination. Suppression of CDK2 results
in down-regulation of SKP2 and up-regulation of C/
EBPa in myeloid cells. Cumulatively, CDK2-SKP2 axis
has been identified as a therapeutic target for AML [94].
Another study has shown that GSK8612-mediated TBK1
inhibition and si-TBK1 can regulate CDK2 expression in
AML cells through AKT pathway. Suppression of activity
of AKT can enhance sensitivity of AML cells to dauno-
rubicin, endorsing the interaction between TBK1 and the
AKT/CDK?2 axis [95].

Treatment of bladder cancer cells with propo-
fol could inhibit their proliferation and enhance cell
apoptosis through regulation of CDK2 expression.
Mechanistically, propofol up-regulates expression of



Ghafouri-Fard et al. Cancer Cell International (2022) 22:325

Table 2 Function of CDK1 in animal models of cancer
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Tumor Type Animal models

Results References

female BALB/c nude mice
4—6-week-old female nude BALB/C mice

Bladder cancer
Breast cancer

6-week-old nude mice
Cervical cancer 4-6-week-old BALB/c nude mice
Cholangiocarcinoma

Colorectal cancer 5-week-old male BALB/c mice

4-week-old male nude mice
4-week-old female BALB/c nude mice
7-week-old BALB/c nude mice
female BALB/c nude mice
4-week-old male nude mice
NOD-SCID mice

Gastric cancer
Hepatocellular carcinoma

BALB/c nude mice

nude mice

male nude mice
Nasopharyngeal carcinoma

mice
Ovarian cancer ovarian xenograft mice
4-week-old female BALB/c mice

Pancreatic cancer

Pancreatic ductal adeno- female C57BL/6 (KPC) or BALB/c (CT26) mic

carcinoma cancer

Prostate cancer nude mice

4-week-old male BALB/c immunodeficient nude

mice

5-week-old male BALB/cAnNCrj-nu/nu nude mice

5-week-old immunodeficient BALB/c nu/nu female

NOD.Cg-Prkdcscid [12rgtm 1Wjl/SzJ (NSG) mice

APVTI: | tumor volume and tumor weight [71

44 RBM7 (which up-regulates CDK1): 4 proliferation, [19]
tumor growth

AKIAA1429 + CDK1: |, tumor weight [
11 miR-143-3p or miR-495-3p: | tumorigenicity [
ANCK1-AST: | tumor growth and tumor weight 2
A CDK1: |, tumor growth [
[

dinaciclib and cobimetinib combination: | tumor
growth

M miR-378a-5p: | tumor growth by targeting CDK1 [
A DPP3: | tumor growth [
A SNHG4 (which regulated CDK1): | tumor growth [2
A SNRPAT: | tumor formation [
A ESRRA: | tumor growth [
[

Combination of RO3306 (CDKT inhibitory substance)
and sorafenib: |, tumor growth and |, sorafenib
resistance

A DEPDCI1B: | tumor growth [38]
M miR-1271-5p: | tumor growth via targeting CDK1  [39]
A SNORDS2: |, tumor growth and mass [41]
Tetrandrine treatment: 4 radiosensitivity and |, [57]
tumor growth

AUBE2C: | tumor growth [59]

N

4 DLEUT: 4 tumor growth [6

AT7519 treatment: |, phosphorylation of CDK1,2,7,  [6
and 9 substrates and |, tumor growth

FNG/dinaciclib combination therapy: 1+ CD8+T cell-  [65]
dependent antitumour

“

activity
ATPX2: | tumor weight [66]
M ABCC5: 4 tumor volume and tumor weight [67]

A: knock-down or deletion, GIST Gastrointestinal stromal tumor

a CDK2-targeting miRNA, namely miR-340. Suppres-
sion of miR-340 has reversed the impacts of propofol
on proliferation and apoptosis of bladder cancer cells.
Moreover, suppression of CDK2 can partly reverse the
impacts of miR-340 inhibition on proliferation and
apoptosis of propofol-treated bladder cancer cells [96].

The Cdk4/6 inhibitor palbociclib has been shown
to exert antitumor effects against bladder cancer cells
through modification of Cdk2. Palbociclib has been
shown to induce apoptosis of bladder cancer cells
rather than cell cycle arrest. Activation Cdk2 has an
indispensable role in palbociclib-induced apoptosis,
as depletion of Cdk2 has suppressed caspase-3 activa-
tion and apoptosis. Activation Cdk2 has been shown
to induce p-Rad9 mitochondrial translocation and its
interaction with Bcl-xl, resulting in Bak activation and
induction of apoptosis [97].

In breast cancer cells, concurrent administartion of
CDK2 and CDK4/6 inhibitiors could reverse palboci-
clib resistance through increasing cell senescence [98].
Another functional study has shown that CDK2-medi-
ated phosphorylation of EZH2 induces and preserves
proliferation of triple-negative breast cancer cells [99].
Table 4 summarizes function of CDK2 in different can-
cer cell lines. Figure 2 illustrates the interaction between
STAT3 signaling pathway and CDK1 and CDK2 in lung
cancer (Fig. 3).

Recent study has detected that upregulation of PTEN
and Rb expression levels could lead to promoting sensi-
tivity to CDK4/6 inhibitors, which could in turn result in
reducing the expression of AKT and PI3K in ER-Positive
Breast Cancer. Whereas, acquired loss of Rb and PTEN
expression could induce resistance to CDK4/6 inhibitors
in patients, and thereby promoting hyperactivation of
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Fig. 2 A schematic illustration of the role of STAT3 signaling cascade in regulating CDK1 and CDK2 in lung cancer. Accumulating evidence has
illustrated that CDK1/GP130/STAT3 signaling could promote lung cancer tumorigenesis. It has been reported that Iron-dependent CDK1 activity
could phosphorylate 4E-BP1, which in turn elevates STAT3 signaling pathway via upregulation of GP130 [48]. Moreover, another research has
revealed that PROS could downregulate VEGF induced proliferation, migration, and tube formation in non-small lung cancer cells and inhibits
angiogenesis in chorioallantoic membrane assay through attenuating phosphorylation of VEGFR2, Src, and STAT3, thereby inducing sub G1
accumulation, S phase arrest [158]

CDK2 and CDK4 [172]. Moreover, other finding points  candidate synergistic combination for clinical application
out that IGFIR overexpression, as an escape mecha- in this disease and promoting inhibition of the cell cycle
nism, could elevate resistance to CDK4/6 inhibitors in  as well as PI3K/mTOR axis in tumor cells [173]. In addi-
Ewing sarcoma. Therefore, dual targeting of CDK4/6 tion, a recent clinical study has revealed that suppression
and IGF1IR could play an effective role in providing a  of CDK4/6 phosphorylation and the complex with cyclin
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Fig. 3 A schematic representation of the role of PI3K/AKT/mTOR and MAPK/ERK signaling pathways in regulating the expression of CDK2 and

D as well as downregulating PI3K/AKT/mTOR signal-
ing cascade could remarkably reduce cell viability, induce
apoptosis, and promote the percentage of cells in G1
phase in hepatocellular carcinoma [174]. All the informa-
tion regarding the role of these cascades involved in the
regulation of CDK2 and CDK4/6 expression in various
types of human cancers can be seen in Tables 4 and 10.

Animal studies
Depletion of CDK2 has led to blockade of AML cells
growth in animal models and increased survival of xeno-
graft mice models [93]. Another study in animal models
of AML has shown that concomitant administration of
chidamide and doxorubicin could inhibit HDAC3-AKT-
P21-CDK2 signaling and reduce tumor growth [101].
Another experiment in an animal model of bladder
cancer has shown the anticancer role of Cdk2 activation

in palbociclib-treated animals, indicating that the anti-
cancer effect of palbociclib is exerted via Cdk2 activa-
tion [97]. In xenogaft models of breast cancer, depletion
of CDK2 and CDK4/6 has reduced tumor growth and
palbociclib resistance [98]. Similar results have been
reported in animal models of other types of cancers
(Table 5).

Investigations in clinical samples

Up-regulation of CDK2 has been reported in diverse
types of cancers. In AML, up-regulation of HDAC3-AKT-
P21-CDK2 signaling has been associated with shorter
event-free and overall survival (OS) times [101]. In blad-
der cancer, expression of CDK2 has been increased, while
expression of a CDK2-targeting miRNA, namely miR-
3619 has been decreased. These observations have been
associated with advanced tumor stage and grade [105]. In



Ghafouri-Fard et al. Cancer Cell International ~ (2022) 22:325 Page 27 of 69
Table 5 Function of CDK2 in animal models of cancer
Tumor Type Animal models Results References
Acute myeloid leukemia NOD/SCID mice A CDK1: | tumor growth and 4 survival of AML- [92]
bearing mice
6-8-week-old NOD/SCID immunodeficient mice  Chidamide combined with doxorubicin could [101]
inhibit HDAC3-AKT-P21-CDK2 signaling pathway
and reduce tumor growth
4-5-week-old female NOD/SCID mice A CDK2 and ATRA combination therapy: | [102]
engraftment of leukemia cells and 4 primary
AML blasts differentiation
BALB/c or C57BL/6 mice A CDK2: |, proliferation and 4 senescence, thus ~ [175]
delayed MYC/BCL-XL-driven AML
Bladder cancer Pathogen-free male BALB/C nude mice Palbociclib was found to play its anticancer role  [97]
via Cdk2 activation
4-week-old male BALB/c-nude mice 4 NPTX1: | tumor volume and weight [105]
Breast cancer 4-week-old BALB/c nude mice A CDK2 and CDK4/6: |, proliferation, growth, and  [98]
1 Palbociclib resistance
Female BALB/c mice combination of either CDK2 or EZH2 inhibitor [99]
with tamoxifen: |, tumor growth and 4 survival
6-week-old female BALB/c nude mice ATROJAN: | tumor growth and tumor volume [108]
female NOD-SCID-IL2yR — / — (NSG) mice Combination PARP and CDK2 inhibition: 4 tumor  [109]
regression and survival
5-6-week-old female BALB/c-nu mice 11 ACTL6A: 4 tumor growth [110]
K03861 (CDK2 inhibitor) and paclitaxel: | growth
NOD/SCID mice 4-AAQB treatment: |, tumor growth [111]
via suppressing CDK2 and CDK4
female BALB/c mice ALnc712: | tumor growth [116]
Via suppressing CDK2
female NOD/SCID mice ALT +PD combination: | tumor growth via [117]
inhibiting both cdk4 and cdk2
female BALB/c nude mice Higenamine and cucurbitacin B: |, tumor growth [120]
via suppressing the interaction of AKT and CDK2
5-6-week old female athymic nu/nu mice CDK2/9 inhibitors, CYC065 and eribulin combi-  [124]
nation: |
tumor volume
Cervical cancer 4-week-old BALB/C nude mice A hsa_circ_0000520: | tumor volume and [128]
weight
4-6-week-old female BALB/c nude mice A circZFR: |, tumor growth [130]
Cholangiocarcinoma 6-week old NSG mice Dinaciclib and gemcitabine combination: | [132]
tumor growth
Colorectal cancer nude mice A NPTX1: | tumor growth via downregulating  [133]
CDK2
8-10-week-old SCID mice Dual CDK2/9 inhibition: |, tumor growth [136]
5-week-old athymic nude BALB/c mice A SLCO4A1-AS1: |, tumor growth [137]
Gastric cancer 4-6-week-old nude BALB/c mice ALINCO1021: | tumor volume and weight [139]
Glioma 6-week-old male BALB/c mice A LINC00958: |, tumor growth [142]
male BALB/c nude mice AHSPOOAAT-ITT: | tumor growth [143]
Hepatocellular carcinoma 4-week-old female BALB/c-nu, nude mice A HNRNPU: | tumor volume and weight [145]
6-8-week-old male BALB/C nude mice A OLAT1: | tumor growth and weight [148]
Nude mice A TPT1-AS1: | tumor growth [149]
4-week-old athymic BALB/c mice 1 miR-155: 4 tumor weight [153]
Lung cancer 6-8-week-old male immunocompetent 12952/ CDK2/9 inhibitor, CCT68127: |, tumor growth [157]
SVPasCrl mice
BALB/c athymic nude mice PROS reduced tumor volumes and weights via [158]
inhibiting STAT3/ VEGF/ CDK2 axis
Medulloblastoma 6-8-week-old female Athymic Nude-FoxnTnu BET bromodomain inhibition and CDK2 inhibi-  [160]

mice

tion: | tumor growth
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Table 5 (continued)

Tumor Type Animal models Results References
Ovarian cancer 6-week old BALB/nude mice 14 PLAC2: 4 tumor growth via regulating CDK2 ~ [165]

Renal cell carcinoma 4-6-week-old BALB/c athymic nude mice nobiletin and palbociclib combination: |, tumor  [168]

growth
5-week-old female BALB/c nude mice AWTAP: | tumor growth [68]
Soft tissue leiomyosarcoma 5-week-old female BALB/c nude mic APLA2G10: | tumor growth and weight [170]
T-cell acute lymphoblastic leukemia 8-week-old female C57BL/6J mice A SIRT1: 4 lifespan of T-ALL model mice [171]

A knock-down, deletion or inhibition, NOD/SCID nonobese diabetic/severe combined immunodeficiency, AML Acute myeloid leukemia, NSG NOD scid gamma, T-ALL
T-cell acute lymphoblastic leukemia, SCID severe combined immunodeficient, NSG NOD scid gamma, T-ALL T-cell acute lymphoblastic leukemia, SCID severe combined

immunodeficient)

breast cancer, up-regulation of MTHFD2, which contrib-
utes in the cell cycle through binding to CDK2, has been
associated with shorter OS, tumor grade and stage [107].
Other studies have shown up-regulation of a number of
CDK2-interactiong circRNAs such as hsa_circ_0000520
[128], circ_0084927 [129] and circZFR [130] in cervical
cancer patients. Notably, up-regulation of circZFR has
been associated with lymphatic metastasis in this type
of cancer [130]. Several other studies have found asso-
ciation between dysregulation of CDK2 or its interacting
partners and clinical data of patients (Table 6).

Cyclin-dependent kinase 3 (CDK3)

Cell line studies

CDK3 has been shown to participate in regulation of
cell cycle transition at G0/G1 and G1/S phases. Up-reg-
ulation of CDK3 in breast cancer cells has suppressed
their migration and invasion. Further experiments in
these cells have identified miR-4469 as a CDK3-target-
ing miRNA. Consistent with this finding, miR-4469-in-
duced enhancement of cell motility could be obliterated
by CDK3 up-regulation. Assessments of RNA-seq data
and western blot assay have indicated inhibition of Wnt
pathway by CDK3 expression. Besides, Wnt3a treatment
could abolish the inhibitory effect of CDK3 in cell motil-
ity, indicating the role of CDK3 as an upstream regulator
of Wnt signaling in these cells [181].

CDK3 has also been reported to participate in ERa
signaling and resistance to tamoxifen. The anti-cancer
agent norcantharidin (NCTD) has been found to regu-
late miR-873/CDK3 axis. Treatment of breast cancer cells
with NCTD has led to reduction of transcriptional activ-
ity of ERa but not ERP via influencing activity of miR-
873/CDK3 axis. Moreover, NCTD has been shown to
inhibit proliferation of breast cancer cells and induce sen-
sitivity to tamoxifen via this axis. Mechanistically, NCTD
blocks tamoxifen induced transcriptional activity and
ERa downstream gene expression. Moreover, it reestab-
lishes tamoxifen induced recruitment of ERa co-repres-
sors [182]. The CDK3 targeting miRNA, miR-125a-3p has

also been revealed to inhibit transactivation of ERa and
prevail tamoxifen resistance in ER+ breast cancer cells
[183]. Similarly, miR-873 has been found to regulate tran-
scriptional activity of ERa and resistance to tamoxifen
through influencing expression of CDK3 in breast cancer
cells [184].

In colorectal cancer cells, Cdk3 has been shown to
promote epithelial-mesenchymal transition (EMT)
via enhancing activity of AP-1 [185]. Another study in
esophageal squamous cell carcinoma cells has shown
that the oncogenic circular RNA circRNA_141539 exerts
its function through sponging miR-4469 and enhancing
activity of CDK3 [186]. Table 7 shows the function of
CDKS3 based on cell line studies.

Animal studies

While a single study in breast cancer models has shown
that up-regulation of CDK3 decreases metastatic abilities
of breast cancer cells [181], other studies have shown that
up-regulation of CDK3-targeting miRNAs miR-125a-3p
[183] and miR-873 [184] leads to reduction of tumor
growth. In xenograft models of colorectal cancer, up-reg-
ulation of CDK3 has been accompanied by enhancement
of metastatic ability of cancer cells [185]. Table 8 summa-
rizes function of CDK3 in animal models of cancer.

Investigations in clinical samples

Expression assays in breast cancer samples have shown
that up-regulation of CDK3 is associated with chemore-
sistance [187]. In colorectal cancer samples, up-regula-
tion of this member of CDK family has been associated
with shorter progression-free survival and advanced
TMN stage [186]. In clinical samples of nasopharyngeal
carcinoma, up-regulation of CDK3 has been associated
with tumor infiltration, lymph node metastasis and TNM
staging [192]. Table 9 summarizes results of studies that
reported association between up-regulation of CDK3 and
clinical parameters.
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Table 7 Function of CDK3 based on cell line studies
Tumor type Targets/ Regulators and Cellline Function References
Signaling Pathways
Breast cancer miR-4469/CDK3 axis and Wnt/B-  HEK293T, MCF7, T47D, MDA- M CDK3: | metastasis, migra- [181]
catenin pathway MB-231 and BT549 tion and invasion via inhibiting
Wnt/B-catenin pathway
CDK3 is a target of miR-4469
miR-873/CDK3 axis MCF-7, ZR75-1,T47D and NCTD treatment: 4 sensitivity [182]
MCF-7/TamR to tamoxifen, | proliferation
and tumor growth via miR-873/
CDK3 axis
NCTD was found to regulate ERa
signaling by miR-873/CDK3
HuR, CDK3 MDA-MB-231 and MCF-7 A HuR: | CDK3 expression, | [187]
proliferation, chemoresistance
and 1 apoptosis
HuR increased proliferation
and survival through stabilizing
CDK3 transcripts
miR-125a-3p/CDK3 MCF-7, MDA-MB-435 and MDA- 11 miR-125a-3p: |, tran- [183]
MB-23 scriptional activity of ERq, |,
proliferation of ER+ cells, and
4 apoptosis and G1/S cell-cycle
arrest via targeting CDK3
miR-873/CDK3 axis CF-7,ZR75-1,T47D, SKBR3, MDA- 14 miR-873: | proliferationand  [184]
MB-231 and HEK293T ER activity via targeting CDK3
CYP4Z1- and CYP4Z2P-3'UTRs, MCF-7 21 CYP4Z1- and CYP4Z2P- [188]
CDK3 3'UTRs: |, tamoxifen resistance
via targeting CDK3
Colorectal cancer Cdk3/c-Jun HEK293, HT29, SW620, HCT116, 41 CDK3: 4 metastasis, motility ~ [185]
SW480 and HCoEpiC and invasion via EMT process
Cdk3-phosphorylated c-Jun
increased AP-1 activity
Esophageal squamous cell circRNA_141539/miR-4469/ Kyse410, Kyse510, EC9706, M circRNA_141539: 4 prolifera-  [186]
carcinoma CDK3 axis ECAT09TE7 and Het-1A tion and invasion via regulating
miR-4469/CDK3 axis
Hepatocellular carcinoma miR-214, E2F2, CDK3 and CDK6 ~ THLE3, QGY-7701, QGY-7703, M miR-214: | proliferation and  [189]
HCC-9810, SMMC-7721, Hep3B,  G1-S cell cycle arrest via target-
PLC/PRF5, Hep3B, QGY-7703, ing E2F2, CDK3 and CDK6
Bel-7402, Bel-7404, MHCC97L,
MHCC97H, HCCLM3 and
HCCLM6
Leukemia CDK3 HL-60, NB4, K562 and KG1 Benfotiamine: | proliferation [190]
and G1 cell cycle arrest via
targeting CDK3
Lung cancer HuR and miR-873/CDK3 and A549 cells 14 HuR: 1+ CDK3 levels, via [191]
miR-125a-3p/CDK3 axis increasing CDK3 mRNA stability
and expression, thus increased
stemness
CDK3 was found to be a target
of miR-873 and miR-125a-3p
Nasopharyngeal carcinoma CDK3 5-8F CNE1, CNE2, and NP-69 CDK3 was increased in CNET, [192]
CNE2 and 5-8F NPC cell lines
Skin cancer CDK3 and NFAT3 HEK293, T98G, HaCaT, A431, CDK3 phosphorylated NFAT3 at ~ [193]

A375,G361, SK-MEL-5, and SK-
MEL-28

serine 259 by interacting with
NFAT3, thus increased the trans-
activation and transcriptional
activity of NFAT3
CDK3-mediated phosphoryla-
tion of NFAT3 showed a signifi-
cant role in skin cancer

EMT epithelial-mesenchymal transition, NCTD Norcantharidin, A knock-down or deletion
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Table 8 Function of CDK3 in animal models of cancer

Tumor Type Animal models Results References

Breast cancer 5 - 7-week-old female BALB/c nude mice 14 CDK3: | metastasis [181]
6-week-old female nude mice NCTD treatment: |, tumor growth via miR-873/CDK3 axis [182]
4-week-old female BALB/c nude mice A miR-125a-3p: | tumor growth [183]
6- 1 miR-873: | tumor growth via targeting CDK3 [184]
week-old female nude mice

Colorectal cancer 5- 6-week-old female nude BABL/c mice 14 CDK3: 1 metastasis [185]

4-5-week-old Male BALB/c-nu mice
6-week-old male BALB/c nu/nu mice

Hepatocellular carcinoma
Skin cancer

M miR-214: | tumor growth via targeting E2F2, CDK3 and CDK6 ~ [189]
M NFAT3: 4 tumor growth

NCTD Norcantharidin

Cyclin-dependent kinase 4/6 (CDK4/6)

Cell line studies

An in vitro study in AML has verified that suppres-
sion of CDK4/6 and autophagy enhances apoptosis in
t(8; 21) AML cells in a synergic manner [194]. Simi-
larly, CDK4/6 inhibition is a novel therapeutic modal-
ity for bladder cancer irrespective of RB1 status [195].
This treatment has reduced FOXM1 phosphorylation
and exhibited synergy with cisplatin [195]. Another
in vitro study in breast cancer cells has reported loss
of the FAT1 as a mechanism for induction of resistance
to CDK4/6 inhibitors. Mechanistically, FAT1 silencing
has led to suppression of Hippo pathway in ER + cancer
cells [196]. Single-cell assessment of CDK2 activity has
confirmed difference in cell-cycle regulation between
the luminal androgen receptor (LAR) subtype of triple
negative breast cancer (TNBC) and basal-like cells. In
fact, palbociclib-sensitive LAR cells leave mitotic cycle
with low level of CDK2 activity, and enter a quiescent
phase that needs activity of CDK4/6 for going back
into cell-cycle. On the other hand, palbociclib-resistant
basal-like cells leave mitosis and directly enter into a
proliferative phase characterized by high level of CDK2
activity, circumventing the constraint point and the
need for CDK4/6 activity. CDK4/6 inhibition has syn-
ergism with PI3 kinase inhibition in reduction of prolif-
eration of PIK3CA-mutant TNBC cells, indicating that
other subtypes of TNBC can be responsive to CDK4/6
inhibitors [197]. In breast and other solid tumors,
CDK4/6 inhibitors could trigger anti-tumour immune
responses [198]. Moreover, experiments in cervical
cancer cells have shown that cyclin D-CDK4/6 inhibi-
tion enhances sensitivity of immune-refractory can-
cers through hindering the SCP3-NANOG axis [199].
Table 10 summarizes function of CDK4/6 based on cell
line studies.

Animal studies

Experiments in animal models of AML have verified
that CDK4/6 inhibition enhances autophagy. Moreo-
ver, concurrent administration CDK4/6 inhibitor and
autophagy inhibitor has reduced tumor growth in
these models [333]. Similarly, combination of cisplatin
and CDK4/6 inhibitors has significantly reduced blad-
der cancer growth [195]. In xenograft models of breast
cancer, CDK4/6 inhibitors could reduce proliferation,
and enhance anti-tumor immune responses [198]. In
addition, in this type of cancer, combined inhibition of
CDK2 and CDK4/6 has enhaced sensitivity to palbo-
ciclib [98]. Besides, combination of CDK4/6 inhibitor,
abemaciclib, with c-Met/Trk inhibitor, altiratinib has
been shown to be effective against glioma-initiating
cells [256]. Table 11 shows function of CDK4/6 in ani-
mal models of cancer.

Investigations in clinical samples
Investigations in breast cancer samples have shown up-
regulation of CDK4/6 in different subtypes. For instance,
CDK6 levels have been found to be higher in FAT1-
deleted samples compared with those having wildtype
FAT1 [196]. Another study has shown up-regulation of
CDK4/6 and pRb levels in HER2+ breast cancer sam-
ples [334]. In ovarian cancer samples, up-regulation of
CDK6 has been associated with shorted OS and immu-
nosuppressive state [319]. Moreover, in this type of can-
cer, up-regulation of a functional counterpart of CDK4/6,
i.e. COL6A3 has been associated with shorter OS and
advanced clinical stage [330]. Table 12 shows dysregula-
tion of CDK4/6 in clinical samples.

A number of clinical studies have evaluated the effects
of CDK4/6 inhibition on survival of patients (Table 13).
For instance, treatment of 22 breast cancer patients with
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Table 11 Function of CDK4/6 in animal models of cancer
Tumor Type Animal models Results References
Acute myeloid leukemia NOD/Shi-scid IL2Rgnull (NOG) mice CDK4/6 inhibition: 1 autophagy [333]
Combination of CDK4/6 inhibition and
autophagy inhibitor, chloroquine: |, tumor
growth
4-6-week-old BALB/c nude mice 1 mMiR-362-5p: 4 tumor growth [202]
Bladder cancer mice CDK4/6 inhibition and CDDP combination: | [195]
tumor growth
6-week-old BALB/c-A nude mice 1 miR-124: |, tumor growth [203]
Breast cancer 6-7-week-old female FVB MMTV-PyMT, Balb/c A CDK4/6: |, proliferation, 4 anti-tumor immu-  [198]
(), and 8-week-old FoxnTnu mice nity and cell cycle arrest
female nude mice A PTEN: 4 clinical cross-resistance to CDK4/6 ~ [172]
and PI3Ka inhibitors via increased AKT activa-
tion
7-week-old female NOG CIEA mice A CDK4/6 and AKT: | tumor growth of [207]
ER + breast xenografts resistant to fulvestrant
6- to 8-week-old female NSG mice Combined PI3Ka and CDK4/6 inhibition: 4 [208]
6- to 8-week-old female immune-competent  activation of tumor-infiltrating T-cell and cyto-
C57BL/6 mice toxicity and | immunosuppressive myeloid-
derived suppressor cells
4-week-old BALB/c nude mice Combined Inhibition of CDK2 and CDK4/6: | [98]
resistance to Palbociclib
6-week-old female NOD-SCID mice PARPi olaparib and the CDK4/6i palbociclib: | [209]
tumor growth
6-week-old female BALB/c nude mice A CDK4/6: |, tumor metastasis by destabilizing [210]
the ZEB1 protein
A USP51: | tumor metastasis through the
regulation of ZEB1
6-week-old CD-1 athymic nude mice Blocking AKT/S6 signaling by targeting PI3K  [214]
was found to be effective in blocking prolif-
eration of palbociclib-resistant cells
6-week-old female athymic nude mice CDK4/6 and PARP dual inhibitor, ZC-22: 4 cell ~ [217]
cycle arrest and 4+ DNA damage more than
the combination of Olaparib and Abemaci-
clib, and 4 response to Cisplatin
Female BALB nude mice abemaciclib and ABT-263 combination: |, [218]
tumor growgh
4-week-old BALB/c nude mice M miR-124: | tumor growth [219]
4-week-old nude mice A MALATT: 4 inhibitory effect of miR-124 on [222]
the tumor growth
Cervical cancer 4-5-week-old male BALB/c nude mice A circ_0000326: |, tumor growth [227]
Clear cell renal cell carcinoma 4-5-week-old male BALB/c nude mice 4 miR-1: | tumor growth [228]
NOD/SCID/IL2Ry-null (NSG) mice A DMDRMR: |, tumor growth [229]
4-5-week-old male BALB/c nude mice 4 miR-206: |, tumor size and weigh [230]
Colon cancer Male athymic BALB/c nude mice AHAGLR: | tumor growth [231]
6-week-old female Balb/c nude mice 11 miRNA-20b-5p: | tumor growth [232]
Colorectal cancer 6-week-old BALB/c athymic nude mice M MCM3AP-AST: 4 tumor growth [233]
5-6-week-old male BALB/c nude mice M miR-142-3p: | tumor growth [234]
4-6-week-old male BALB/c athymic nude 4 miR-875-5p: | tumor growth [236]
mice
Esophageal squamous cell carcinoma 4-5-week-old female BALB/c athymic nude 4 miR-1: | tumor growth [243]
mice
Ewing sarcoma 7-8 week old nude female mice Combination of CDK4/6 and IGF1R inhibition:  [173]

4 survival and | tumor progression
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Gastric cancer 4-week-old BALB/c nude mice 4 miR-1301-3p: 4 tumor growth [247]
6-week-old female BALB/c nude mice A Linc-ROR: | tumor growth [252]
4-week-old female BALB/c nude mice A GCRLT: |, tumor growth, tumor size, and [254]
weight
Glioblastoma 6-8 week old SCID Ncr mice Palbociclib, CDK4/6 inhibitor: 4 survival [255]
6-to-8-week-old female BALB/c SCID NCr mice  Combination of CDK4/6 inhibitor, abemaci- [256]
clib, with c-Met/Trk inhibitor, altiratinib was
effective against GICs
Glioblastoma multiforme BALB/C nu/nu nude mice CDA-2 treatment: 4 radiosensitivity which [258]
acts like the effect of miR-124
restoration and CDK4 knockdown
4-5-week-old female BALB/c nude mice A1 miR-138: | tumor growth [259]
4-week-old male nude mice A circMMP9: | tumor growth [260]
Glioma 5-week-old female BALB/c nude mice Combination of TMZ and abemaciclib treat-  [261]
ment showed antitumor efficacy
4-week-old male BALB/c nude mice Sevoflurane treatment: |, tumor volume and  [262]
weight via reducing HMMR-AS1
H. pylori related gastric cancer 4-6-week-old male BALB/c nude mice 4 miR-101: | tumor growth [263]
Head and neck squamous cell carcinoma nude mice Combination of CDK4/6 inhibitor, LY2835219,  [265]
and metformin: |, tumor growth
Hepatocellular carcinoma 4-5-week-old female BALB/C nude mice Aminoquinol, a new CDK4/6 and PI3K/AKT [174]
inhibitor: |, tumor growth
6-8-week-old BALB/c, all-female nude mice A circ_0001588: | tumor size, volume and [267]
weight
4-week-old male BALB/c nude mice Ahsa_circ_0016788: |, tumor growth [268]
6-week male BI6/Rag2/GammaC double A CCDC144NL-AS1/WDRS or 14 miR-940: |, [270]
knockout nude mice tumor growth
4-week-old female BALB/c nude mice A circSP3: |, tumor volume and weight [273]
BALB/c nude mice AVPS9D1-AST: | tumor growth [24]
Kaposi's sarcoma-associated herpesvirus 4-6-week-old female BALB/c nude mice M miR-34a-5p: | tumor volume and weight  [274]
Lung cancer female athymic BALB/c nude mice A LINCO1194: | tumor volume and weight [278]
6-week-old male BALB/c nude mice M hsa_circ_0014235: 1 DDP chemoresist- [279]
ance
5-6-week-old male BALB/c nude mice 4 miR-613: | tumor growth [280]
4-week-old female BALB/c nude mice M miR-340: | tumor growth [283]
4-6-week-old male BALB/c athymic nude 4 miR-326: 1 tumor volume and weight [285]
mice
4-6-week-old male BALB/c athymic nude 1 miR-134: |, tumor growth [285]
mice
male athymic BALB/c nude mice A INcSENCR: | tumor growth [291]
5-6-week-old BALB/c athymic nude mice M miR-545: | tumor volume and weight [292]
Medulloblastoma Balb/C nude mice A HOTAIR: | tumor growth [296]
Melanoma 6-7-week-old female BALB/c nude mice Palbociclib and GSK3326595 treatment: |, [298]
tumor volume
A PRMTS: | emergence of CDK4/6 inhibitor
resistance In Vivo
CrTac:NCr-Foxn1nu mice Combination of MEK and CDK4/6 inhibitors: |, [300]
tumor size in NRAS mutant cells
7-8 weeks old female, pathogen free C.B A CDK4 or CDK6: | tumor growth [301]
17-Scid mice CDK4/6 inhibitor, PD0332991: | tumor growth
Male C57BL/6 mice (Jackson Labs) and NSG Combination of MEK and CDK4/6 inhibitors [302]

mice

was more effective at postponing regrowth of
mutant BRAF melanoma in immunocompe-
tent versus immune-deficient mice
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Tumor Type Animal models Results References
nude mice Ahsa_circ_0025039: |, tumor volume and [304]

weight

Nasopharyngeal carcinoma 4-week-old BALB/c nude male mice ARP11-624L4.1: |, tumor growth [61]

Oral squamous cell carcinoma 4-6-week-old male BALB/c nude mice M miR-198: | tumor size and volume [312]

Osteosarcoma 6-8-week-old BALB/c nude mice A 91 H: | tumor growth [317]

Ovarian cancer 6-week-old female C57BL/6 mice Abemaciclib (inhibitor of CDK4/6) treatment:  [318]

6-8-week-old female C57BL/6J mice

Female BALB/cANN.Cg-Foxn Tnu/CrINarl null

mice

6-week-old female athymic nude mice

mice
Pancreatic Adenocarcinoma
Pancreatic ductal adenocarcinoma

female BALB/C nude mice
NSG-hHGFki mice

Skin cancer
Uveal melanoma

6-8 week-old athymic (nu/nu) homozygous

nude mice

6-8-week-old female athymic nude mice
4-5-week-old athymic nude mice

J tumor growth and 4 proinflammatory
immune response

CDK4/6 Inhibitor, palbociclib: | tumor growth  [319]
by activating the immune microenvironment

A COL6A3: | metastasis and tumor growth via  [320]
regulating CDK4/6 and p-Rb

CDK4/6 and PARP dual inhibitor, ZC-22: 4 [217]
response to Cisplatin

4 miR-506: |, proliferation [321]
A CDK4/6: |, tumor growth [322]
Combination of MEK and CDK4/6 inhibition: |,  [324]
tumor growth and 4 overall survival

CDK4/6 inhibitor, Rafoxanide: |, tumor growth  [330]
Merestinib and Abemaciclib combination: | [331]
tumor growth in NSG-hHGFki mice

CDK4/6 inhibition: 4 cytostasis and | tumor ~ [332]

growth as effective as MEKi plus CDK4/6i
treatment

A knock-down or deletion, NSG Nod SCID y, NSG-hHGFki NOD.Cg-Hgftm1.1(HGF)Aveo Prkdcscid IL2rgtm1Wijl/J, GICs glioma-initiating cells

a CDK4/6 inhibitor has resulted in complete response
in one patient, partial response in 8 patients, and stable
disease in 13 patients [336]. Another study in breast can-
cer patients has indicated better progression-free sur-
vival time in those treated with CDK4/6 inhibitors than
those received PI3K inhibitors. Moreover, Combination
of CDK4/6 inhibitors and endocrine therapy has yielded
better OS than PI3K/mTOR inhibitors [337]. Promising
results have also obtained from studies in other types of
cancers.

Discussion

Expression and activity of CDKs have been assessed in
animal models of cancers, cell lines and clinical samples
of patients having different types of cancers. CDK1 and
CDK?2 are the most comprehensively assessed members
of this family. Additionally, a number of studies have
addressed involvement of CDKs 3, 4/6, 5, 7 and 9 in can-
cer cell lines. Other members of this protein family have
not been thoroughly assessed.

The above-mentioned studies have revealed a number
of CDKs-interacting molecules including mRNA coding
genes as well as IncRNAs and miRNAs. PVT1, NCK1-
AS1, FOXD2-AS1, SNHG4, SNORD52, TMPO-ASI,
TONSL-AS1, DLEU1 and CASCI11 are among IncR-
NAs that interact with CDKs. Meanwhile, miR-378a-5p,

miR-34c-3p, miR-181a, miR-195-3p and miR-205 have
been shown to regulate expression of certain CDKs
through binding with the 3'UTR of their transcripts.
Since miRNAs can efficiently reduce expression of CDKs,
identification of additional CDKs-targeting miRNAs
through in silico and experimental methods can facilitate
design of novel treatment modalities for cancers. Moreo-
ver, available data indicate that expressions of CDKs are
regulated through a complex regulatory network con-
sisted of both genetic and epigenetic mechanisms which
can be dysregulated during the course of cancer evolu-
tion. Application of various quantitative experimen-
tal and computational methods in a "system biology"
approach is needed to unravel complicated aspects of
the mentioned network and develop novel modalities to
combat cancer-a prototype of disorders associated with
dysregulation of CDKs.

Conclusion

Since activity of CDKs is associated with induction of
stem cell properties, drugs targeting these proteins might
be used for effective elimination of cancer stem cells
and reduction of tumor metastases. This implicates that
CDKs are involved in the pathogenesis of a high spec-
trum of cancers, including different types of carcinomas
as well as non-epithelial malignancies. Coming from
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this point of view CDKs will come more and more in the
focus as therapeutical targets.

Activity levels of CDKs can be used for prediction of
cancer prognosis and response of patients to various
therapeutic options. In fact, an appropriate approach
for implementation of personalized medicine in the field
of cancer therapy is measurement of activity of these
proteins.

Cumulatively, CDKs represent ideal therapeutic targets
for cancer. Thus, future studies should focus on assess-
ment of their activities in different tumors and identifi-
cation of their association with clinicopathological data.
Moreover, the presence of putative genetic variants
within CDK coding genes might affect their activity and
susceptibility of persons to different cancers. This note
should also be assessed in future studies.
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