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Abstract. Cell cycle-related kinase (CCRK) is a novel protein 
kinase homologous to both cyclin-dependent kinase 7 (Cdk7) 
and Cak1p groups of CDK-activating kinase (CAK). CCRK 
activates Cdk2, which controls the cell-cycle progression 
by phosphorylating a threonine residue conserved in Cdk2. 
Previous studies have indicated that the CCRK protein levels 
were elevated by more than 1.5-fold in tumor tissue, and that 
the overexpression of CCRK is associated with poor prog-
nosis of the patients. Moreover, recent studies have shown that 
CCRK is involved in the Wnt signaling pathway associated 
with the genesis and evolution of cancer. This review aims to 
systematically present the information currently available on 
CCRK obtained from in vitro and in vivo studies and high-
light its significance to tumorigenesis.
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1. Introduction

Dysregulation of the cell cycle components may lead to tumor 
formation. The formation of tumors occurs when genes such 
as CDK, CDK-activating kinase (CAK), RB and p53 mutate, 
causing the cell to multiply uncontrollably (1-3). Regulation of 
the cell cycle progression appears to be achieved principally by 
cyclins and CDK activity at the G1/S and G2/M phase transi-

tions (4). The mid-G1 phase is characterized by the interaction 
between cyclin D1 and cdk4/6 (5). Another important complex 
at the G1/S boundary is that of Cdk2 and cyclin E (cyc E) (6). 
This complex hyperphosphorylates the retinoblastoma protein 
(pRb) and its family members (7). For total activation, a CDK 
must be binding to the subunits of cyclin, and then phosphory-
lated by a CAK within the activation segment or T-loop (8). 
Cells lacking CAKs are incapable of growth, whereas cells 
with a reduced level of CAKs exhibited retarded growth 
compared to control cells (9,10). Additionally, a specific inhi-
bition of CAKs was found to promote tumor cell death (11,12).

Cell proliferation is achieved through the transition of cells 
from G0/G1 arrest into the active cell cycle. Although progres-
sion through the cell cycle is controlled by the regulatory 
proteins mentioned above, overall proliferation is modulated 
by signaling pathways. The growth signal transduction is 
disrupted in almost all tumor types, as in the case of the Wnt 
pathway, which regulates the cell cycle mechanism to control 
cell proliferation and tumorigenesis (13,14). Aberrant activa-
tion of the Wnt pathway occurs in several human malignancies 
such as hepatocellular carcinoma  (HCC), gastrointestinal 
cancer and breast cancer (15,16). Recent studies have shown 
that the cell cycle-related kinase (CCRK) exhibits strong 
oncogenic properties in HCC by activating Wnt/β-catenin 
signaling and in turn upregulating the expression of β-catenin 
downstream targets (17).

CCRK, also known as CDK20 or p42, first reported in 
HeLa cells by Kaldis and Solomon in 2000 (18), is a newly 
identified 42 kDa protein containing all 11 conserved subdo-
mains characteristic of serine/threonine protein kinase (19). 
CCRK has sequence homology to both Cak1p and CDK7 
groups of CAKs (20). Currently, CCRK is known for its role 
in CAK function, independently of Cdk7 complexes. CCRK 
is capable of phosphorylating CDK2 on Thr-160 in vitro, an 
intrinsic kinase activity of CDK2 that is not required for this 
phosphorylation (8,11,20-22). Recent studies have indicated 
that CCRK is widely expressed in cell lines originating from 
a variety of tumor tissues, and CCRK suppression would 
cause cell cycle arrest at the G0-G1 phase by decreasing the 
phosphorylation of Cdk2/ Rb (11,17,21,23). In addition, CCRK 
is overexpressed in a number of human malignancies. Mouse 
models of CCRK functions have provided data suggesting 
that the overexpression of CCRK promotes tumorigenicity 
(17,23). Moreover, CCRK knockdown decreased the expres-
sion of cyclins and β-catenin in various types of human 
cancer. Therefore, CCRK phosphorylates Cdk2 and interacts 
with other proteins to act as an oncoprotein (17,23). CCRK is 
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involved in a wide array of cell signaling pathways associated 
with cell proliferation, which is closely linked to the genesis 
and evolution of cancer (17). These findings suggest that 
CCRK is a promising target of cancer therapy as a novel CAK 
or oncoprotein. In this review, we focused on the compilation 
of information available thus far regarding the significance of 
CCRK in carcinogenesis for future investigations.

2. CCRK: A novel CAK in mammalian cells

Cdk activation requires CAK phosphorylation of the cylin-Cdk 
complex on the threonine residue in the activation segment. 
Several lines of evidence support the role of CAK as an impor-
tant cell cycle regulator, becoming a target for the design of 
inhibitors to regulate the cell cycle, especially in diseases 
such as cancer (24-27). In addition to activating Cdks, CAK 
regulates transcription (28). CAK associated with TFIIH phos-
phorylates proteins involved in transcription, including RNA 
polymerase II (29,30). Moreover, CAK plays a role in DNA 
damage response. The activity of CAK associated with TFIIH 
decreases when DNA is damaged by UV irradiation  (29). 
Inhibition of CAK prevents cell cycle progression, a mechanism 
ensuring the fidelity of chromosome transmission. The Cdk7 
complex is the first and best-characterised CAK that is acti-
vated throughout the cell cycle (31). The Cdks1, 2, 4, 5 and 6 
alone are inactive and require both association with a cyclin 
and phosphorylation on a conserved threonine residue by 
Cdk7 complex (32-36). However, the existence of an additional 
CAK, other than CDK7, has also been suggested. Kaldis and 
Solomon (18) biochemically enriched a ‘small CAK’ activity 
in cervical carcinoma HeLa cells. This small CAK activity is 
distinct in size from CDK7 activity, the former peaks at 42 kDa 
whereas the latter peaks at 140 kDa (18). Transforming growth 
factor (TGF) treatment in osteosarcoma U2OS cells resulted 
in low CDK2 Thr-160 phosphorylation without affecting 
CDK7 activity (37). Moreover, in D. melanogaster, inactiva-
tion of the CDK7 homolog with null and temperature-sensitive 
mutations showed that CDK7 is required for the activation of 
CDC2-cyclin A and CDC2‑cyclin B complexes, but not for 
CDK2-cyc E complexes (12).

CCRK, the ‘small CAK’ delineated by Kaldis and 
Solomon (18), is a novel CAK based on: i) limited homology 
to Cdk7 and related kinases, with CCRK being a 346-amino 
acid protein with a molecular weight of 42 kDa that shares 
43% sequence identity with CDK7. The ATP analog FSBA did 
not inhibit CCRK activity whereas it completely inactivated 
Cdk7 (19,20); ii) a modest level of CAK activity in vitro albeit 
weaker than CDK7 (20,38). CCRK has a substrate specificity 
that is different from CDK7, with CCRK favoring CDK2 
and MAK-related kinase/intestinal cell kinase (MRK/ICK) 
as the substrate (20,29,38-40); iii) a cell proliferation defect, 
apparently accompanied by the decreasing phosphorylation 
of Cdk2 Thr-160, upon RNAi-mediated knockdown in human 
cells (17,21,23). A study by Wohlbold et al (19) demonstrated 
that although CCRK supports colorectal carcinoma HCT116 
cell or osteosarcoma U2OS cell proliferation, it does not possess 
CAK activity against Cdk2. Moreover, those authors found 
that CAK activity observed in CCRK immunoprecipitates 
was due to associated Cdk7 protein. The conflicting observa-
tion may be attributed to the lack of complete understanding 

of CCRK functions and difference in the cell lines. CCRK 
is known to function in both a CAK and non-CAK manner 
in different cell lines (11,17,22,38). Thus, we provide the first 
evidence, to the best of our knowledge, that CCRK is a novel 
CAK in mammalian cells.

The main subcellular localisation of CCRK is nuclear 
and perinuclear regions, with a relatively low expression in 
the cytoplasm (23). In human tissues, CCRK is expressed 
predominantly in the brain and kidney, and to lesser extent 
in the liver, heart and placenta  (20). The cardiac CCRK 
isoform is detectable only in heart, liver and kidney (22). In 
their study, Qiu et al (22) indicated that the cardiac CCRK 
expressed in the heart has been shown to promote cell 
proliferation and reduce apoptosis induced by chelerythrine. 
CCRK is also widely expressed in various cancer cell lines 
such as glioblastoma (U87, U118, U138, U373 and SW1088), 
cervical adenocarcinoma (HeLa), colorectal carcinoma 
(HCT116), osteogenic sarcoma (U2OS), breast adenocarci-
noma (MCF‑7), ovarian carcinoma (UACC‑1598, UACC-326, 
OVCAR-3, HO-8910 and TOV-21G), lung fibroblast (WI-38), 
myoblast  (C2C12) and lymphocyte (GM08336)  (20,23). 
Notably, the disruption of CCRK homeostasis is closely 
linked to the formation of various types of human cancer 
(Table I). A high expression level of CCRK is a strong and 
an independent predictor of short overall survival in ovarian 
carcinoma and HCC (17,23). Thus, CCRK expression appears 
to have the potential to predict ovarian carcinoma and HCC 
patient clinical outcome (17). These data suggest that CCRK 
is essential for the proliferation of several human malignan-
cies. Thus, the functions of CCRK in both a CAK and an 
oncoprotein manner were delineated.

3. The role of CCRK as CAK in carcinogenesis

Liu et al (20) were the first to show that CCRK has CAK 
activity that regulates cell growth. In cervical adenocarci-
noma HeLa cells, the RNAi-mediated ablation of CCRK was 
able to inhibit cell proliferation, cause cell cycle G1 phase 
arrest, decrease pCdk2 levels and inhibit Cdk2 kinase activity 
(20). Similar results were observed in human glioblastoma 
(21), in which suppression of CCRK by small interfering 
RNA (siRNA) inhibited glioblastoma cell growth, induced 
cell cycle G1 arrest and decreased the pCdk2 level, whereas 
the overexpression of CCRK was able to confer tumorige-
nicity to a non-tumorigenic glioblastoma cell line, indicating 
that CCRK expression levels potentially correlate with the 
tumorigenicity of glioblastoma cells. In another study, An 
et al (11) investigated the function of CCRK in colorectal 
cancer carcinogenesis. Those authors showed that CCRK 
knockdown by siCCRK or shCCRK significantly reduces 
cell growth and causes cell cycle arrest at the G0-G1 phase 
in both LoVo and DLD1 human colorectal cancer cell lines. 
In addition, cyc E-Cdk2 complexes, the important complex 
at the G1/S boundary, reduced phosphorylation when CCRK 
was knocked down. Moreover, siCCRK transfection mark-
edly reduced pRb phosphorylation. The pRb is a tumor 
suppressor protein that is dysfunctional in several major 
cancers (41). Besides, it is worth noting that knockdown of 
CCRK induced cell cycle arrest at the G2-M phase in the 
LoVo cells.
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The evidence mentioned above suggests that although 
the overall picture of CCRK regulation remains incomplete, 
various aspects can be merged to provide a perspective of 
the role of this kinase cell cycle disruption. In its role as a 
catalyst for Cdk2 activity, CCRK provokes tumor-associated 
cell cycle defects to induce unscheduled proliferation. Excess 
CCRK phosphorylates the Cdk2 on Thr-160, subsequently 
promoting the transition from the G1 to S phase through 
the phosphorylation of key target proteins, including the 
pRb as well as the Rb family members p130 and p107. The 
hyperphosphorylated RB releases transcription factors such 
as E2F that are complexed with pRb (42). In turn, E2F binds 
to and activates the promoters of genes important in DNA 
synthesis (43). Additionally, CCRK only rarely phosphory-
lates CDK2. Phosphorylation by CCRK is stimulated by the 
association of CDK2 with its relevant cyclin, cyc E. After 
cyc E binding, the activation segment moves towards the 
C-terminal lobe exposing Thr160 for CCRK phosphorylation 
(43-45). In colorectal cancer cell lines, CCRK knockdown 
decreases the phosphorylation of Cdk2/Rb and reduces the 
expression of cyc E, suggesting that CCRK interacts with cyc 
E to upregulate the expression of the latter, enabling CCRK 
to phosphorylate CDK2 (11) (Fig. 1).

A similar regulatory mechanism has been observed 
whereby CCRK activates human MAK (male germ cell-
associated kinase) and MRK/ICK by phosphorylation of the 
essential Thr-157 in the T-loop (38,46). Both MAK and MRK 
reportedly phosphorylate Scythe, an antiapoptotic protein 
required for apoptosis and proliferation during mammalian 
development, in vitro (47-49). Recent studies have shown 
that MRK/MAK are new downstream targets of protein 
phosphatase 5 (PP5), which plays a crucial role in biological 
functions and controls almost every cell process, including 
gene transcription and translation, cell-cycle progression, 
DNA damage response and proliferation. Inhibition of PP5 
expression leads to a marked antiproliferative effect by acti-
vation of the p53-dependent G1 checkpoint (50,51). These 
findings suggest that MRK and/or MAK play a key role in 
cell-cycle checkpoint control and apoptosis in response 
to stress conditions, such as DNA damage. Moreover, the 
phenotypic effects of silencing CCRK in malignant cells may 
channel through MRK and/or MAK (52). Detailed investiga-
tions are essential to confirm the existence of the relationship 
between CCRK and MRK/MAK.

4. Role of CCRK as a novel oncoprotein in carcinogenesis

In addition to phosphorylating and activating CDK2, CCRK 
possesses an alternative mechanism for CCRK-induced cell 
cycle progression and cell proliferation. Previous studies have 
shown that CCRK is involved in a wide array of cell signaling 
pathways such as the Wnt and androgen receptor (AR) signaling 
pathways. The Wnt signaling pathway is a network of proteins 
best known for its role in embryogenesis and cancer (13,14). 
Aberrant activation of the Wnt signaling pathway occurs in 
several human cancers such as HCC, gastrointestinal cancer 
and breast cancer (15,16). Advances in molecular research 
have demonstrated that AR signaling is involved in key cell 
processes such as proliferation and apoptosis. Accumulating 
evidence has shown that AR is a master regulator in the G1/S 
phase progression in cancer cells and the crosstalk between 
this ligand-activated transcription factor and cell cycle path-
ways (53,54).

It was reported that CCRK links the AR and Wnt/ 
β-catenin/TCF cascades and provides a mechanistic basis 
for the aberrant β-catenin activation in human HCCs (17). 
β-catenin is a subunit of the cadherin protein complex and has 
been suggested as the most important integral component in 
the Wnt signaling pathway (55,56). Upon activation, β-catenin 
is able to escape from the destruction complex comprising 
APC, Axin and glycogen synthase kinase-3β (GSK-3β), which 
phosphorylates β-catenin and targets it for degradation via 
the ubiquitin-mediated proteasomal pathway (57,58). The 
excess cytoplasmic β-catenin is subsequently translocated 
into the nucleus to perform a variety of functions such as 
cell proliferation, the first step in cancer (59-61). It can act in 
conjunction with TCF and LEF to regulate the expression of 
numerous key target genes such as epidermal growth factor 
receptor (EGFR) (62). In their study, Feng et al (17) showed 
that CCRK expression in immortal liver cells induced focus 
formation, anchorage-independent growth, and tumor forma-
tion in immunodeficient mice, whereas CCRK knockdown 
in HCC cells reduced G1/S phase progression, focus forma-
tion, and tumorigenicity, demonstrating the strong oncogenic 
capacity of CCRK in HCC. Moreover, β-catenin depletion 

Table I. Overexpression of CCRK in the human tumors 
investigated.

		  No.
Tumor	 No.	 with elevated
type	 investigated	 CCRK	 Refs.

Hepatocellular carcinoma	   52	 45	 (17)
Ovarian carcinoma	 122	 65	 (23)
Colorectal cancer	   10	   7	 (11)
Glioblastoma	   19	 14	 (21)

CCRK, cell cycle-related kinase.

Figure 1. Cell cycle-related kinase (CCRK) serves as a novel oncogenic 
CDK-activating kinase (CAK) in cell cycle control and carcinogenesis.
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reverses the CCRK-induced tumorigenicity in nude mice, 
indicating that active β-catenin signaling is a major mediator 
of CCRK-induced tumorigenicity. These data are in agree-
ment with the fact that AR silencing reduced the expression 
of active β-catenin and β-catenin target genes, which could be 
rescued by ectopic CCRK expression. Furthermore, the CCRK 
expression correlates with AR and active β-catenin levels in 
primary HCC specimens. Therefore, a vicious cycle exists: 
AR induces CCRK expression to stimulate β-catenin activity, 
while β-catenin, acting downstream of CCRK, induces AR 
expression and activity. CCRK may therefore be a positive 
component in the Wnt signaling pathway, present in the cell to 
aberrantly activate β-catenin, and to provoke tumor-associated 
cell cycle defects to induce unscheduled proliferation (Fig. 2).

The mechanism underlying β-catenin activation by CCRK 
remains unclear. CCRK is potentially able to dysregulate 
β-catenin activation. Firstly, CCRK may phosphorylate GSK3β 
at Thr390. Recent studies have suggested that the C-terminal of 
GSK3β, specifically phosphorylation at Thr390, is important 
for β-catenin activation (63). Secondly, CCRK may directly 
interact with the N-terminal domain of β-catenin, allowing 
β-catenin to escape from its negative control. Thirdly, CCRK 
may functionally interact with TCF, leading to the transcrip-
tion of target genes through the interaction of β-catenin with 
TCF (64). However, further investigation is needed to validate 
these hypotheses. Since AR and Wnt signaling pathways 
are important in various types of human cancer and CCRK 
overexpression was detected in a number of cancer cells, the 
disruption of the AR-CCRK-β-catenin-positive regulatory 
circuit is highly relevant to cancer formation in HCC, and 
potentially to other male-predominant cancers.

Besides modulating the signaling pathway involved in 
cell cycle control and cell proliferation, CCRK has also been 
shown to regulate cyclin D1 expression. Wu et al (23) observed 
that CCRK overexpression in TOV-21G (ovarian carcinoma) 
cells induced an upregulated expression of cyclin D1, but 
not in Cdk2, pCdk2, Cdk4 and Cdk6 molecules, the results 
suggesting that the mechanism by which CCRK regulates 
cell cycle progression may be cell-type specific. In both the 
HCC and ovarian carcinoma cell lines, CCRK overexpres-
sion caused the upregulated expression of cyclin D1 (17,23). 

Consistently, RNA interference and transfection studies 
have shown that silencing of CCRK reduced the cyclin D1 
expression both in mRNA and in protein levels, and inhibited 
HCC and ovarian carcinoma cell proliferation both in vitro 
and in vivo. In addition, a significant correlation between the 
expression of CCRK and cyclin D1 in ovarian carcinomas was 
observed. Studies have also demonstrated that knockdown of 
β-catenin abrogated the CCRK-induced cyclin D1 expression 
and G1/S phase transition of liver cells. The overexpression of 
cyclin D1 was found to often associate closely with incessant 
tumor growth, progression and/or poor patient outcome. Thus, 
abnormally high levels of cyclin D1 are involved in a number 
of GI and non-GI malignancies, including those originating 
from the oral cavity, esophagus, breast and bladder (65-67). 
Therefore, investigation into the molecular mechanisms and 
signal transduction pathways between CCRK and cyclin D1 in 
various types of cancer is crucial.

5. CCRK as a promising target for cancer therapy

CCRK was overexpressed in various types of cancer (Table I). 
Increasing levels of CCRK were correlated with poor survival 
in patients with HCC (17). Furthermore, a high expression 
of CCRK was associated with poor prognosis in ovarian 
carcinoma (23). Increased CCRK expression affects brain 
tumorigenesis by upregulating CDK2 activity (21). The suppres-
sion of CCRK by siCCRK was found to induce G1 phase cell 
cycle arrest and reduced cell growth of colorectal carcinoma 
cells (11). Consistently, stable clones of colorectal carcinoma 
cells expressing shCCRK exhibited decreased cell proliferation 
rates (11). CCRK is also involved in the human papillomavirus 
association with cervical cancer (20). Moreover, CCRK is able 
to regulate AR and β-catenin activity, which are closely associ-
ated with various types of cancer (14,17). As disruption of the 
cell cycle control is a hallmark of all malignant cells, CCRK 
is potentially an important cell cycle regulator during carci-
nogenesis. The association between CCRK and CDK2 is well 
characterised at the structural and biological levels. Several 
lines of evidence strongly suggest that CCRK positively regu-
lates cell cycle progression and tumor growth, indicating that 
CCRK may serve as a novel prognostic marker and may be a 
promising candidate as a molecular target for cancer therapy 
for some types of cancer. The use of molecule inhibitors to 
block the action of CCRK has not been previously reported.

6. Conclusion

Previous data have shown that CCRK is a novel CAK and 
serves as an important regulator in tumorigenicity. CCRK is 
functionally connected to a broad range of cell signaling path-
ways with important functions in cell cycle progression, cell 
proliferation and malignant transformation. The involvement 
of CCRK in tumorigenesis is extensive. Numerous activities 
of CCRK affect tumor growth, both in a CAK and an onco
protein manner.

Currently, the best understood function of CCRK is its 
role in phosphorylating cdk2 on Thr-160. However, several 
questions concerning the function of CCRK in this pathway 
remain. It is possible that siCCRK-reduced CDK2 phosphory-
lation is a secondary effect of the growth inhibition induced 

Figure 2. In the presence of cell cycle-related kinase (CCRK) overexpression, 
β-catenin is stabilized, and excess cytoplasmic β-catenin is translocated to 
the nucleus, where it interacts with the TCF-4 transcription factor to regulate 
the expression of a number of key target genes. 
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by CCRK knockdown. In addition, CCRK may bind and/or 
phosphorylate CDK7 (or other CDKs), which in turn bind to 
CDK2 and regulate its activity (21). However, more studies 
such as in vitro kinase assays are needed to confirm whether 
CCRK interacts directly with CDK2. In addition, previous 
studies suggest that the T-loop phosphorylation of Cdk2 is 
completely dispensable (68). Members of the Ringo/speedy 
family proteins have now been shown to associate with Cdk2 
and promote its activity against some substrates where T-loop 
phosphorylation has no effect on the Cdk2 activity (69). 
Future studies on the structure of Ringo/Cdk2 complexes and 
more thorough genetic and biochemical studies on Cdk2 and 
CCRK are required to elucidate these issues. It is also worth 
investigating the relationship between CCRK and MRK/
MAK, the findings of which may reveal novel mechanisms 
for cell cycle regulation.

CCRK is also capable of interacting with β-catenin as a 
positive component in the Wnt signaling pathway. Future 
studies are needed to elucidate the precise mechanism of 
action of CCRK in regulating β-catenin. Disruption of the 
AR-CCRK-β-catenin-positive regulatory circuit plays a 
critical role in hepatocarcinogenesis, and may be highly rele-
vant to the design of therapeutic interventions in some types 
of cancer (17). Furthermore, the upregulated expression of 
CCRK in ovarian carcinoma and HCC suggests a potentially 
important role of CCRK in the control of cell proliferation via 
the regulation of cyclin D1 expression (17,23).

The ultimate aim of these studies is to translate them into 
clinical applications. If its role as an important regulator in 
tumorigenicity is confirmed, CCRK may serve as a novel prog-
nostic cancer marker and a new target of cancer therapeutics.
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