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Abstract

Cyclin-dependent kinase 6 (CDK6), a D-type cyclin regulator, has aberrant expression in 
various kinds of malignancies, including T-cell acute lymphoblastic leukemia (T-ALL). This review 
highlights the importance of CDK6 as a common downstream mediator in both Notch- and PTEN-
AKT-dependent T-cell malignancies. As a central molecular player linking extracellular signals to 
cell cycle machinery, CDK6 orchestrates network dynamics in normal versus cancerous cells. Albeit 
much remains to be exploited, CDK6 serves as a potential adjuvant therapeutic target in the 
Notch and PTEN-AKT subgroup of T-ALL.

THE GENETICS AND MECHANISMS OF T-ALL
Acute lymphoblastic leukemia (ALL) is a quickly progressing 

cancer of white blood cells. The annual incidence of ALL in the US 
is roughly 4,000-3,000 of which afflict children. T-ALL accounts 
for about 15% and 25% in pediatric and adult ALLs, respectively. 
Pathophysiologically, T-ALL results from sustained activation 
of oncogenes and/or inactivation of tumor suppressors. Recent 
evidence indicates that more than 50% of all T-ALLs express a 
constitutively active Notch1 receptor [1], about 3% of cases harbor 
translocation mutation in CCND2 locus, resulting in aberrantly 
high levels of cyclin D2 expression, an activating partner of 
cyclin-dependent kinases (CDKs), which drives uncontrolled 
cell proliferation [2]. By contrast, 70% of T-ALL patients have 
a deletion mutation of the CDKN2A locus encoding the tumor 
suppressors p16INK4A and p14ARF [3,4], while approximately 15% 
of T-ALLs show chromosome deletions in 13q14.2, containing 
the retinoblastoma 1 (RB1) locus, encoding a retinoblastoma 
tumor suppressor protein (pRB) [5,6]. About 12% of ALLs 
display deletion mutation in CDKN1B, which encodes p27KIP1, 
another family inhibitor of CDKs [7]. Furthermore, 5% of T-ALLs 
have somatic mutations in the RUNX1 gene, which encodes a 
tumor suppressor and master regulator transcription factor 
with prominent roles in hematopoietic development [8-10]. 
And approximately 10-15% of T-ALLs show loss of PTEN tumor 
suppressor gene, a major negative regulator of AKT signaling 
[11,12]. Moreover, some T-ALL patients have heterozygous 
point mutations in the zinc finger DNA-binding protein domain 
of GATA3 [13], an important transcriptional regulator of T cell 

differentiation with an essential role in the development of early 
T cell progenitors [14], and a crucial tumor suppressor role in 
basal-like breast cancer [15].

CURRENT TREATMENT OF T-CELL ACUTE 
LYMPHOBLASTIC LEUKEMIA

In both children and adults, T-ALL is currently treated with a 
complex combination of chemotherapeutics to achieve sustained 
remission with low toxicity to normal cells in order to allow rapid 
hematological recovery for further treatment [16]. In addition, 
depletion of extracellular asparagine through the use of the 
enzyme L-asparaginase [17], in pediatric T-ALLs can prolong 
treatment effect. Hematopoietic cell transplantation has been 
used to treat adult T-ALL with high effectiveness [18]. Despite 
all the improved treatment protocols, a significant proportion 
of T-ALL patients suffer relapse, possibly due to the failure of 
current treatments in eradicating the most primitive leukemia-
initiating cells or leukemia stem cells (LSCs), which initiate and 
sustain the disease in vivo. Treatment options for patients with 
relapsed or refractory T-ALL are limited, and include agents 
such as nelarabine and clofarabine, exhibiting efficacy in <20% 
of patients, or allogeneic stem cell transplantation. Moreover, all 
patients are clinically treated the same regardless of presenting 
symptoms since there are no available biomarkers for patient 
stratification. Thus, long-term toxicities of intensive therapy are 
becoming increasingly common. Taken together, all evidence 
underscores the need to develop more specific and highly 
effective anti-leukemic therapies.
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THE ROLE OF CDK6 IN CELL CYCLE CONTROL
Cyclin-dependent kinases 4/6 (CDKs 4/6) play a well-

established role in the regulation of the cell cycle in early G1 
phase (Figure 1). Proliferative stimuli induce the expression 
of D-type cyclins, which assemble with CDK4 and CDK6. This 
results in the activation of CDKs 4/6 and the nuclear import of 
their holoenzymes, where they collaborate with cyclin E-CDK2 
to promote cell division by phosphorylation of pRB, as well as 
the pRB-related family proteins p107 and p130 [19]. Hyper-
phosphorylation of pRB results in activation or de-repression 
of E2F-dependent promoters and the transcription of genes 
required for S-phase entry [19,20]. Therefore, D-cyclin–CDK4/6 
complexes play a catalytic role in the G1-S transition by negatively 
regulating pRB function. Apart from their well-documented CDK-
dependent role, D-cyclin–CDK4/6 complexes likely play a second, 
non-catalytic role in the G1-S transition by sequestering the Cip/
Kip family proteins p27KIP1 (p27) and p21CIP1 (p21) [21-23]. This 
mechanism helps to relieve cyclin E–CDK2 from its constraint, 
thereby facilitating its activation later in G1 phase. Hence, both 
pRB and p27 activity are negatively regulated by cyclin D-CDK4/6.

The Cip/Kip inhibitor family includes p21, p27 and p57KIP2 
(p57) which associate with several different cyclin/CDK 
complexes through a conserved N-terminal domain that contains 
both cyclin and CDK binding sites [24-26]. Cip/Kip molecules 
inhibit CDK2 kinase activity and block cell cycle progression when 
they associate with CDK2. However, the function of CDK4/6-
associated CIP/KIP proteins may be much more complex: there 
is strong evidence that Cip/Kip proteins serve as important 
assembly factors for D cyclin-CDK4/6 complexes, favoring 
cell cycle progression by a non-catalytic mechanism [27,28]. 
However, this function may not be universal because p27 and 
p21 stabilize but are not absolutely required for the formation of 
active D cyclin-CDK4 complexes, and both can inhibit the activity 
of D cyclin-CDK4 complexes under some circumstances [29]. 

Of the Cip/Kip family of CDK inhibitors, p21 and p57 are not 
significantly expressed in lymphoid organs, and mutations in their 
genes exhibit no effect on T-cell proliferation [30-32]. In contrast, 
targeted disruption of the murine p27 gene caused a pronounced 
lymphoid hyperplasia in the thymus and spleen, which was 
associated with increased T-lymphocyte proliferation. However, 
the development of these cells was remarkably unperturbed 
[33-35]. Furthermore, p27 also governs CDK activity during the 
transition from quiescent G1-phase to S-phase in T-lymphocytes 
[36-38]. Recent evidence shows that about 12% of ALLs display a 
deletion mutation in the p27 gene, CDKN1B (57). Therefore, p27 
plays a key role in the negative modulation of T-cell proliferation.

A second set of CDK inhibitors (CKIs) also acts to restrain 
proliferation in most cell types. In contrast to the Cip/Kip family, 
the INK family of CKIs including p15INK4b (p15), p16 INK4a (p16), 
p18 INK4c (p18), and p19 INK4d (p19) can independently associate 
with CDK4/6. The stable CDK-INK4 complexes inactivate CDKs by 
preventing their association with the activating cyclin D subunit 
[39-41]. Among the four INK4 CDK inhibitors, inactivation of p15 
or p19 was recently shown to have little or no significant effect 
on T-cell proliferation [42,43]. In contrast, 70% of T-ALL patients 
have a deletion mutation of the tumor suppressors p16INK4A and 
p14ARF [3,4]; loss of p18 alone in T-cells leads to hyperproliferation 
and development of lymphoproliferative disorder and T-cell 
lymphomas [44,45], despite high expression of both p18 and p19 
in lymphoid organs/cells [30,46,47]. Furthermore, biochemical 
analysis of the G1 regulatory proteins indicates that p18 is stable 
and preferentially inhibitory to CDK6 but not CDK4 activity in 
activated T cells [45]. Thus, the INK family of CKIs is an important 
class of inhibitory molecules that modulate T-cell development 
and tumorigenesis.

Since their discovery, CDK4/6 have been widely thought to 
be important for initiation of the cell cycle in response to growth 
regulatory signals and to regulate the cell cycle progression 

Figure 1 The role of CDK6 in normal cell cycle control: In the early G1 phase, D-type Cyclins are induced and assembled with, CDK4/6 (K4/
K6) in response to the mitogen stimulation. The kinases are activated and imported into nucleus. There, they start to phosphorylate one of 
their substrate pRB, inactivating its function. The complete inactivation of pRB also requires sequential phosphorylation by CDK2 (K2) kinase. 
Hyperphosphorylation of pRB results in releasing of transcription factors E2F, which transactivate a series of genes, required for G1-S transition. 
D-type CDKs play an important role in this process by linking the extracellular stimulation to the cell cycle machine. Overall, kinase activity is 
tightly regulated. Firstly, by definition, CDKs have to bind to cyclin to become active. Secondly, kinase activity is negatively regulated by binding to 
different CDK inhibitors such as the Ink4 family protein p16, and the Cip/Kip family proteins, p21 and p27. The kinase is also regulated by a series 
of phosphorylation and dephosphorylation steps. However, deregulation of any component in the signaling pathway can cause tumor formation.
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through the phosphorylation of pRB [20,48-51]. In some 
tissues, preferential expression of CDK4 or CDK6 supports the 
idea that these kinase subunits may have redundant functions. 
For instance, CDK4 is highly expressed in mesenchymal cell 
types such as fibroblasts and osteoblasts. In contrast, CDK6 is 
predominant in all hematopoietic cell types [51-53]. Consistent 
with this notion, CDK6 is the earliest CDK to be induced during 
human T-cell activation [54,55], and high-level expression of 
pre-activated CDK6 were found in CD8+ memory cells, mediating 
rapid division after antigen re-stimulation [56]. Importantly, 
recent analyses of CDK6 knockout animals reported significantly 
decreased thymic cellularity, with unappreciable alteration in 
other tissues, indicating the specificity of CDK6 in the thymus 
[57-59]. Nevertheless, most tissues, including those listed above, 
express both CDK4 and CDK6 at detectable levels, perhaps 
indicating that these subunits have discrete, non-overlapping 
functions in certain cell types or during specific developmental 
stages.

ONCOGENIC CDK6 IN T-ALL
Consistent with the idea that CDK4 and CDK6 may differentially 

impact proliferation in a cell-type dependent manner, CDK6 is 
over expressed in human T-cell Lymphoblastic Lymphoma/ALL 
[52,60-62], and the CDK6 locus is amplified in 25% of peripheral 
T-cell lymphomas [61]. CDK6 also plays a role in the development 
of lymphoid malignancy in E47-deficient T-cell lineages [62]. 
Alternatively, aberration in cell cycle regulation, especially 
sustained CDK4/6 activation, is a common theme in the majority 
of human cancers including T-ALLs [63,64]; for instance, 70% of 
T-ALL patients have deletion mutation of the tumor suppressors 
p16INK4A and p14ARF, as mentioned above. In contrast, CDK4 is 
specifically mutated in human melanomas [65,66], and over-
expressed in a significant fraction of human breast cancers 
[67,68]. Moreover, in the past few years, several groups have 
demonstrated that CDK6 has a specific role in differentiation of 
certain cell types such as in astrocytes [69], osteoblasts [70], and 
murine erythroid leukemia cells [71]. This function is apparently 
not shared with CDK4.

ONCOGENIC SIGNALING PATHWAYS IN CDK6-
MEDIATED T-ALL

Upstream regulators of CDK6

The oncogenic role of CDK6 in T-cell is well documented in 
genetic models. For example, we and other groups have provided 
genetic and molecular evidence to demonstrate that CDK6 kinase 
activity is critical to induction of Notch1-mediated T-ALL in 
a mouse model [64,72,73]. We found that donor cells lacking 
the CDK6 protein or its kinase activity, while expressing intact 
CDK4, are resistant to transformation by activated Notch1 as a 
consequence of reduced proliferation and increased apoptosis. 
Re-expression of CDK6 in CDK6-deficient or kinase-dead 
stem cells rescues this defect, arguing for a cell-autonomous 
effect of CDK6 downstream of Notch1 in leukemogenesis. In 
complementary studies, Choi, YJ et al. [73], and Sawai CM et al. 
[64], have shown that deletion of cyclin D3 (an activating partner 
of CDK4/6) or treatment with palbociclib (PD0332991), an 
inhibitor of CDK4/6, induced cell cycle arrest and apoptosis in 
Notch1-induced mouse T-ALLs and prolonged survival of mice 

bearing these leukemia [64,73]. Moreover, we have also extended 
our findings to human leukemia by testing the response of human 
T-ALL cell lines with constitutively active Notch1 mutations (1) 
to PD0332991 or Cdk6-shRNAs. PD0332991 or Cdk6-shRNAs 
treatment inhibited cell proliferation and induced apoptosis, 
recapitulating the effects seen in the mouse models. Taken 
together, these data indicate that CDK6, as a downstream effector 
of Notch1 [58,59,72], is required for initiation and maintenance 
of Notch1-induced T-ALL.

Recent evidence also indicates that AKT-activating mutations 
are frequently found in many types of human T-ALL and murine 
T–cell tumors [74-77]. Over-expression of an active form of AKT 
(MyrAkt1) in WT T-cell progenitors induces T–cell lymphoma 
accompanied with increased level of CD44 [58,78]. However, 
CDK6 deficient mice are resistant to MyrAkt1-induced T-cell 
hematopoietic malignancies, in support of CDK6 being a major 
oncogenic driver downstream of AKT, with higher expression 
of CD25 and lower expression of CD44 [58]. Thus, CDK6 is also 
required for T-cell tumorigenesis in an AKT-dependent pathway.

In conclusion, CDK6 acts as a common downstream target of 
Notch and PI3K-AKT signaling pathways in T-cell tumorigenesis, 
which imply that CDK6 can be a promising novel and highly 
selective treatment for T-ALLs.

DOWNSTREAM EFFECTORS OF CDK6: CD25
CD25, the alpha chain of interleukin-2 (IL-2) receptor (IL-

2Ra), is expressed on the surface of certain immune cells, such 
as lymphocytes. The role of IL2 and its receptor is well known for 
their functions in the immune system, specifically in mediating 
tolerance and immunity, which occurs through their direct 
effect on T-cells. In the human and murine thymus, IL-2/IL-2R 
promotes the differentiation of regulatory T-cells to prevent 
autoimmune disease [79], they also promote the differentiation 
of effector and memory T-cells to fight off infections [79], and to 
maintain cell-mediated immunity [79,80]. However, the role of 
CD25 in tumorigenesis remains elusive.

In a different disease context, PIM kinase inhibitors target 
CD25-positive acute myeloid leukemia (AML) cells through the 
suppression of STAT5 activation, leading to inhibition of AML cell 
proliferation. Thus CD25, a STAT5 regulated gene, can potentially 
be used as a biological marker for effective response to PIM-
inhibitor treatment in AML [81]. Moreover, CD25 is the marker 
for diagnosis of adult T-cell lymphoma/leukemia and hairy cell 
leukemia [82]. By contrast, Willerford, DM et al., observed that 
CD25 deficient mice developed polyclonal T- and B-cell expansion 
leading to enlargement of lymphoid tissue [83], suggesting that 
CD25 has anti-proliferative effect on lymphocytes. More studies 
revealed that CD25 balances clonal proliferation and cell death 
to ensure the appropriate size and function of lymphocytes by 
regulating Fas-dependent T-cell death [84]. Consistent with this 
observation, loss of CDK6 or its kinase activity causes reduced 
cell numbers of stem cells and thymocytes, along with increased 
CD25 expression [58,59]. Similarly, CD25 is increased in the 
mouse leukemia cells treated with CDK4/6 inhibitor, indicating 
that CDK6 activity suppresses CD25 expression in the presence of 
constitutively active Notch1 [72]. Furthermore, re-expression of 
CDK6 in knockout (KO) or kinase-dead (K43M) stem/progenitor 
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(LKs) cells dramatically reduced CD25 level in leukemic cells and 
restored T-ALL [72]. By contrast, ablation of CD25 in K43M mice 
(Cd25–/–;K43M) reverses the protective effects K43M LKs exhibits 
in the development and transformation of leukemia cells, 
demonstrating the essential role of CD25 in CDK6-mediated, 
Notch-induced transformation [72]. Taken together, the above 
findings argue that CD25 could display a novel tumor suppressor 
function in this genetic context. Our data revealed a previously 
unknown relationship between CD25 repression and CDK6 
expression in T-cell development and T-ALL tumorigenesis.

MEDIATORS LINKING CDK6 AND CD25
Foxp3 directly regulates CD25 expression [85,86]. However, 

although attenuated, CD25 is still highly expressed in Foxp3-
deficient Treg cells [87], suggesting that additional transcription 
factors or pathways are involved in CD25 regulation. The best-
characterized targets of CDK6 are pRB [19,20], and RUNX1, a 
tumor suppressor in T-ALLs [88,89]. Phosphorylation of pRB 
or RUNX1 by CDK6 results in loss of function of pRB [19,20], or 
increased degradation of RUNX1 [90,91]. It is possible that pRB 
and/or Runx1 are mediating CDK6 function in regulating CD25 
expression, and thus T-cell development and tumorigenesis. 
However, ablation of pRB or RUNX1 on K43M background does 
not alter CD25 expression nor does it rescue the defects in Notch-
induced leukemogenesis associated with the loss of CDK6 kinase 
activity; although deletion of pRB, but not RUNX1, partially 
restores the development of K43M thymocytes [72], suggesting 
that pRB and RUNX1 are not downstream mediators of CDK6 in 
Notch1-induced mouse T-ALL.

Another potential effector of CD25 expression downstream 

of CDK6 is FOXM1, widely known as a transcriptional activator 
involving in G1-S transition and senescence suppression [92]. 
Phosphorylation of FOXM1 diverts its proteasomal degradation, 
leading to the stabilization of FOXM1 protein [92]. Consistent 
with this finding, we confirmed that deficiency or inhibition 
of CDK6 kinase activity is associated with decreased FOXM1 
protein levels in thymocytes or in human T-ALL cell lines [72]. 
It is conceivable that FOXM1 may negatively regulate T-ALL by 
promoting methylation of the GATA3 promoter, as is the case in 
breast cancer [93], leading to a reduction of GATA3 and CD25, 
thereby facilitating the development of T-ALL.

As such, GATA 3 could be another potential effector of CD25 
expression downstream of CDK6. We showed previously that 
expression of GATA3 is higher in KO/K43M thymocytes but lower 
in WT/R31C cells [59], and GATA3 knockdown in differentiated 
T cells correlated with a robust reduction of CD25 levels [59]. 
Moreover, there are GATA factor consensus binding sequences 
within 1.3 kb and 4.0 kb of the transcriptional start sites of 
mouse [94,95], and human [95-97], IL2Ra genes, respectively. 
Therefore, it is possible that CDK6 regulates CD25 expression in 
part through repression of GATA3.

Based on our published findings, we propose that CDK6 
is integrated into the T-ALL pathways as follows (Figure 2). In 
response to stimuli, increased expression of cyclin D1 [98], and 
CDK6 [52,60-62], leads to increased activation of CDK6. The 
canonical cascade of events is initiated, including the activation of 
Notch1 and AKT1 [100]. Notch1 activates CDK6 via upregulation 
of CDK6 and/or by increased cyclin D3 protein, while AKT1 
activates CDK6 by stabilizing cyclin D2 [102]. Once activated, 
CDK6 initiates stem cell transformation via a CD25-dependent 

Figure 2 A working model of the role of CDK6 in T-ALL: In response to stimuli, increased expression of cyclin D1 and CDK6 leads to increased 
CDK6 activation, while Notch1 and AKT1 are also independently activated in parallel. Notch1 further activates CDK6 via upregulation of CDK6 and/
or by increased cyclin D3 protein, while AKT1 activates CDK6 through the stabilization of cyclin D2. Once activated, CDK6 can phosphorylate pRB, 
resulting in its inactivation. CDK6, along with ERK and CDK1 can also phosphorylate RUNX1 thereby promoting RUNX1 proteolytic degradation. 
On a different molecular path, phosphorylation of FOXM1 by CDK6 stabilizes FOXM1, which in turn promotes methylation of the GATA3 promoter, 
decreasing GATA3 expression and the subsequent recruitment to the CD25 proximal promoter region. CD25 expression is consequently reduced and 
T-ALL develops. Devoid of CDK6 protein/kinase activity, pRB and RUNX1 remain active, which suppress the tumorigenesis in CD25-independent 
manner. Contrastingly, without CDK6, FOXM1 is in its inactive state, leading to CD25 upregulation. Overall, T-ALL is suppressed by FOXM1 inactivity, 
and by increasing RUNX1, pRB, GATA3, and CD25 expression or activity.
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or -independent manner. Both pRB and RUNX1 suppress 
T-ALL via CD25-independent pathway, for instance, loss of 
RUNX1 may contribute to the pathogenesis of T-ALL, perhaps 
via decreased expression of PKCq and reactive oxygen species 
[103,104]. However, phosphorylation of pRB by CDK6 results in 
inactivation of pRB [19,20], and phosphorylation of RUNX1 by 
CDK6 and other kinases such as ERK and CDK1 [88], promotes 
RUNX1 proteolytic degradation [88], resulting in a reduction 
of RUNX1. On the other hand, phosphorylation of FOXM1 by 
CDK6 stabilizes FOXM1, which in turn promotes methylation of 
the GATA3 promoter and decreases GATA3 expression and its 
subsequent recruitment to the proximal promoter regions of the 
CD25 locus, IL2Ra. Consequently, CD25 expression is reduced, 
leading to T-ALL development. In the absence of CDK6 protein/
kinase activity, pRB and RUNX1 are active, which suppress 
tumorigenesis in a CD25-independent manner. Likewise, if CDK6 
activity were abolished, FOXM1 remains inactive, while CD25 is 
up-regulated. Together, through the inhibition of FOXM1 activity 
in G1-S transition and senescence suppression, and by increasing 
the levels or activity of RUNX1, pRB, GATA3, and CD25, T-ALL is 
suppressed.

In summary, CDK6 kinase activity is required for T-ALL 
initiation and maintenance. As such, CDK4/6 inhibition would 
not only block cell proliferation, induces apoptosis, but also up-
regulate CD25 expression. Our studies suggest that while CDK6 
can be a therapeutic target in human T-ALL, the expression of 
CD25 could serve as a valuable biomarker for predicting the 
clinical response to CDK6 inhibitor treatment in T-ALL patients.
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