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Controlling stem cell proliferation: CKIs at work
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The cyclin-dependent kinase inhibitors or CKIs are well recognized as intrinsic regulators of 

the cell cycle. Here, we discuss recent data implicating their activity in restraining adult stem 

cell self-renewal, and the role that proteins regulating CKI expression play in this process.

Introduction

Why do stem cells appeal so much to the 
scientist’s imagination? Is it the promise of 
revolutionary therapeutic possibilities, or are 
there other reasons for keeping us spellbound? 
Perhaps some of the magic comes from their 
remarkable capacity to not only extensively self-
renew, but to give rise to progeny with a different 
cellular identity. Considering the important 
contribution of stem cells to embryonic 
development and adult tissue homeostasis, it is 
evident that a comprehensive mechanism must 
exist to assure proper communication between 
stem cells and their surroundings, for the danger 
of developing malformations or even disease is 
lurking. 
In this perspective we will focus on the regulation 
of the cell cycle of adult mammalian stem cells. It 
is not simple to give an unambiguous definition 
of the adult stem cell. A large variety of stem cells 
have been identified in several different tissues, 
and whereas some stem cell characteristics 
are shared among them, others are not. Their 
function is to maintain and repair the tissue for 
a lifelong period, and therefore they should be 
able to give rise to one or more tissue-specific 
cell types while constantly renewing themselves. 
Theoretically, they can divide symmetrically to 
increase the stem cell pool, or asymmetrically 
to form a stem cell and a committed progenitor 
cell. Often they are quiescent, only occasionally 
giving birth to progenitor cells. These cells in 
turn will rapidly divide and differentiate into 
effector cells. 

Cyclin-dependent kinase inhibitors as key 

regulators of the cell cycle

Much effort has been made to unravel the 
molecular mechanisms controlling adult stem 
cell divisions. On the one hand, extrinsic factors 
derived from for instance the stem cell niche 
were shown to be crucial mediators (Fuchs et 
al., 2004; Ohlstein et al., 2004). On the other 
hand, intrinsic features seem equally important 
in defining stem cell potential. One group of 
intrinsic regulators are the cyclin-dependent 
kinase inhibitors (CKIs) and their targets. Before 
a cycling somatic cell can initiate DNA synthesis 
or proceed into mitosis, it needs to successfully 
pass the gap-phase checkpoints. When these 
checkpoints get activated due to stress or 
damage signals, the cell becomes arrested 
through the activity of the CKIs. At the molecular 
level, CKIs prevent the cyclin-dependent kinases 
(CDKs) from phosphorylating targets involved in 
cell cycle progression (Sherr and Roberts, 1999). 
They can be divided into two families, namely 
INK4 (p16Ink4a, p15Ink4b, p18Ink4c, p19Ink4d) and CIP/
KIP (p21Cip1, p27Kip1, p57Kip2). The INK4 proteins 
restrain the activity of the Cyclin D-dependent 
kinases CDK4 and CDK6, thus rendering the 
Retinoblastoma protein (pRB) and the other 
pocket proteins hypophosphorylated and free 
to secure a G1-arrest by preventing E2F-target 
gene transcription (Sherr and Roberts, 1999). 
The CIP/KIP proteins p21Cip1 and p27Kip1 facilitate 
assembly and stability of the Cyclin D-CDK 
complexes (LaBaer et al., 1997; Cheng et al., 
1999), but potently inhibit the Cyclin E/CDK2 
complex which further hyperphosphorylates 
pRB. Curiously, the Ink4a locus encodes another 
protein, the E2F target p19Arf (p14ARF in humans), 
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by using an alternative exon and reading frame 
(Lowe and Sherr, 2003). p19Arf stabilizes the 
multitalented tumor suppressor protein p53, a 
potent transcription factor capable of evoking 
cell cycle arrest or apoptosis. The two CKI families 
are further interconnected by the ability of p53 
to induce expression of p21Cip1 (Figure 1)(Lowe 
and Sherr, 2003). 

Stem and progenitor cell proliferation might 

be differentially controlled by the CIP/KIP 

proteins 

In addition to regulating cell cycle progression, 
a stem cell also needs to coordinate symmetric 
versus asymmetric divisions with the onset of 
differentiation programs, while avoiding stem 
cell exhaustion. Therefore, one could speculate 
that a stem cell cycle is even more complex. 
But in contrast to embryonic stem cells which 
have atypical expression of cell cycle regulators 
(Aladjem et al., 1998; Stead et al., 2002), contain 
unique transcription factors required for their 
self-renewal like Nanog (Chambers et al., 2003; 
Mitsui et al., 2003) and Oct3/4 (Nichols et al., 
1998; Niwa et al., 2000), and lack a G1 checkpoint 
(Savatier et al., 1994; Aladjem et al., 1998), it 
remains uncertain whether adult stem cells have 
an exclusive way of regulating proliferation. In 
vivo studies regarding the CIP/KIP family might 
hint into this direction. Both in the murine 
hematopoietic and central nervous system, 
there is data to suggest an elegant mechanism 

in which p21Cip1 is crucial for safeguarding stem 
cell quiescence and preventing depletion 
(Cheng et al., 2000a; Kippin et al., 2005), whereas 
p27Kip1 specifically functions as a protector of 
progenitor proliferation, possibly by regulating 
the length of the G1 phase (Casaccia-Bonnefil et 
al., 1997; Durand et al., 1997; Casaccia-Bonnefil 
et al., 1999; Cheng et al., 2000b; Mitsuhashi et al., 
2001; Doetsch et al., 2002). But notwithstanding 
the observed stem cell exhaustion due to p21Cip1 
absence, the p21Cip1 deficient mouse shows no 
obvious abnormalities (Deng et al., 1995), while 
the p27Kip1 knockout suffers from remarkable 
multi-organ hyperplasia (Fero et al., 1996; 
Kiyokawa et al., 1996; Nakayama et al., 1996; 
Miyazawa et al., 2000; Goto et al., 2004). Therefore, 
it is possible that impaired control of progenitor 
proliferation is more acutely harmful to the 
individual than impaired stem cell self-renewal. 
Or perhaps the assays used to identify p21Cip1 as a 
regulator of stem cell self-renewal implemented 
more stress on these cells than they normally are 
exposed to. Additionally, another protein could 
be (partially) functional redundant with p21Cip1 in 
the stem cell compartment, perhaps the closely 
related p57Kip2 protein which has been reported 
to be involved in TGF-β induced growth arrest 
of hematopoietic progenitor cells (Scandura et 
al., 2004). Alternatively, p27Kip1 also participates 
in control of the hematopoietic stem cell (HSC) 
compartment. This idea is supported by the 
observation that loss of p27Kip1 together with 
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Figure 1. Schematic representation of proteins governing the G1-S transition of the cell cycle. 

CKIs (and p19Arf) affecting the mammalian adult stem cell cycle (either when absent or overexpressed), are depicted in 
shaded light grey. CKIs controlling progenitor proliferation are in shaded dark grey. p indicates phosphorylation.
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c-Myc antagonist Mad1 can lead to increased 
numbers and proliferation of HSCs (Walkley 
et al., 2005). Altogether, it remains arguable 
whether or not a general CIP/KIP family-based 
mutual exclusive mechanism of adult stem cell 
control exists.

The INK4 family and stem cell proliferation 

Certainly no such specific relationships in stem 
versus progenitor cells have been established for 
the INK4 family members. So far, only absence 
of p18Ink4c was proven to significantly enhance 
self-renewing divisions of hematopoietic stem 
cells, which in contrast to p21Cip1 deficiency 
appears not to cause exhaustion of the stem 
cell pool (Yuan et al., 2004). As a matter of fact, 
simultaneous loss of the p18Ink4c gene in p21Cip1 
deficient HSCs largely overcomes the deleterious 
effects of p21Cip1 loss, revealing comprehensive 
crosstalk between the two CKI families (Yu et al., 
2006). The molecular mechanism relaying the 
activity of these two proteins awaits elucidation. 
This will be interesting as it might clarify the role 
of their downstream targets in stem cell specific 
processes. Absence of p18Ink4c-related protein 
p16Ink4a and the alternative reading-frame 
encoded p19Arf may confer a minor advantage 
on HSCs in rather stressful serial bone marrow 
transplantation assays (Stepanova and 
Sorrentino, 2005). Additionally, p19Arf deletion 
increases the number of serial transplantations 
that can be carried out with mammary epithelial 
cells, suggesting that p19Arf plays a role in 
restricting mammary stem cell proliferation (Yi 
et al., 2004).
No further obvious in vivo effects of loss of p19Arf 
or other Ink4 genes on stem cells have been 
reported. p19Ink4d, which in contrast to p15Ink4b 
and p16Ink4a is expressed in the embryonic 
nervous system together with p18Ink4c (Zindy et 
al., 1997), may play a role in proliferation control 
of migrating type A cells, a neuronal progenitor 
(Coskun and Luskin, 2001). It is plausible that 
also for the INK4 family, functional redundancy 
masks any major influence they have on stem 
cells or progenitors. In this respect, it will be very 
informative to study the outcome of combined 
loss of more than one INK4 member on stem cell 
behavior.

Increased expression of p16Ink4a and p19Arf 

leads to defects in stem cell self-renewal

As the subject of INK4 function in stem cells 
awaits further investigation, our group and 
others have recently studied the consequences 
of an elevation of cell cycle inhibitor expression 
for adult stem cells (Molofsky et al., 2003; 
Bruggeman et al., 2005;  Molofsky et al., 2005). 
The strategy of choice involved removal of 
Bmi1, which as a repressor of the Ink4a/Arf 
locus has been implicated in the prevention of 
premature senescence (see below) in a number 
of cell types (Jacobs et al., 1999). Bmi1 belongs 
to the Polycomb group (PcG), a family of highly 
conserved proteins believed to function in 
large complexes and silence the chromatin 
through histone modifications (Lund and van 
Lohuizen, 2004). It was shown that Bmi1-loss 
evokes an upregulation of Ink4a and Arf in stem 
and progenitor cells of the hematopoietic and 
central nervous system, both in vitro and in 
vivo. The decreased proliferative capacity of 
these cells and the eventual lack of stem cell 
self-renewal, were to a large extent rescued by 
deletion of the Ink4a/Arf locus (Bruggeman et 
al., 2005; Molofsky et al., 2005). These data clearly 
demonstrate that aberrant overexpression 
of p16Ink4a and p19Arf can be detrimental to 
adult stem cell maintenance, and underscores 
the importance of genes dampening CKI 
expression. Since Bmi1’s repressor function is 
required for stem and progenitor cells of the 
hematopoietic compartment as well as the 
cerebellum and the cerebrum, it is feasible 
that Bmi1 and perhaps other PcG genes are 
generically required for stem cell maintenance 
(Park et al., 2003; Molofsky et al., 2003; Leung et 
al., 2004; Valk-Lingbeek et al., 2004; Zencak et al., 
2005). The Bmi1 knockout mouse has a complex 
phenotype including reduced proliferation and 
cellularity in a number of organs, substantiating 
the hypothesis that a general defect in tissue 
homeostasis exists (van der Lugt et al., 1994). 
However, only a conditional knockout mouse 
will provide conclusive evidence to what extent 
these defects find their origin in the adult stem 
cells of the affected organs. 
Once the importance of Ink4a/Arf repression 
for stem cell proliferation was established, we 
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explored the relative contribution of each of 
these two genes downstream of Bmi1 in depth 
(Bruggeman et al., 2005). Regardless the Bmi1 
deficient tissue type analyzed, p16Ink4a and p19Arf 
are upregulated in a similar fashion: p16Ink4a 
to a noticeable higher degree than p19Arf. But 
these slight changes in p19Arf expression are not 
negligible. Either in prematurely senescing Bmi1 
deficient mouse embryonic fibroblasts (MEFs), 
poorly proliferating lymphocytes, cerebellar 
granule neuron progenitors or neural stem cells, 
deletion of p19Arf results in a strong rescue of 
the proliferative defects. p16Ink4a upregulation 
on the other hand is not consistently causal 
to Bmi1 knockout phenotypes. For instance 
in MEFs, p16Ink4a deletion cannot rescue the 
premature senescence, nor can it relieve 
decreased cellularity of Bmi1 deficient B-cells. 
However, in the context of reduced p19Arf levels, 
p16Ink4a absence promotes T-cell numbers and 
cerebellar progenitor proliferation. Strikingly, in 
Bmi1 deficient neural stem cells, p16Ink4a fulfills 
a significant, independent role in restraining 
self-renewal, since deletion of p16Ink4a either 
in the presence or absence of p19Arf partially 
restores the self-renewal defect (Bruggeman 
et al., 2005; Molofsky et al., 2005). This is not 
simply reflecting a tissue-culture artifact as 
uncultured Bmi1 deficient neural crest stem cell 
numbers are also significantly increased in the 
absence of p16Ink4a (Molofsky et al., 2005). We can 
currently only speculate what contrary to the 
‘promiscuity’ of p19Arf activity, the basis for these 
differences in p16Ink4a responsiveness is. Perhaps 
the availability of p16Ink4a targets confines the 
cellular response, or alternatively putative 
inhibitors of p16Ink4a limit its anti-proliferative 
effect. This diversity is not restricted to normal 
cells, since particular tumor models display a 
preference for the absence of specific cell cycle 
inhibitors as well (Martin-Caballero et al., 2004; 
Uhrbom et al., 2005).         

Adult stem cells, senescence, and CKIs

It is not known whether such strong upregulation 
of CKI expression, leading to inhibition of adult 
stem cell self-renewal, occurs under physiological 
conditions. Nonetheless, it is worthwhile 
considering what the significance of this 

phenomenon could be, especially since parallels 
can be drawn with cellular stress-responses. For 
several years now we have been acquainted with 
the concept of oncogene-induced senescence, 
which is defined as a stable growth arrest 
following encounters with cell stressors (Lowe 
et al., 2004). Activation of the Arf-p53 and Ink4a-
Rb pathways accompanied by high senescence 
associated β-galactosidase activity are 
considered hallmarks of this type of senescence. 
Until recently, oncogene-induced senescence 
was certified as a mechanism protecting cells 
against oncogenic transformation in tissue-
culture based assays. However, new studies 
demonstrate that senescence does occur in 
vivo and protects against the development 
of malignancies (Braig et al., 2005; Chen et 
al., 2005; Collado et al., 2005; Michaloglou et 
al., 2005). Is it possible that senescence also 
plays a role in the stem cell compartment, as a 
protective mechanism? Perhaps under ‘normal’ 
conditions, the p53 and pRb pathways are 
moderately active and allow occasional cycling 
of stem cells. This is essential as stem cells must 
be able to maintain and repair tissue. But if the 
stem cell gets exceedingly challenged by stress-
inducing factors such as aberrant mitogenic 
signaling, oxidative stress or tissue damage, 
these pathways become activated to prevent 
malignant transformation or exhaustion of 
the stem cell pool by inducing a cell cycle 
arrest, or even the more permanent state of 
senescence (Wang et al., 2006). This hypothesis 
fits nicely with the data demonstrating that 
inappropriate upregulation of p16Ink4a and p19Arf 

causes cessation of neural stem cell self-renewal 
(Molofsky et al., 2003; Bruggeman et al., 2005; 
Molofsky et al., 2005) Furthermore, it has been 
shown that p21Cip1 deficient neural progenitors 
respond more efficiently to ischemic injury than 
wild type control cells, suggesting that CKIs can 
inhibit proliferation in case of tissue damage 
(Qiu et al., 2004). 
Unfortunately, protection against oncogenic 
transformation may come at the cost of ‘aging’ 
(Campisi, 2005). One can easily picture that 
lifelong maintenance of tissues depends on stem 
cell longevity. Stress-signals received during life 
continuously activate apoptotic and senescence 
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responses, beneficial to the young individual 
but ultimately diminishing cycling stem cell 
populations. Interestingly, upregulation of Ink4a/
Arf has been recognized as a biomarker of aging 
(Krishnamurthy et al., 2004). Additionally, forced 
overexpression of an active allele of p53 is also 
associated with premature aging (Tyner et al., 
2002). A recent publication on the p53-related 
protein p63 further strengthens a link between 
senescence and aging (Keyes et al., 2005). 
The p63 gene encodes a number of isoforms 
which either function as transactivating, or as 
dominant-negative proteins (Yang et al., 1998). 
Ablation of p63 in skin, where it is predominantly 
expressed in the dominant-negative form, leads 
to induction of all senescence markers, including 
in regions where skin stem cells reside, and 
induces premature aging of mice.
Intriguingly, p63 has also been implicated in the 
symmetry of skin stem cell divisions. (Lechler 
and Fuchs, 2005) In the p63 deficient embryo, 
the majority of skin stem cell divisions appears 
to be symmetric accompanied by an inability 
to polarize certain proteins, which results in 
a lack of stratification. So far, there is no data 
supporting the idea that CKIs are involved in 
the determination of the mode of stem cell 
division, however it is an option worthwhile to 
consider. Emerging evidence shows that the 
asymmetric distribution of proteins like atypical 
PKC, Inscuteable, Pins and the Par-proteins, 
originally identified in studies in C. elegans and 
Drosophila (Betschinger and Knoblich, 2004), 
are also involved in asymmetric cell divisions 
in mammals (Zhong et al., 1996; Cayouette et 
al., 2001; Shen et al., 2002; Plant et al., 2003; 
Klezovitch et al., 2004; Lechler and Fuchs, 2005). 
Interestingly, some of these asymmetrically 
segregating proteins have been shown to 
control cell proliferation (Dyer et al., 2003; 
Betschinger et al., 2006).

Concluding remarks

Proteins controlling the cell cycle like the CKIs 
unmistakably act as spiders in a web of cell 
divisions, differentiation, transformation and 
aging. To fully understand all their facets and 
perhaps one day exploit their characteristics 
in stem cell or cancer therapy, we will have to 

unravel which proteins in turn control them. The 
Polycomb group protein Bmi1 has been identified 
as a regulator of p16Ink4a and p19Arf in stem 
cells. Since other PcG proteins also negatively 
regulate the Ink4a/Arf locus, it will be interesting 
to investigate if they have a similar role in stem 
cell biology (Valk-Lingbeek et al., 2004). Notably, 
in cerebellar progenitors Bmi1 acts downstream 
of Sonic Hedgehog (Shh) signaling (Leung et al., 
2004), a pathway known to govern embryonic 
development and adult stem cell maintenance. 
This connection provides Shh with means to 
affect CKI expression in stem cells. It is widely 
appreciated that the pathways important during 
embryogenesis such as Notch, Wnt and Shh can 
stimulate cell proliferation, however their effect 
on the cell cycle machinery in adult stem cells 
is just beginning to be explored. Unfortunately, 
misexpression of many of these pathways 
components, including the PcG proteins, 
impose a serious threat of tumorigenesis (Pasca 
di Magliano and Hebrok, 2003; Valk-Lingbeek et 
al., 2004; Reya and Clevers, 2005). This highlights 
the importance of appropriate activity of these 
proteins and prompts a last question: who will 
be guarding the guards?   
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