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three D-cyclins die during late embryogenesis due to heart  
defects and hematopoietic failure with significant reduction in 
peripheral red blood cell numbers (Kozar et al., 2004). Further-
more, D1/2/3-cyclins�/� mice have lower numbers of HSCs and 
progenitor populations in the fetal liver, with decreased fre-
quency of HSCs in S and G2-M stages of the cell cycle. Fetal 
liver cells derived from D1/2/3-cyclins�/� mice are also unable 
to provide short-term reconstitution of irradiated recipient mice 
(Kozar et al., 2004). Cdk4/6�/� mice also display late embry-
onic lethality accompanied by a defect in fetal hematopoiesis 
very similar to the phenotypes observed in D1/2/3-cyclins�/� 
mice, including severely decreased numbers of proliferating 
erythroid progenitors in the fetal liver and of red blood cells cir-
culating in the peripheral blood (Malumbres et al., 2004). These 
findings further underscore the essential requirement for active 
HSC proliferation during fetal blood development and stress 
the importance of the cyclin D–Cdk4/6 complex in fetal HSC 
cell cycle progression. However, it is yet to be established 
whether there is a different requirement for the cyclin D–Cdk4/6 
complex in maintaining the proliferation and functionality of 
adult HSCs.

Ink4 family. The Ink4 family includes the CKIs p15Ink4b, 
p16Ink4a, p18Ink4c, and p19Ink4d, and a functionally distinct protein, 
p19ARF that is encoded by an alternate reading frame within the 
Ink4a locus, which also encodes p16Ink4a (Sherr 2001). The Ink4 

adult mice resulted in a robust cell-intrinsic myeloproliferation 
phenotype leading to the death of the animals by 1–3 mo after 
gene inactivation (Viatour et al., 2008). This was accompanied 
by an increase in both HSC proliferation and absolute cell num-
bers, and by severe defects in HSC self-renewal as BM from 
mice deficient in all three Rb family genes had grossly impaired 
reconstitution after transplantation (Viatour et al., 2008). Taken 
together, these findings indicate that Rb family members play 
critical, albeit overlapping roles in the regulation of HSC quies-
cence and continued self-renewal activity.

D-cyclins and Cdk4/6. Cyclins and Cdks act up-
stream of the Rb family members to mediate cell cycle entry 
and progression. As the regulation of HSC quiescence funda-
mentally involves controlling whether HSCs enter the G1 
phase of the cell cycle or remain in G0, the activity of the cyclin  
D–Cdk4/6 complex, which controls progression through G1 in 
response to mitogenic signals, is likely a central determinant of 
HSC cell cycle activity. The D-cyclin family includes cyclin D1 
(Ccnd1), cyclin D2 (Ccnd2), and cyclin D3 (Ccnd3), which are 
all expressed, albeit at different levels, in HSCs (Passegué et al., 
2005). Similar to the Rb gene family, mice deficient for a single 
D-cyclin, or for only one of the two associated Cdks, have mini-
mal hematopoietic defects, hence illustrating the considerable 
functional redundancy protecting this complex (Fantl et al., 
1995; Malumbres et al., 2004). However, mice deficient in all 

Figure 2. HSC cell cycle entry is regulated by 
a complex network of cell-intrinsic and cell-
extrinsic factors. The entry of quiescent HSCs 
from G0 into the G1 phase of the cell cycle is 
governed primarily via competing activating 
and inhibitory mechanisms that regulate the 
activity of cyclin–Cdk complexes. The PI3K/
Akt/mTOR pathway, which is activated in re-
sponse to numerous extrinsic signals, is con-
sidered a central activator of HSC cell cycle 
activity, primarily via activation of the cyclin 
D–Cdk4/6 complex. This pathway is heavily 
regulated, primarily by PTEN and TSC1/2. 
Moreover, the Ink4 CKI family inhibits cyclin 
D–Cdk4/6 activity, and CIP/KIP family CKIs 
are also capable of inhibiting Cdk4 activity. 
Progression from the G1 to the S phase of the 
cell cycle is regulated by Cyclin E–Cdk2. This 
complex is regulated via the CIP/KIP family 
of Cdk inhibitors, as well as by the Rb fam-
ily. Expression of CIP/KIP family members is 
in turn regulated by transcription factors such 
as Hes1, JunB, and FoxO3a, which are ac-
tivated by extrinsic growth-repressive signals. 
Furthermore, HSC cell cycle activity is subject 
to regulation via p53, either in response to cel-
lular damage or p19ARF activity. Solid arrows 
indicate direct activation/inhibition events, 
dashed arrows indicate transcriptional regula-
tion events. Functionally related groups of cell 
cycle activators are shaded in green; function-
ally related groups of cell cycle inhibitors are 
shaded in red.
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crypt formation (Haramis et al, 2004), and its inhibition by
Noggin is essential to maintain intestinal organoid cultures
(Sato et al, 2009). As Noggin is not expressed in the intestinal
epithelium, Smoc2 expression by ISCs might be a physio-
logical way to block BMP signalling in the stem cell niche. To
confirm the stem cell-specific expression of Smoc2, we
generated a Smoc2-EGFP-ires-CreERT2 knock-in (Smoc2-ki)
mouse model in analogy to the Lgr5-ki (Figure 4A).
Homozygous Smoc2-ki mice, constituting functional Smoc2
null mice, did not show any intestinal nor gross non-intest-
inal phenotype. As expected, GFP expression was detected in
CBC cells (Figure 4B). Similarly to the Lgr5-ki, variegated
expression of the transgene was detected throughout the
small intestine. Lineage tracing performed in Smoc2-ki mice
crossed with the R26R-LacZ Cre reporter strain resulted in
typical stem cell tracings events: long-lived ‘ribbons’ span-
ning the entire crypt-villus axis (Figure 4C). This new stem
cell-specific mouse model validated the usefulness of the Lgr5
signature for defining stem cell-related genes in vivo.

Expression pattern of proposed quiescent ‘þ4’ marker
genes in the intestinal crypt
We then interrogated the Lgr5 stem cell signature for the
expression behaviour of the quiescent/‘þ 4’ stem cell

markers mentioned above, that is, Bmi1, Tert, Hopx and Lrig1.
Of note, all these markers were validated in the initial studies by
genetic lineage tracing (Sangiorgi and Capecchi, 2008;
Montgomery et al, 2011; Takeda et al, 2011; Powell et al,
2012). Both array platforms detected a slight enrichment of
Bmi1 (1.4-fold in Affymetrix and 1.6-fold in Agilent), Tert (1.4-
fold and 1.3-fold) as well as of Hopx (1.6-fold and 1.7-fold) in
Lgr5þ stem cells. Lrig1 showed a42-fold enrichment in Lgr5þ

stem cells (3.2-fold 2.3-fold). Proteomics did not detect protein
expression of Bmi1 and Tert, probably due to their low
expression levels. The highly expressed Hopx and Lrig1 were
detected by proteomics in Lgr5þ stem cells as well as their
daughter cells, with Hopx showing a slight (1.3-fold) and Lrig1
a clear enrichment (2.5-fold) in Lgr5þ stem cells.

We then documented the expression of these four genes in
an independent sorting experiment in which we arbitrarily
subdivided all Lgr5-GFP positive cells into five fractions
(Figure 5A). The four lower fractions were individually
hybridized against the highest (5þ ) GFP fraction on
Agilent arrays, allowing us to draw detailed gradient plots
along the crypt axis. In addition, we performed qPCR for the
four genes on cDNA obtained in an independent sorting
experiment. As expected, the CBC stem cell markers Lgr5
and Olfm4 were strongly enriched in Lgr5þ stem cells
(Figure 5B). Of the four proposed quiescent/‘þ 4’ markers,
Hopx and Lrig1 were most highly expressed in the 5þ
fraction (Figure 5C and D). Bmi1 showed no difference
between the highest four fractions and only then dropped
in expression (Figure 5E), while Tert was expressed at rather
similar levels throughout the fractions (Figure 5F).

To further validate these expression data on unmanipulated
crypts, we performed single molecule mRNA hybridizations
for all marker genes, as published before (Itzkovitz et al,
2011; Figure 6). Lgr5 was most exclusively expressed in cells
intermingled with Paneth cells. Olfm4, Lrig1 and Hopx were
enrichedat the bottom of crypts, but the expression gradient
extended to varying degrees above the Paneth cell compart-
ment. Tert and Bmi1 appeared expressed at similar low levels
throughout the crypt with the inclusion of the Paneth cell
zone. We did not detect specific enrichment of mRNA mole-
cules of any marker at the ‘þ 4’ position, nor did we detect
heterogeneity between crypts, making an enrichment at this
position in only a low fraction of crypts unlikely.

We next addressed the expression pattern of the encoded
proteins. A recent study documented that Lrig1 protein
expression is highest in Lgr5þ stem cells and forms an
extended expression gradient along the crypt axis in perfect
accordance to its mRNA expression pattern (Wong et al,
2012). Tert enzymatic activity has been shown to be highest
in CBC stem cells (Schepers et al, 2011). Immuno-
histochemistry for Hopx, Bmi1 (including Bmi1-mutant
crypts as negative control) and Olfm4 revealed the expected
extended expression domains as observed at the mRNA level
(Figure 7).

Since these data are in direct disagreement with previous
studies, we focused on the prototypic quiescent/‘þ 4’ marker
Bmi1. We next asked, if the reported tracing initiation percen-
tage of 95% (86/91 crypts) at the ‘þ 4/þ 5’ position might be
a specific feature of the Bmi1-ires-CreER knock-in mouse
(Sangiorgi and Capecchi, 2008). To revisit this model, we
crossed the single colour R26R-LacZ reporter or the multi-
colour R26R-confetti reporter into this strain. Cre activity was
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Figure 3 RNA in-situ hybridization screen. An mRNA in-situ hy-
bridization screen was performed for the 33 signature genes in the
central overlap (Figure 2B) to explore their spatial expression
pattern. A specific expression signal at the very bottom of intestinal
crypts in the stem cell zone was detected for eight genes.
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ABSTRACT

The presence of neurogenic precursors in the adult mam-
malian brain is now widely accepted, but the mechanisms
coupling their proliferation with the onset of neuronal dif-
ferentiation remain unknown. Here, we unravel the major
contribution of the G1 regulator cyclin-dependent kinase 6
(Cdk6) to adult neurogenesis. We found that Cdk6 was
essential for cell proliferation within the dentate gyrus of
the hippocampus and the subventricular zone of the lat-

eral ventricles. Specifically, Cdk6 deficiency prevents the
expansion of neuronally committed precursors by length-
ening G1 phase duration, reducing concomitantly the pro-
duction of newborn neurons. Altogether, our data support
G1 length as an essential regulator of the switch between
proliferation and neuronal differentiation in the adult
brain and Cdk6 as one intrinsic key molecular regulator
of this process. STEM CELLS 2011;29:713–724

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Brain plasticity is expressed in diverse manners in adulthood
and includes de novo neuronal production. This evolutionary
conserved process occurs at least in two specific compart-
ments of the adult brain: the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) and the subventricular zone
(SVZ) of the lateral ventricles whose neural precursor cells
(NPC) give rise to dentate granule neurons and olfactory bulb
(OB) interneurons, respectively [1]. Although much has been
elucidated about the identity and fate of adult precursor cells,
the mechanisms that couple proliferation with neuronal differ-
entiation in the adult brain remain largely unknown.

During the cell cycle, G1 is an essential phase in which
there is integration and response to extracellular cues that
either allow progression through the cell cycle or promote
withdrawal from the cell cycle to embark on a differentiation
pathway [2]. Progression through G1 is driven by the con-
certed action of cyclin-dependent kinase (Cdk) 4 (Cdk4) and
the closely-related Cdk6 and their activating partners, that is,
the D-type cyclins [3]. Once activated by D-type cyclins,
Cdk4/6 phosphorylate the retinoblastoma protein (pRb), lead-
ing pRb to release E2fs. E2fs are transcriptional activators

that, once freed from pRb, are able to activate the transcrip-
tion of genes necessary to enter S-phase [4, 5]. Conversely,
Cdk4/6 activity is suppressed through interactions with mem-
bers of two families of inhibitory proteins: the Ink4 proteins
(p15Ink4a, p16Ink4b, p18Ink4c, and p19Ink4d) that exhibit selec-
tivity for Cdk4/6, and the Cip/Kip proteins (p21Cip1, p27Kip1,
and p57Kip2) that have a broader range of Cdk inhibitory ac-
tivity [6].

Recently, accumulating evidence ascribed crucial roles to
regulators of Cdk4/6 activity in controlling adult neurogene-
sis. For instance, p27Kip1 selectively constrains transit-ampli-
fying cell proliferation in the SVZ [7], whereas deletion of
Cyclin D2 virtually abrogates adult neurogenesis [8]. How-
ever, the direct and specific contribution of the catalytic
partners Cdk4 and Cdk6 to adult neurogenesis has not been
evaluated yet. Moreover, to date, no study reported how cell
cycle and particularly G1 parameters are affected in adult neu-
ral precursors following genetic ablation of G1 regulators.

In this report, we used knockout mice for the G1 regula-
tors Cdk4 and Cdk6 to analyze their respective contribution
to adult neurogenesis. We showed that Cdk6 specifically con-
trols the expansion of neuronally committed precursors and
their rate of cell cycle withdrawal by regulating the length of
G1. Thus, our study describes for the first time the importance
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hippocampal dentate gyrus (DG) and the subventricular zone
(SVZ) of the lateral ventricles whose neural precursor cells
(NPC) give rise to dentate granule neurons and olfactory bulb
(OB) interneurons, respectively [1]. Although much has been
elucidated about the identity and fate of adult precursor cells,
the mechanisms that couple proliferation with neuronal differ-
entiation in the adult brain remain largely unknown.

During the cell cycle, G1 is an essential phase in which
there is integration and response to extracellular cues that
either allow progression through the cell cycle or promote
withdrawal from the cell cycle to embark on a differentiation
pathway [2]. Progression through G1 is driven by the con-
certed action of cyclin-dependent kinase (Cdk) 4 (Cdk4) and
the closely-related Cdk6 and their activating partners, that is,
the D-type cyclins [3]. Once activated by D-type cyclins,
Cdk4/6 phosphorylate the retinoblastoma protein (pRb), lead-
ing pRb to release E2fs. E2fs are transcriptional activators

that, once freed from pRb, are able to activate the transcrip-
tion of genes necessary to enter S-phase [4, 5]. Conversely,
Cdk4/6 activity is suppressed through interactions with mem-
bers of two families of inhibitory proteins: the Ink4 proteins
(p15Ink4a, p16Ink4b, p18Ink4c, and p19Ink4d) that exhibit selec-
tivity for Cdk4/6, and the Cip/Kip proteins (p21Cip1, p27Kip1,
and p57Kip2) that have a broader range of Cdk inhibitory ac-
tivity [6].

Recently, accumulating evidence ascribed crucial roles to
regulators of Cdk4/6 activity in controlling adult neurogene-
sis. For instance, p27Kip1 selectively constrains transit-ampli-
fying cell proliferation in the SVZ [7], whereas deletion of
Cyclin D2 virtually abrogates adult neurogenesis [8]. How-
ever, the direct and specific contribution of the catalytic
partners Cdk4 and Cdk6 to adult neurogenesis has not been
evaluated yet. Moreover, to date, no study reported how cell
cycle and particularly G1 parameters are affected in adult neu-
ral precursors following genetic ablation of G1 regulators.

In this report, we used knockout mice for the G1 regula-
tors Cdk4 and Cdk6 to analyze their respective contribution
to adult neurogenesis. We showed that Cdk6 specifically con-
trols the expansion of neuronally committed precursors and
their rate of cell cycle withdrawal by regulating the length of
G1. Thus, our study describes for the first time the importance
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AverageExpression results from Mizrak et al., 2019 dataset
Gene Endothelial_cells Pericytes Ependymal_cells Astrocytes qNSC aNSC Early_TAC Late_TAC Early_NB Late_NB

Nr2e1 0.37 0.35 0.30 2.59 2.99 2.90 1.18 0.83 0.24 0.06

Ascl1 0.14 0.10 0.16 0.05 0.06 1.51 3.78 2.95 0.71 0.06

Dcx 0.18 0.40 0.08 0.10 0.05 0.13 0.42 0.71 2.25 6.47

Mki67 0.04 0.00 0.00 0.02 0.01 0.13 1.10 2.85 1.72 0.05

Cdk6 0.32 0.51 0.30 0.03 0.02 0.06 1.67 2.39 1.28 0.19

Mcm2 0.31 0.20 0.14 0.03 0.04 0.21 2.43 2.30 2.28 0.34

Slc1a3 3.32 4.28 4.47 29.72 33.09 17.08 5.02 1.36 0.81 0.63

Gfap 0.12 0.21 0.42 0.53 0.21 2.02 0.10 0.02 0.03 0.03
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