
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2018) 75:3817–3827 
https://doi.org/10.1007/s00018-018-2832-x

ORIGINAL ARTICLE

Proliferation of hippocampal progenitors relies on p27‑dependent 
regulation of Cdk6 kinase activity

Nicolas Caron1 · Emmanuelle C. Genin1 · Quentin Marlier1 · Sébastien Verteneuil1 · Pierre Beukelaers1 · 
Laurence Morel3 · Miaofen G. Hu4 · Philip W. Hinds4,5 · Laurent Nguyen2 · Renaud Vandenbosch1 · 
Brigitte Malgrange1 

Received: 13 December 2017 / Revised: 2 March 2018 / Accepted: 2 May 2018 / Published online: 4 May 2018 
© Springer International Publishing AG, part of Springer Nature 2018

Abstract
Neural stem cells give rise to granule dentate neurons throughout life in the hippocampus. Upon activation, these stem cells 
generate fast proliferating progenitors that complete several rounds of divisions before differentiating into neurons. Although 
the mechanisms regulating the activation of stem cells have been intensively studied, little attention has been given so far to 
the intrinsic machinery allowing the expansion of the progenitor pool. The cell cycle protein Cdk6 positively regulates the 
proliferation of hippocampal progenitors, but the mechanism involved remains elusive. Whereas Cdk6 functions primarily 
as a cell cycle kinase, it can also act as transcriptional regulator in cancer cells and hematopoietic stem cells. Using mouse 
genetics, we show here that the function of Cdk6 in hippocampal neurogenesis relies specifically on its kinase activity. The 
present study also reveals a specific regulatory mechanism for Cdk6 in hippocampal progenitors. In contrast to the classical 
model of the cell cycle, we observe that the Cip/Kip family member p27, rather than the Ink4 family, negatively regulates 
Cdk6 in the adult hippocampus. Altogether, our data uncover a unique, cell type-specific regulatory mechanism controlling 
the expansion of hippocampal progenitors, where Cdk6 kinase activity is modulated by p27.
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Abbreviations
AC3  Activated caspase 3
DG  Dentate gyrus
SGZ  Subgranular zone
Rb  Retinoblastoma protein
Cdk  Cyclin-dependent kinase
CKI  Cyclin-dependent kinase inhibitors
BrdU  Bromodeoxyuridine
PFA  Paraformaldehyde
PBS  Phosphate-buffered saline
DAPI  4′,6-Diamidino-2-phenylindole
SVZ  Subventricular zone
PVDF  Polyvinylidene difluoride

Introduction

New neurons are produced throughout life in the dentate 
gyrus (DG) of the hippocampus. They originate from quies-
cent neural stem cells (type 1 cells) in the subgranular zone 
(SGZ) that give rise—after activation—to early progeni-
tors (type 2a cells). Type 2a and their more differentiated 
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progeny type 2b cells rapidly proliferate and expand the pool 
of newly generated cells, finally giving rise to type 3 cells, 
which will finally exit the cell cycle and differentiate into 
granule neurons. In the past 15 years, significant progresses 
have been made in describing hippocampal neurogenesis 
at cellular, molecular and functional levels [1]. However, 
further work remains to be done to elucidate the intrinsic 
regulatory mechanisms that control and coordinate stem cell 
activation, progenitor proliferation and cell cycle exit.

In differentiating cells, fate decisions often occur dur-
ing the G1 phase of the cell cycle [2, 3]. A key step in G1 
progression is the sequential phosphorylation of the retino-
blastoma protein (Rb) by specific cyclin/cyclin-dependent 
kinases (Cdks) complexes, namely cyclin E–Cdk2 and cyclin 
D–Cdk4/6. Rb phosphorylation leads to the accumulation of 
E2f transcription factors in late G1 and activation of a tran-
scriptional program that permits the entry into S phase. Cdk 
activity is not only regulated by cyclin binding, but also by 
interactions with endogenous Cdk inhibitors (CKI) includ-
ing Ink4 (p15, p16, p18 and p19) and Cip/Kip (p21, p27 and 
p57) proteins. While Ink4 proteins solely inhibit Cdk4 and 
Cdk6, the Cip/Kip family can inhibit Cdk1, Cdk2, Cdk4 and 
Cdk6, but also paradoxically promote the functional assem-
bly of cyclin D–Cdk4/6 complexes [4–7]. This raises the 
issue of which function of Cip/Kip proteins predominates 
in vivo, particularly during tissue homeostasis.

In the hippocampus, loss of Cdk6, but not Cdk2 or Cdk4, 
dramatically reduces the proliferation of progenitors [4, 8], 
but the cause of this specificity is unknown. Since Cdk4 
and Cdk6 are both expressed in hippocampal progenitors, 
one explanation could be the presence of substrates unique 
to Cdk6. Alternatively, several studies recently demon-
strated that Cdk6 also influences transcription in a kinase-
independent fashion [9–11], suggesting that a non-canonical 
Cdk6 function may participate in the control of hippocam-
pal neurogenesis. A large body of evidence has pointed out 
an essential role for Cip/Kip inhibitors in restraining pro-
liferation in the hippocampus. Loss of either p21 or p27 
causes increased proliferation of progenitors in normal and 
ischemic conditions [12–14], whereas p27 and p57 promote 
the quiescence of stem cells [15, 16]. However, there is no 
evidence yet for a role of Ink4 inhibitors in hippocampal 
proliferation, questioning which CKI are in charge of modu-
lating Cdk6 activity in these cells.

In the present work, we used mouse genetics to address 
both the role and the regulation of Cdk6 in hippocampal neu-
rogenesis. We show that mice bearing a kinase-dead allele 
of Cdk6 exhibit reduced proliferation of progenitors. Sur-
prisingly, we observe a similar phenotype in mice express-
ing an Ink4-insensitive form of Cdk6, whereas loss of the 
Ink4 member p18 has no effect on proliferation. Finally, we 
provide evidence that the anti-proliferative effect of p27 dur-
ing hippocampal neurogenesis is mediated through Cdk6. 

Altogether, our results shed new light on the specific interac-
tions between cell cycle regulators underlying the production 
of new neurons in the hippocampus.

Materials and methods

Animals and administration of BrdU

p18−/− [17],  Cdk6−/− [18],  Cdk6K43M and  Cdk6R31C [19] 
colonies were maintained on a pure C57BL/6J background. 
 p27−/− [20] and all double transgenic mice were maintained 
on a C57BL/6J × SV129 background. Genotype was deter-
mined by PCR as previously described. Four- to 6-week-old 
mice were used for immunostaining, western blot and immu-
noprecipitation experiments, P6–P7 mice were used for 
western blot experiments and 12-week-old mice were used 
for the analysis of organ weight. For BrdU assays, BrdU 
(Sigma-Aldrich) was dissolved in 0.9% NaCl and 0.007 M 
NaOH and administrated at 50 mg/kg body weight by intra-
peritoneal (i.p.) injection. Mice were group housed in the 
animal facility at the University of Liège under standard con-
ditions with food and water ad libitum and were maintained 
on a 12 h light/dark cycle. All animals were taken care of 
in accordance with the Declaration of Helsinki and follow-
ing the guidelines of the Belgian Ministry of Agriculture 
in agreement with EC laboratory animal care and use regu-
lation (2010/63/UE, 22 September 2010). All experiments 
were approved by the Animal Care Ethics Committee of the 
University of Liège. (Protocol no 1078).

Tissue processing and immunostaining

Mice were deeply anesthetized with 1% pentobarbital 
and perfused with 0.9% NaCl, followed by 4% paraform-
aldehyde (PFA), except for p18 mice whose brains were 
directly immersed in 4% PFA. Brains were post-fixed in 
4% PFA overnight and then cryoprotected in 20% sucrose. 
40-µm-thick free-floating coronal sections were sliced 
using cryostat (Microm, Prosan, Gent, Belgium) and stored 
at 4 °C in phosphate-buffered saline (PBS) supplemented 
with 0.02% sodium azide. For immunostaining, sections 
underwent antigen retrieval for 30 min at 95 °C (Target 
Retrieval Solution, Dako) and were incubated overnight 
at 4 °C with primary antibodies diluted in PBS contain-
ing 0.1% Triton, 0.1% Tween 20 and 5% normal donkey 
serum (blocking solution). The following primary antibod-
ies were used: mouse anti-Ki67 (1:100, BD Biosciences 
Cat# 550609, RRID:AB_393778), rabbit anti-Ki67 (1:500, 
Cell Marque Corp Cat# 275R-16, RRID:AB_1158037), rat 
anti-BrdU (1:500, Bio-Rad/AbD Serotec Cat# OBT0030, 
RRID:AB_609568), goat anti-Sox2 (1:500, Santa Cruz 
Biotechnology Cat# sc-17320, RRID:AB_2286684), goat 
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anti-NeuroD1 (1:500, Santa Cruz Biotechnology Cat# 
sc-1084, RRID:AB_630922), goat anti-Doublecortin 
(DCX) (1:500, Santa Cruz Biotechnology Cat# sc-8066, 
RRID:AB_2088494), rabbit anti-Cdk6 (1:1000, Atlas Anti-
bodies Cat# HPA002637, RRID:AB_1233820) and rab-
bit anti-activated caspase 3 (AC3) (1:500, (Promega Cat# 
G7481, RRID:AB_430875). After washing in PBS, sections 
were incubated for 1 h at RT in blocking solution containing 
the corresponding donkey-raised secondary antibodies con-
jugated to Alexa Fluor 488, 555 or 647 (Thermo Fisher Sci-
entific). Finally, sections were rinsed in PBS and mounted 
in VectaShield Hard Set medium containing 4′,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories). To perform 
BrdU detection, DNA was denatured with 2 N HCl for 
30 min at 37 °C, followed by 0.1 M borate buffer, pH 8.5, 
for 10 min and immunostaining was performed as described 
above.

Quantification of cell numbers

All quantifications were performed by an experimenter blind 
to the experimental conditions. To evaluate cell prolifera-
tion and neurogenesis in the DG, we counted the number 
of  Ki67+ and/or  BrdU+ cells per section under a 40 × objec-
tive (Zeiss Axiovert 10VR microscope) in a sampling of 
every sixth 40-μm-thick coronal section between − 1.34 
and − 3.52 mm from Bregma. DG surface in each section 
was measured using DAPI. Cell numbers were averaged and 
expressed as the number of positive cells per section or per 
 mm2 of DG. For counts in the subventricular zone (SVZ), a 
sampling of every sixth 40-μm-thick coronal section from 
the most rostral crossing of the corpus callosum (1.10 from 
Bregma) to the start of the third ventricle (crossing of the 
anterior commissure, 0.14 from Bregma) was taken and the 
total number of  Ki67+ cells per SVZ was determined using a 
semiautomatic stereology system (Mercator, Explora Nova). 
For analysis of double-labeled cells, at least 200  Ki67+ or 
 BrdU+ cells randomly chosen within the DG were analyzed 
for their coexpression of Sox2/NeuroD1 or Ki67, respec-
tively, using a confocal microscope (Nikon A1 system). For 
Sox2 or NeuroD1 counts, the percentage of  Ki67+ cells that 
were positive for the marker was multiplied by the number 
of  Ki67+ cells per  mm2 of DG of the corresponding animal 
to obtain the number of double-labeled cells per  mm2 of DG.

Western blotting and immunoprecipitation

Adult mice were deeply anesthetized with 1% pentobar-
bital and killed by cervical dislocation. P6–P7 mice were 
killed by decapitation. Brains were quickly removed and 
hippocampi were microdissected under a binocular and 
lysed on ice in a solution containing 150 mM NaCl, 50 mM 
Tris–HCl, 60 mM  C3H7Na2O6P, 10 mM  C6H5Na2O4P·2H2O, 

500 mM NaF, 100 mM  Na3VO4, 1% NP40 and protease 
inhibitors (Complete Mini, EDTA-Free, Roche). Protein 
concentration was determined using Bio-Rad Protein Assay 
(Bio-Rad). Samples were loaded with equal amounts of 
proteins (i.e., 30–50 µg) onto a 4–12% Bis–Tris Plus gel 
(Invitrogen). Following electrophoresis, proteins were 
transferred to polyvinylidene difluoride (PVDF) membrane 
(Millipore) before incubation with the following primary 
antibodies: rabbit anti-Cdk6 (1:500, Atlas Antibodies Cat# 
HPA002637, RRID:AB_1233820), rabbit anti-phospho-Rb 
(Ser780) (1:1000, Cell Signaling Technology Cat# 3590S, 
RRID:AB_2177182), mouse anti-cyclin D2 (1:200, Santa 
Cruz Biotechnology Cat# sc-53637, RRID:AB_782339) 
and mouse anti-β-actin horseradish peroxidase conjugated 
(1:25,000, Sigma-Aldrich Cat# A3854, RRID:AB_262011). 
Non-conjugated primary antibodies were detected using anti-
mouse or anti-rabbit IgG horseradish peroxidase-conjugated 
antibody, respectively (1:10,000, Abcam). Immunolabeled 
proteins were revealed by the enhanced chemiluminescent 
detection system (SuperSignal West Pico Chemilumines-
cent Substrate, Thermo Scientific). ImageJ [21] was used 
for optical density quantification. For immunoprecipitation, 
hippocampi were incubated in lysis buffer and proteins were 
extracted as described above. Immunoprecipitation was car-
ried out O/N at 4 °C using the following primary antibod-
ies: rabbit anti-Cdk6 (1:250, Santa Cruz Biotechnology Cat# 
sc-177, RRID:AB_631225), rabbit anti-p27 (1:250, Santa 
Cruz Biotechnology Cat# sc-528, RRID:AB_632129), fol-
lowed by 1 h incubation with protein A/G plus agarose beads 
(Santa Cruz Biotechnology). Beads were washed six times 
with the lysis buffer and immunoprecipitates were then sub-
jected to separation using 4–12% Bis–Tris Plus gel for sub-
sequent western blot analysis.

Statistical analysis

Unless otherwise stated, data are reported as mean ± SEM. 
Statistical analyses were performed using GraphPad Prism 
(GraphPad). Unpaired two-tailed Student’s t tests were used 
to compare two groups, and one-way ANOVA followed by a 
Newman–Keuls post hoc test was used for multiple compari-
sons. Differences were considered statistically significant 
at p < 0.05.

Results

Cdk6 kinase activity regulates hippocampal 
neurogenesis

Using a straight knockout model, we previously identi-
fied a specific role for Cdk6 in the proliferation of hip-
pocampal progenitors [4]. To determine whether the 
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kinase activity of Cdk6 is required for the regulation of 
hippocampal proliferation, we analyzed the brain of mice 
bearing a  Cdk6K43M knock-in allele. In these mice, Cdk6 
is expressed at normal levels and retains the ability to 
bind D-type cyclins, Ink4 and Cip/Kip family proteins, 
but its kinase activity is lost [19]. We first confirmed 
there was no difference in Cdk6 level between WT and 
 Cdk6K43M/K43M (K43M) hippocampi (Suppl. Fig. 1). We 
then quantified the number of cells expressing the cell 
cycle marker Ki67 in the DG of 4- to 6-week-old mice 
and observed a significant reduction in K43M animals 
compared to WT (Fig. 1a, b). These results were con-
firmed by counting the number of bromodeoxyuridine 
(BrdU)-positive cells 2  h after injection (Fig.  1a, c). 
While no difference in the number of proliferating type 
1/2a  (Ki67+/Sox2+) cells was observed between geno-
types (Fig. 1d, e), we found a significant decrease in the 
number of proliferating type 2b/3  (Ki67+/NeuroD1+) cells 
in K43M animals (Fig. 1d, f). This data suggest the exist-
ence of a cell type-specific function for the kinase activity 
of Cdk6, which mostly controls the proliferation of “late” 
type 2b/3 hippocampal progenitors as previously shown 
in mice lacking Cdk6 [4]. Neuronal progenitors undergo 
a defined number of cell divisions before exiting the cell 
cycle and differentiating into postmitotic neurons. Hence, 
we hypothesized that a reduction of the progenitor pool 
in K43M animals could at least partially result from an 
enhanced rate of cell cycle exit. To test this hypothesis, 
WT and K43M mice were injected with BrdU and killed 
24 h later to monitor the ratio between  BrdU+/Ki67− cells 
and total  BrdU+ cells, corresponding to the fraction of 
progenitors leaving the cell cycle within 24 h [22, 23]. In 
agreement with the proliferation data, the cell cycle exit 
index was increased in K43M animals (Fig. 1g). We next 
analyzed the consequence of the K43M mutation on the 
production of newborn DG neurons. For this purpose, 

WT and K43M mice were injected with BrdU once and 
killed 3 weeks later, when most of the selection/elimi-
nation process of newborn cells was over. We found a 
significant reduction in the number of  BrdU+ cells in 
K43M animals (Fig. 1h). However, when we compared 
the number of  BrdU+ cells 2 h or 3 weeks after a single 
BrdU injection, the ratio was not significantly different 
between WT and K43M animals (Fig. 1i). The number of 
apoptotic cells expressing activated caspase 3 (AC3) in 
the DG was also unchanged between genotypes, confirm-
ing that K43M mutation does not affect the survival of 
newborn cells. Overall, our data support a critical role of 
Cdk6 kinase activity in the proliferation of type 2b/3 hip-
pocampal progenitors. More importantly, the phenotype 
of K43M mice closely resembles the phenotype described 
in  Cdk6−/− (Cdk6 KO) mice, ruling out a major kinase-
independent role for Cdk6 in hippocampal neurogenesis.

Functional consequences of altering Ink4‑mediated 
inhibition of Cdk6 on hippocampal neurogenesis

To date, the mechanisms regulating Cdk6 activity during 
hippocampal neurogenesis remain elusive. Since Ink4 pro-
teins are specific inhibitors of cyclin D–Cdk4/6 complexes, 
we decided to address their importance in the proliferation 
of hippocampal progenitors. To that end, we took advantage 
of a gain-of-function allele,  Cdk6R31C, that expresses a form 
of Cdk6 insensitive to Ink4-mediated inhibition, making it 
hyperactive [19]. In  Cdk6R31C/R31C (R31C) mice, thymo-
cytes—a cell type highly dependent on Cdk6 [18, 24]—
display increased proliferation [19]. Unexpectedly, in the 
adult hippocampus, R31C mice exhibited a phenotype simi-
lar to Cdk6 KO and K43M mice. This includes decreased 
proliferation of type 2b/3 progenitors, increased cell cycle 
exit, reduced neurogenesis, no difference in  AC3+ cells and 
decreased level of phospho-Rb Ser780, an indicator of Cdk6 
activity (Fig. 2a–j). Importantly, we also observed a reduc-
tion of proliferation in the subventricular zone (SVZ), the 
other neurogenic zone, of R31C mice (Suppl. Fig. 2). Such 
reduction in proliferation might arise from diminished sta-
bility of the mutated  Cdk6R31C protein. To test this hypoth-
esis, we performed triple immunostaining for Cdk6, Ki67 
and DCX to specifically analyze the expression of Cdk6 in 
proliferating type 2b/3 progenitors. We observed a weaker 
Cdk6 signal in  Ki67+/DCX+ cells in R31C SGZ as com-
pared to WT littermates (Fig. 3a). To confirm these results, 
we performed western blot analyses to measure Cdk6 pro-
tein levels on postnatal day 6 (P6)–P7 hippocampi, a stage 
corresponding to the peak of proliferation in the DG [25]. 
Cdk6 protein level was significantly decreased in R31C ani-
mals compared to WT (Fig. 3b, c). Altogether, these results 
indicate that the mutated  Cdk6R31C form lacks stability in 

Fig. 1  Cdk6 kinase activity regulates hippocampal neurogenesis. 
a Representative single-plane confocal images of Ki67 and BrdU 
staining in the DG of WT and K43M mice. Histograms showing the 
number of  Ki67+ (b) and  BrdU+ (c) cells per  mm2 of DG in WT and 
K43M mice. d Representative single-plane confocal images of Sox2/
Ki67 and NeuroD1/Ki67 double staining in the DG of WT and K43M 
mice. White arrows in d point to double-labeled cells. The dotted 
lines indicate the location of the SGZ. Histograms showing the num-
ber of  Sox2+Ki67+ (e) and  NeuroD1+Ki67+ (f) cells per  mm2 of DG 
in WT and K43M mice. Schematic representation of the experimen-
tal design used to determine cell cycle exit (g), neurogenesis (h) and 
cell survival (i), accompanied by histograms showing the cell cycle 
exit index (g), the number of  BrdU+ cells per  mm2 (h), the cell sur-
vival ratio (i) and the number of  AC3+ cells per section in the DG of 
WT and K43M mice (j). Data are presented as mean ± SEM and were 
analyzed by an unpaired two-tailed Student’s t test. N = 4 mice per 
genotype in b, c, e, f, h and i. N = 3 mice per genotype in j. N = 3 and 
4 mice for WT and K43M, respectively in g. *p < 0.05; ***p < 0.001. 
SGZ subgranular zone, ns not significant

◂
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hippocampal progenitors, unfortunately preventing us from 
addressing the importance of Ink4 proteins on Cdk6 in these 
cells. However, these unanticipated data confirm the crucial 
role of Cdk6 in the proliferation of hippocampal progenitors.

p27 inhibits Cdk6 during hippocampal neurogenesis

We then explored the regulation of Cdk6 by analyzing KO 
animals for endogenous Cdk inhibitors. Among the four Ink4 

Fig. 2  Cdk6R31C mutation reduces hippocampal neurogenesis. His-
tograms showing, respectively, the number of  Ki67+ (a),  BrdU+ (b), 
 Sox2+Ki67+ (c) and  NeuroD1+Ki67+(d) cells per  mm2 of DG in WT 
and R31C mice. Histograms showing, respectively, the cell cycle 
exit index (e), the number of  BrdU+ cells per  mm2 (f), the cell sur-
vival ratio (g) and the number of  AC3+ cells per section in the DG 
of WT and R31C mice (h). i Representative western blot analysis of 
phospho-Rb Ser780 level in protein extracts from 4- to 6-week-old 

WT, Cdk6 KO, K43M and R31C mice. β-actin serves as a loading 
control. Histogram showing the quantification of the western blots 
illustrated in j. Data are presented as mean ± SEM and were analyzed 
by an unpaired two-tailed Student’s t test (a–h) or one-way ANOVA 
followed by a Newman–Keuls post hoc test (j). N = 4 mice per geno-
type in a–c, f and g. N = 3 mice per genotype in e, h and j. N = 4 and 
3 mice for WT and R31C, respectively, in d. *p < 0.05; **p < 0.01; 
***p < 0.001. ns not significant
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members, p16 is mainly expressed in aging tissues and has 
no role in hippocampal neurogenesis [26], p19 expression 
is restricted to postmitotic neurons and p15 is not present 
in the CNS [27, 28]. Therefore, the best candidate for Cdk6 
regulation is p18, which is expressed in the SGZ of the DG 
[27, 29] and preferentially forms a complex with Cdk6 than 
Cdk4 [30]. We compared the number of  Ki67+ cells between 
WT and  p18−/− (p18 KO) mice and did not observe any dif-
ference between groups (Suppl. Fig. 3). This result suggests 
that p18 does not play an essential role in the proliferation 
of hippocampal progenitors. Besides Ink4 family members, 
Cip/Kip proteins, classically considered as Cdk1/2 inhibi-
tors, can also interact with cyclin D–Cdk4/6 complexes. For 
instance, a report recently demonstrated that loss of p27 in 
the thymus leads to increased Cdk4/6 kinase activity [31]. 
In the hippocampus, p27 also hinders the proliferation of 
type 2/3 cells and induces cell cycle exit [13, 14], making it 

an excellent candidate to inhibit Cdk6. To establish whether 
Cdk6 interacts with p27 in the hippocampus, we performed 
immunoprecipitations and showed indeed the presence of 
p27/Cdk6 complexes (Fig. 4a). To determine if a link exists 
between Cdk6 and p27 in hippocampal progenitors in vivo, 
we then generated mice lacking both proteins.  Cdk6−/−; 
 p27−/− (Cdk6 KO/p27 KO) mice develop normally until 
adulthood. The lack of Cdk6 partially rescues the increased 
weight of several organs observed in the single  p27−/− (p27 
KO) mouse, including the spleen, the thymus and the testis 
(Suppl. Fig. 4). In the brain, as expected, individual loss of 
Cdk6 and p27 had antagonistic effects on hippocampal pro-
liferation, but surprisingly Cdk6 KO/p27 KO mice exhibit 
reduced proliferation levels similar to single  Cdk6−/− (Cdk6 
KO) mice (Fig. 4b). Taken together, these data support the 
idea that the increased proliferation of type 2b/3 progenitors 
upon p27 deletion requires Cdk6 activity. Considering that 

Fig. 3  Cdk6R31C mutation decreases Cdk6 protein level in hippocam-
pal progenitors. a Representative single-plane confocal images of 
Cdk6 (green)/Ki67 (red)/DCX (cyan) triple staining in the SGZ of 
WT and R31C mice. White arrows point to triple-labeled cells. b 
Western blot analysis of Cdk6 expression in protein extracts from 
P6 to P7 WT and R31C hippocampi. Each well corresponds to one 

independent animal. β-actin serves as a loading control. The black 
arrow points to the specific Cdk6 band. c Histogram showing the 
quantification of the western blot depicted in b. Data are presented as 
mean ± SEM and were analyzed by an unpaired two-tailed Student’s t 
test. N = 3 mice per genotype. *p < 0.05. AU arbitrary unit
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p27 inhibits Cdk6 in hippocampal progenitors, we tested 
whether the reduced proliferation observed in R31C mice 
would be rescued by the absence of p27. In sharp contrast to 
Cdk6 KO/p27 KO mice,  Cdk6R31C/R31C;  p27−/− (R31C/p27 
KO) mice displayed high levels of proliferation similar to 
those found in p27 KO mice (Fig. 4b). In addition, as previ-
ously documented [32, 33], loss of p27 induced a dramatic 
drop of the level of cyclin D2—an activator of Cdk6 essen-
tial for adult neurogenesis—in the hippocampus (Fig. 4c). 
Finally, the presence of the mutated  Cdk6R31C form alone 
had no effect on cyclin D2 expression, whereas the decrease 
of cyclin D2 level observed in the absence of p27 was also 
present in R31C/p27 KO hippocampi (Fig. 4c). In addition, 
loss of p27 did not rescue Cdk6 decrease in R31C animals 
(data not shown). These observations further strengthen the 
inhibitory role of p27 on Cdk6 and also indicate that, in the 

absence of p27, even a small amount of Cdk6 and cyclin D2 
can drive proliferation of hippocampal progenitors.

Discussion

Previous studies have highlighted the essential roles for 
G1 regulators, such as Cdk6, cyclin D2 and Cip/Kip pro-
teins during hippocampal neurogenesis [4, 5, 12–14, 16]. 
Although useful, these studies—based on germline knock-
out strains—cannot discriminate among the roles of spe-
cific structural domains for each protein and do not provide 
information about the interactions existing between these 
proteins in hippocampal progenitors. Here, we demonstrated 
that Cdk6 function during hippocampal neurogenesis relies 
essentially on its kinase activity. Surprisingly, our results 

Fig. 4  Cdk6 is downstream of 
p27 in hippocampal progeni-
tors. a Cdk6 or p27 immuno-
precipitation was carried out 
on protein lysates from 4- to 
6-week-old mice hippocampi 
and followed by western blot 
using p27 or Cdk6 antibody, 
respectively. Corresponding 
western blots were performed 
on crude cell extracts (inputs). b 
Histogram showing the number 
of  Ki67+ cells per  mm2 of DG 
in WT (n = 5), p27 KO (n = 6), 
Cdk6 KO (n = 4), Cdk6 KO/
p27 KO (n = 5), R31C (n = 3) 
and R31C/p27 KO (n = 3) 
mice. Data are presented as 
mean ± SEM and were analyzed 
by one-way ANOVA followed 
by a Newman–Keuls post hoc 
test. **p < 0.01; ***p < 0.001. 
c Western blot analysis of 
cyclin D2 expression in protein 
extracts from P6 to P7 WT, 
p27 KO, R31C and R31C/p27 
KO hippocampi. Each well 
corresponds to one independent 
animal. β-actin serves as a load-
ing control. ns not significant
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also suggest that p27 is the main inhibitor of Cdk6 activity 
in hippocampal progenitors.

The canonical function of Cdk6 is to phosphorylate Rb 
to relieve the transcriptional repression of E2F-dependent 
genes [34]. On the other hand, several reports have identi-
fied kinase-independent roles for Cdk6. For example, Cdk6 
prevents myeloid differentiation by interfering with the func-
tion of the transcription factor Runx1 [35]. In lymphoma 
cells, Cdk6 is part of a transcription complex that induces 
the expression of p16 and the pro-angiogenic factor VEGF-
A [9]. Using mice expressing a kinase-dead form of Cdk6, 
 Cdk6K43M, we demonstrated that the proliferation defect 
previously observed in Cdk6 KO hippocampi is mainly due 
to a lack of Cdk6 kinase activity and not to a transcriptional 
role of Cdk6. This situation is reminiscent of the thymus, 
another organ dependent on Cdk6 for its proliferation, since 
Cdk6 KO and K43M mice exhibit similar thymic hypoplasia 
[19]. Although Cdk4, a close homolog of Cdk6, also phos-
phorylates Rb efficiently and is highly expressed in thymo-
cytes and adult hippocampal progenitors, it is not required 
for their proliferation [4, 36]. Similarly, even if these cell 
types express at least two types of cyclin D [19, 37, 38], 
only one of them (i.e., cyclin D2 in the hippocampus and 
cyclin D3 in the thymus) is essential for proliferation [5, 37]. 
Collectively, these data indicate that the catalytic activity 
of cyclin D2–Cdk6 complexes is a major and specific actor 
of hippocampal progenitor proliferation. Future studies are 
necessary to identify the major substrate of cyclin D2–Cdk6 
complexes in hippocampal progenitors. Indeed, Anders et al. 
recently identified notable difference of substrate specificity 
between distinct cyclin D–Cdk4/6 complexes in human cells 
[39]. One candidate could be Enhancer of zeste homolog 2 
(Ezh2), an epigenetic modifier crucial in maintaining high 
levels of proliferation and neurogenesis in the adult DG [40]. 
Indeed, Ezh2 is highly phosphorylated by cyclin D3–Cdk6 
complexes and much less by cyclin D1–Cdk4.

Although several key cell cycle regulators of hip-
pocampal neurogenesis have been identified, the molec-
ular machinery responsible for fine-tuning their activ-
ity remains elusive. Our results shed new light on this 
regulation. Since (1) we did not observe any increase in 
proliferation in the hippocampus of p18 KO mice and (2) 
the  Cdk6R31C mutation does not exacerbate the increased 
proliferation due to p27 loss, it is hence possible that Ink4 
binding may not be a relevant mechanism of Cdk6 inhi-
bition during progenitor expansion in the hippocampus. 
However, it is crucial to emphasize that another Ink4 
member could compensate for p18 deficiency and that 
Cdk6 protein level is decreased in R31C hippocampal 
progenitors, putting into question some of our findings. 
Such reduction of Cdk6 level in R31C mice has been 
documented before [19, 41], but with different outcomes 
depending on the cellular context. In the thymus, R31C 

thymocytes exhibit significant increased proliferation as 
compared to WT [19], whereas Rodríguez-Díez et  al. 
reported a defective progenitor potential in the hematopoi-
etic lineage of R31C mice [41]. Altogether, these results 
suggest that the regulation, and also the role, of Cdk6 
differs among different tissues and cell types. Moreover, 
given the limitations of the R31C model and the poten-
tial redundancies between Ink4 members, the best way to 
definitively assess the importance of Ink4-mediated inhi-
bition of Cdk6 in hippocampal neurogenesis would be to 
simultaneously knockout all Ink4 members to prevent any 
compensatory mechanism.

In contrast to the clear inhibiting action of p27 on cyc-
lin E–Cdk2 complexes, the interaction of p27 with cyclin 
D–Cdk4/6 complexes is much more complicated. Although 
p27 inhibits cyclin D–Cdk4/6 in several cellular contexts 
[42, 43], other studies isolated catalytically active p27–cyc-
lin D–Cdk4/6 complexes and demonstrated that p27 was 
stabilizing these heterodimers [19, 32, 44], questioning 
whether the inhibition or activation function of p27 over 
Cdk4/6 prevails in vivo. Our data show here for the first 
time that increased organ weight due to p27 loss can be 
partially compensated by concomitant absence of Cdk6. 
Moreover, the increased proliferation observed in p27 KO 
hippocampi is completely abolished in the absence of Cdk6. 
These results indicate that in hippocampal progenitors, (1) 
Cdk6 is downstream of p27 and (2) p27 functions mainly as 
an inhibitor of Cdk6. This partial compensatory effect has 
also been observed with Cdk4. Indeed, Cdk4 loss partially 
rescues the increased body weight seen in p27 KO mice [45], 
whereas Cdk2 loss surprisingly does not [46]. Future work 
will determine if the inhibition of Cdk4/6 by p27, rather 
than its activation, is a global regulatory mechanism in every 
organ. Many studies reported a huge decrease of cyclin D1/
D2/D3 levels in p27 KO cells, including the brain [32, 33, 
47]. Interestingly, although cyclin D2 KO mice are virtually 
devoid of cell proliferation in the hippocampus [5], we noted 
that decreased level of cyclin D2 does not prevent increased 
proliferation in the absence of p27. Altogether, these obser-
vations strengthen the crucial role of cyclin D2–Cdk6 com-
plexes in hippocampal progenitors and reinforce the idea 
that, in the absence of Cip/Kip inhibition, a small quantity 
of cyclin D–Cdk4/6 complexes is enough to ensure prolifera-
tive activity during tissue homeostasis.

In summary, our results illustrate the specificity of the 
intrinsic mechanisms driving progenitor proliferation during 
hippocampal neurogenesis. Tissue-specific cell cycle regula-
tion may find its origin in the distinct expression pattern and 
function of the G1 regulatory proteins, but also, importantly, 
in the unique interactions existing between these proteins 
in a given cell type. Understanding the molecular basis of 
these differences is a prerequisite to precisely manipulating 
stem/progenitor cells in regenerative medicine and cancer.
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