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Appropriate number of neurons and glial cells is generated

from neural stem cells (NSCs) by the regulation of cell

cycle exit and subsequent differentiation. Although the

regulatory mechanism remains obscure, Id (inhibitor of

differentiation) proteins are known to contribute critically

to NSC proliferation by controlling cell cycle. Here, we

report that a transcriptional factor, RP58, negatively reg-

ulates all four Id genes (Id1–Id4) in developing cerebral

cortex. Consistently, Rp58 knockout (KO) mice demon-

strated enhanced astrogenesis accompanied with an

excess of NSCs. These phenotypes were mimicked by the

overexpression of all Id genes in wild-type cortical pro-

genitors. Furthermore, Rp58 KO phenotypes were rescued

by the knockdown of all Id genes in mutant cortical

progenitors but not by the knockdown of each single Id

gene. Finally, we determined p57 as an effector gene of

RP58-Id-mediated cell fate control. These findings estab-

lish RP58 as a novel key regulator that controls the self-

renewal and differentiation of NSCs and restriction of

astrogenesis by repressing all Id genes during corticogenesis.
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Introduction

In the vertebrate central nervous system (CNS), different

subtypes of neurons and glial cells are produced from neural

stem cells (NSCs) at a precisely regulated order and timing,

which can be replicated in the culture of NSCs in vitro (Qian

et al, 2000; Shen et al, 2006; Guillemot, 2007; Miller and

Gauthier, 2007). The enhancement of astrogenesis followed

by neurogenesis is regulated by intrinsic and extrinsic cellular

mechanisms working in harmony. Abnormal astrogenesis

may be one of the causative factors that induce epilepsy,

learning disabilities, and mental retardation (Sosunov et al,

2008; Napolioni et al, 2009). Tuberous sclerosis complex is a

multisystem genetic disorder that involves enhanced astro-

genesis including gliosis and brain tumour (Sosunov et al,

2008; Napolioni et al, 2009; Ess, 2010).

Among intrinsic regulators, the 4 Id genes (Id1, Id2, Id3,

and Id4) are known to serve an important role in astrogen-

esis. Id overexpression inhibits neuronal differentiation while

promoting cell proliferation and astrogenesis in vivo and

in vitro (Cai et al, 2000; Jung et al, 2010). Several candidate

molecules involved in the upregulation of Id genes in neu-

roepithelial cell culture or neural cell lines have been

described, including bone morphogenic protein 2, fibroblast

growth factor 2 (FGF2), and nerve growth factor (Nagata and

Todokoro, 1994; Nakashima et al, 2001; Passiatore et al,

2011), which may underlie Id gene upregulation at the time

of neural-lineage cell proliferation. However, the mechanism

of the timely repression of Id genes upon NSCs exiting the cell

cycle is poorly understood.

Downstream targets of Id proteins have also been reported.

Several lines of evidence have implicated the involvement of

cyclin-dependent kinase inhibitors, consisting of the Cip/Kip

family (p21/Cip1, p27/Kip1, and p57/Kip2) and INK4 family

(p16/INK4a, p15/INK4b, p18/INK4c, and p19/INK4d) in Id

gene-mediated signalling (Cánepa et al, 2007; Joseph and

Hermanson, 2010). Id proteins can inhibit transcription of

p21, p57, and p16, which depend on the sequestration of type

I and type II bHLH transcription factor or Ets domain proteins

by Id proteins (Sun et al, 1991; Langlands et al, 1997; Prabhu

et al, 1997; Ohtani et al, 2001; Zheng et al, 2004; Rothschild

et al, 2006).

We have previously identified RP58, a sequence-specific

transcriptional repressor, sharing homology with a number of

transcriptional regulators at the amino terminus, termed the

POZ domain (Aoki et al, 1998), and provided evidence for its

essential role in normal brain development (Okado et al,

2009). In the developing mouse brain, RP58 is strongly

expressed in the cerebral cortex and hippocampus, and its

expression gradually increases in parallel with neuronal

maturation (Ohtaka-Maruyama et al, 2007). Rp58 knockout

(KO) mice demonstrated interruption of the cell cycle exit of

progenitor cells, leading to increased mitotic cell populations

such as radial glial progenitors and intermediate progenitors.

Consistent with these observations, RP58 expression is lost in

some human-derived brain tumour cell lines. Exogenous

RP58 expression in both medulloblastoma and glioblastoma

reduced their proliferation and increased cell death in vivo

and in vitro (Tatard et al, 2010). Thus, the previous observa-
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tions imply a strong association between RP58 and NSC

cell-cycle regulation, but the molecular mechanisms connect-

ing them have remained unknown.

In the present study, we observed strongly upregulated

mRNA expression of Id1–Id4 and excess astrogenesis in the

cortex of Rp58 KO mice and identified all Id genes as direct

targets of RP58. Moreover, the excess number of progenitors

and astrocytes in Rp58 KO cortex was rescued by either the

downregulation of Id genes or p57 overexpression in vivo.

These results suggest that RP58 is a novel regulator that

promotes cell cycle exit from the germinal zone through the

transcriptional repression of all Id genes, leading to p57

upregulation.

Results

Rp58 deletion causes increased progenitors and

enhanced astrogenesis

To investigate the function of RP58 in mammalian CNS

development, we previously generated Rp58 KO mice

(Okado et al, 2009). RP58 deletion in the developing cortex

led to an enlarged Sox2-positive progenitor pool (Figure 1A, B

and G). Similarly, the cells expressing cyclin-E, a marker of

cell cycle re-entry, were increased in Rp58 KO mouse cortex at

E18.5, while few cyclin-E-positive cells were observed in

wild-type (WT) E18.5 cortex (Supplementary Figure S1).

Nevertheless, no substantial difference in the expression

level of an early neuronal marker (Tuj1) was observed

between Rp58 KO and control cortex (Figure 1C and D).

We then addressed whether the increased number of

progenitors influences the subsequent generation of astro-

cytes. A previous study reported few GFAP-positive astrocytes

in the mouse cerebral cortex at around P0 (Pereira et al,

2010), although hippocampal GFAP expression was already

detected at E17.5 (Favaro et al, 2009). Intriguingly, GFAP

immunostaining in E18.5 KO cortex revealed many GFAP-

positive astrocytes (Figure 1E–F0). The increase in astrocytes

(at the same rostral-caudal level) was prominent in the

caudal but not rostral cortex (Supplementary Figure S2). In

E16.5 cortex, no GFAP-expressing astrocytes were detected in

either WT or mutant mice (Supplementary Figure S3A–B0).

Double immunostaining with GFAP and the astrocyte marker

S100b was performed to confirm that the GFAP-positive cells

were astrocytes rather than radial glia (Raponi et al, 2007)

(Supplementary Figure S4). Immunoblot analysis of cerebral

cortex lysates demonstrated a marked increase in Sox2 and

GFAP levels in mutant mice at E18.5, whereas Tuj1 levels

were unchanged (Figure 1H and I).

Since Rp58 KO mice died soon after birth, postnatal

analysis of astrogenesis in vivo was impossible. Cells, includ-

ing NSCs from the E16.5 cerebral cortex, were labelled with

EdU (a thymidine analogue) in the culture medium for 12 h
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Figure 1 RP58 depletion causes increased astrogenesis both in vivo and in vitro. (A–D) Representative images of coronal sections from E18.5
WTand mutant mice stained for Sox2 (A, B) and Tuj1 (C, D). Scale bars: 0.1 mm. LV, lateral ventricle. The dotted line in (D) indicates the edge
of the neocortical VZ (n¼ 3). (E–F0) Representative images of caudal coronal sections from E18.5 WTand mutant mice stained for GFAP. (E0, F0)
Show magnified areas in (E, F), respectively. Nuclei were stained with Topro3 (E–F0). Scale bars: 0.1 mm. (G) The number of Sox2-positive cells
within a fixed area was counted. (H) Immunoblotting for Sox2, Tuj1, GFAP, and b-actin in cortical homogenates from E18.5 WT and mutant
mice. b-Actin was used as an internal control. (I) Quantification of protein expression levels in (H) using Fiji software available online (http://
pacific.mpi-cbg.de/wiki/index.php/Fiji) (t-test: *Po0.05, **Po0.01). Error bars indicate the s.d. (n¼ 3). (J–L) Cerebral cortical cells prepared
from E16.5 WTor mutant mice were cultured in EdU-containing medium for 12 h and then incubated for 5 days. (J–K0) Cells were stained with
antibodies against GFAP (blue) and NeuN (red). Cells incorporating EdU were detected using the alkyl-azide reaction (green). Scale bars:
50mm. (L) Percentage of neurons, astrocytes, and other cell types within the EdU-labelled progenitor cell population in (J0, K0)
(t-test: **Po0.01). Error bars indicate the s.d. (n¼ 7: WT¼ 4, mutant¼ 3).
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and incubated for a further 5 days. Fluorescence labelling was

then performed for EdU, GFAP, and NeuN, a neuronal mar-

ker, to confirm whether the increased progenitors observed in

the mutant mice could differentiate into GFAP-positive astro-

cytes. Approximately 40% of mutant cells and 20% of WT

cells did differentiate into astrocytes. No significant difference

in neuronal differentiation was observed between mutant and

WT cells (Figure 1J–L). Thus, RP58 deletion leads to

enhanced astrogenesis during the late neurogenic period in

the cerebral cortex in vivo and excess generation of astrocytes

from progenitors in vitro.

All four Id genes are upregulated in the cortex of Rp58

KO mice

To identify downstream target genes repressed by RP58 in the

developing cortex, DNA microarray analysis was performed

using mRNA from E16.5 mutant and WT mouse cortex. The

obtained data were analysed by MAPP pathway analysis,

which indicated that the genes showing significantly altered

expression in Rp58 KO compared with WT were involved in

six pathways (Supplementary Tables SI and SII). First, we

focussed on the pathways associated with cell-cycle progres-

sion and astrogenesis. Second, because RP58 acts as a

transcriptional repressor (Aoki et al, 1998; Fuks et al, 2001;

Takahashi et al, 2008), we noted the genes showing increased

expression in the mutant cortex, with particular reference

to those that also contained the RP58-binding consensus

sequence in human genomic loci corresponding to those in

the mouse (Supplementary Figure S5). As shown in

Supplementary Tables SII and SIII, Id1and Id3 mRNAs were

significantly increased in the mutant cortex compared with

the control. To confirm the DNA microarray analysis results,

real-time PCR analyses were conducted using E18.5 cortex. At

this stage, all four tested Id mRNAs were upregulated in the

mutant cerebral cortex (Figure 2A).

In situ hybridization was then performed to detect the

regions where Id mRNAs were upregulated in the mutant

(Figure 2B–I). In general, Id1 and Id3 mRNAs are expressed

in proliferating neural progenitor cells in the cortex through-

out embryonic CNS development, while Id2 and Id4 mRNAs

are observed in the same cell types at the early stages of

neurogenesis and continue to be expressed in post-mitotic

neurons (Jen et al, 1996, 1997; Tzeng and de Vellis, 1998;

Tzeng, 2003). In Rp58 KO brains, all four Id mRNAs were

ectopically expressed in the ventricular zone (VZ)/subven-

tricular zone (SVZ) (Figure 2F–I, stars). Although Id2 was

expressed throughout the mutant cortex, its increase in

mutant mice could not be detected clearly by DNA micro-

array analysis because Id2 was also strongly expressed in the

control cortical plate (Figure 2C). In addition, we used

immunohistochemistry to confirm that the expression of Id

proteins was increased in the mutant SVZ compared with that

in WT SVZ (Supplementary Figure S6Ac–H0c). In the WT

cortex, explicit expression of each Id was observed only in

the VZ (Supplementary Figure S6A0c–H0c). In the rostral

cortex, few differences in the Id expression patterns were

observed between WT and KO mice. Mice of both genotypes

showed expression of Id1 and Id4 in VZ/SVZ, Id2 in the total

cortical area, and Id3 alone in the VZ (Supplementary Figure

S6Ar–Hr).

To determine whether the increase in Id mRNAs in the

Rp58 KO cortex was not only due to an increased number of

progenitors but also to the loss of direct RP58-dependent

regulation, we estimated Id mRNA expression at the single

cell level in WT- and mutant-derived neurospheres by nor-

malizing it to that of Gapdh. The mRNA level of Pax6, a

progenitor cell marker, was used as a negative control

(Supplementary Figure S7A and B). Quantitative real-time

PCR analysis revealed higher levels of all four Id mRNAs in

Rp58 KO neurospheres compared with the control. The

expression level of Pax6 mRNA was unchanged, suggesting

that each Id mRNA increased in the individual cells. Taken

together, these results indicate that the expression levels of all

Id genes are increased in Rp58 KO cortex compared with

control, particularly due to overexpression in the mutant

mouse proliferative zone.

RP58 directly represses the transcription of all Id family

members

Next, to determine whether Id gene expression was directly

downregulated by RP58, luciferase reporter assays and ChIP

analysis were performed (Figure 3). Genomic regions around

putative RP58-binding sites for each Id gene (Supplementary

Figure S5) were cloned from the E18.5 WT mouse genome

and inserted upstream of a luciferase gene in a reporter

plasmid, and the impact of RP58 expression on Id gene

expression was analysed. The same analysis was also per-

formed using the mutated binding site (Figure 3A and B). The

activity of the luciferase reporter gene fused to putative RP58-

binding sites was reduced following RP58 expression in Cos7

cells. The activity of each mutated Id reporter gene did not

significantly differ from WT, indicating that this sequence is

important for the RP58-mediated reporter gene repression

(Figure 3B). In addition, in vivo ChIP analysis of E16.5 cortex

using an anti-RP58 antibody (Takahashi et al, 2008) demon-

strated that RP58 bound to the chromatin of putative RP58-

binding sites at each Id gene (Figure 3C and D). These results

suggest that RP58 directly inhibits the transcriptional activity

of Id1–Id4 genes by binding to their regulatory sequences.

RP58 attenuates NSC proliferation and the

downregulation of the four Id genes in neurospheres

The effect of ectopic RP58 expression on NSC proliferation

was then examined. Isolated E14.5 cortical NSCs were in-

fected with either RP58–IRES–GFP (Lv–RP58) or control

IRES–GFP (Lv–GFP) lentivirus and cultured under nonadher-

ent conditions for 7 days with EGF mitogen. Under these

conditions, a single NSC could grow to a neurosphere by

repeated proliferation (Figure 4A–C). RP58-infected neuro-

spheres (15.23±2.67 mm) demonstrated an approximately

two-fold decrease in diameter compared with control

(55.42±1.85 mm) (Figure 4C). The dissociated primary neu-

rospheres were then replated to analyse their self-renewal

competency. Few secondary neurospheres were formed from

the Lv–Rp58-infected neurospheres (5.67±4.04), whereas

control Lv–GFP-infected cells formed B200 secondary neuro-

spheres (202.33±17.5; Figure 4D). The same trend was

observed when the experiments were performed in FGF2-

or EGF/FGF2-supplemented medium (Supplementary Figure

S8). In addition, Id mRNA expression levels were quantified

in cultures of Lv–Rp58- or Lv–GFP-infected cells in the

presence of EGF. Cultures infected with Lv–RP58 demon-

strated lower expression levels of Id mRNAs than those

infected with control Lv–GFP (Figure 4E). Lv–Rp58-infected

RP58 controls the fate of neural stem cells
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neurospheres lost their competency for self-renewal, which

was partially rescued by the co-induction of each individual

Id, or all four Ids, along with RP58 (Supplementary Figure

S9). By contrast, quaternary-passaged mutant neurospheres

were much larger than the WT neurospheres, as shown by a

shift to the right in the size distribution plots (Supplementary

Figure S10). These data suggest that RP58 attenuates NSC

proliferation, which is accompanied by downregulation of all

four Id mRNAs.

Increase in progenitors and astrocytes induced by

Id gene overexpression mimics the phenotype observed

in Rp58 KO mice

We next investigated the issue of whether increased and

ectopic expression of Id genes could accelerate astrogenesis.

Id1–Id4 and control Gfp were overexpressed in E15.5 WT

cortex using in utero electroporation techniques, and then the

embryos were sacrificed at P0.5 (Figure 5). Id1–Id4 genes were

transfected together into the WT cerebral cortex because all Id

mRNAs were upregulated in Rp58 KO cortex. Many Id-over-

expressing cells accumulated from the VZ to the intermediate

zone. In contrast, almost all control GFP-electroporated

cells migrated to the upper layers of the cortex (Figure

5A–B0). Tissue was then immunostained for GFAP and Ki67,

a cell proliferation marker (Figure 5C–D00; Supplementary

Figure S11A–C). Many GFP-positive Id-expressing cells colo-

calized with GFAP in the VZ/SVZ (71.9±12.5%) compared

with control (6.6±2.5%; Figure 5E). The Ki67-positive frac-

tion also increased among Id-electroporated cells, comprising

51.8±8.6% compared with 13.9±3.7% of cells in WT litter-

mates (Supplementary Figure S11). Taken together, these

results demonstrate that high expression levels of Id1–Id4

during late neurogenesis induce excess astrocytes and prolif-

erating cells similar to those observed in Rp58 KO mice.

Transfection with either Id shRNAs or p57 rescues the

number of progenitors and astrocytes

To confirm the hypothesis that Rp58 KO phenotypes are

induced by failure of RP58-mediated repression of Id mRNA

expression, we examined whether the phenotypes are res-

cued by Id knockdown in the Rp58 KO mouse cerebral cortex

(Figure 6). Downregulation of id1–4 by shRNAs was
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Figure 2 Rp58 KO mice showed aberrant expression of Id mRNA. (A) Real-time PCR analysis of all four Id mRNAs in WTand mutant cerebral
cortices at E18.5. Gapdh mRNA expression was used for normalization (*Po0.05, **Po0.01; t-test). Data represent the mean±s.d. (n¼ 3).
(B–I) Representative in situ hybridization images showing the four Id mRNAs in coronal brain sections from E18.5 WT (B–E) and mutant mice
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confirmed by RT–PCR (Supplementary Figure S12). Fewer

Id1–Id4 knockdown cells were colocalized with GFAP com-

pared with the control scramble shRNA-expressing cells

in KO mice (shIds, 7.3±3.3% versus control shRNA,

38.3±15.2%; Figure 6C–D00 and G). Moreover, Id knockdown

rescued the increase of proliferating cells compared with

control GFP-expressing mutant cortex (shIds, 9.1±4.3%

versus control shRNA, 48.7±13.5%; Supplementary

Figure S13). In contrast, Id downregulation resulted in the

promotion of neuronal differentiation around the VZ (shIds,

43.3±6.1% versus control shRNA, 18.2±4.9%; Figure 6E–F00

and H), demonstrating that Id knockdown in Rp58 KO cortex

rescued progenitors from cell cycle exit defects. However,

the cells that exited from the cell cycle failed to migrate to

the upper layers of the cortex compared with the WT

(Supplementary Figure S14).

Finally, we focussed on the downstream targets of Id

proteins. Referring to the microarray analysis data generated

using E16.5 WT and Rp58 KO cortex (Supplementary Table

SIII), the expression level of p57 decreased in Rp58 KO cortex

compared with WT. Note that there was no significant

difference in the expression level of the other Cip/Kip family

genes (p21 and p27) (a fold change of 1.5 were used as

criteria) (Supplementary Table SIII). The results of immuno-

blotting and real-time PCR revealed the same tendency

indicated by microarray analysis (Figure 7A–D). In the devel-

oping cortex, p57 has been identified as a functional target of

E protein (E47), and Id2 has been shown to prevent p57

expression by entrapping E47 (Rothschild et al, 2006).

Members of the Cip/Kip family are well-known positive

regulators of progenitors exiting the cell cycle in various

tissues (Joseph and Hermanson, 2010).

We then examined whether the phenotypes are rescued after

compensation of p57 expression in the Rp58 KO cerebral cortex

using in utero electroporation (Figure 7E–L; Supplementary

Figure S15A–C). Fewer p57-overexpressing cells were coloca-

lized with GFAP compared with control GFP-expressing cells

in KO mice (p57, 18.79±6.38% versus control GFP,

40.36±10.41%; Figure 7G, H, and K) and TBR1-positive

differentiating neurons were increased in p57 electroporated
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cortex compared with control (p57, 52.46±5.32% versus

control GFP, 24.97±6.98%; Figure 7I, J, and L). Although

shIds electroporation caused ectopic neuronal differentiation

in Rp58 KO mouse, such phenotype was not observed after

p57 electroporation. Moreover, p57 overexpression rescued

the increase of proliferating cells compared with control GFP-

expressing KO cortex (p57, 24.29±10.26% versus control

GFP, 45.78±3.67%; Supplementary Figure S15A–C). Con-

versely, to determine the effect of astrocyte differentiation

observed in the WT cortex on p57 functional inhibition, we

used the C-terminal portion of p57 (Cterp57, a Cip/Kip family

member, which lacks the cyclin/CDK binding/inhibitory do-

mains and contains unique proline and acidic domains). It is

reported that the inhibition of p57 function by Cterp57

enhances cell proliferation (Tury et al, 2011); therefore, we

asked whether inhibiting the function of p57 affects astrocyte

differentiation. In utero electroporation was performed at

E15.5, followed by immunostaining of the cortices with

GFAP at P9.5. Upon electroporation with a control plasmid,

most cells produced differentiated neurons that migrated

into the cortical plate over the next few days; however,

large numbers of GFAPþ/GFPþ cells were observed in

Cterp57 electroporated cortices (100.0±0.0% control and

82.74±5.37% Cterp57-induced cells; Supplementary Figure

S16). These results further support our conclusion that the

decreased expression of p57 in the Rp58 KO cortex results in

increased numbers of progenitors and astrocytes. Taken

together, the results suggest that either repressed expression

of all four Id genes or compensation for p57 expression was

able to rescue the increased number of progenitors and

enhanced astrogenesis observed in Rp58 KO mice, and that

the functional inhibition of p57 mimics this mutant pheno-

type, suggesting that RP58-mediated p57 expression through

the repression of Id mRNA expression is the key mechanism

by which RP58 regulates the population of cortical neurons

and astrocytes.

Discussion

RP58 mediates cell cycle control of NSCs

Two primary parameters define the output of NSCs: (1) how

fast progenitor cells divide and (2) the balance between cell

cycle re-entry and the exit of progenitors (Dehay and

Kennedy, 2007). It was observed that Id1–Id4 mRNAs and

Id1–Id4 proteins were upregulated in the cortex of Rp58 KO

mice (Figure 2; Supplementary Figure S6), and the excess

progenitors in E16.5 Rp58 KO cortex exhibited biased differ-

entiation towards astrocytes relative to neurons compared

with control (Figure 1J–L). Id proteins are known to act by

antagonizing the activity of bHLH transcription factors
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(NeuroD, Myogenin and E proteins), retinoblastoma (Rb),

and Ets domain proteins, which results in the inhibition of

cell cycle exit and enhanced cell cycle re-entry (Iavarone et al,

1994; Prabhu et al, 1997; Yates et al, 1999; Ohtani et al, 2001;

Trabosh et al, 2009). In the developing cortex, Id2 prevents

p57 expression by antagonizing E protein activity (Rothschild

et al, 2006). Since Id1, 3, and 4 interact with E proteins (Sun

et al, 1991; Langlands et al, 1997; Pagliuca et al, 2000), all Id

members are expected to prevent the expression of p57 in the

cortex by dimerizing with E proteins. Rp58 deletion caused

elevated expression of all Id genes, which may directly lead to

the reduction of p57 expression. In the primary culture of

cortical progenitors derived from p57 KO mice, the ratio of

progenitors to total cells was increased (Tury et al, 2011),

similar to the present observations in Rp58 KO (Figure 1A, B,

G and H). Moreover, additional rounds of the cell cycle have

been observed in the developing mouse retina and spinal

cord with the loss of p57 (Dyer and Cepko, 2000; Gui et al,

2007). Similar abnormalities in cell proliferation were also

observed in the Rp58 KO mouse (Supplementary Figure S1).

Progenitors isolated from the Rp58 KO cortex at E18.5

produced neurospheres twice as large as those produced from

WT cortex under undifferentiated conditions (Supplementary

Figure S17). Therefore, in Rp58 KO mice, progenitors of the

late phase of neurogenesis may maintain proliferative com-

petency as strong as those present in the early phase of

neurogenesis. In general, as corticogenesis proceeds, the

cell cycle of NSCs is delayed depending on the length

of the G1-phase (Takahashi et al, 1995), and a cell cycle

delay favours the pathway for neuronal differentiation

(Lukaszewicz et al, 2002; Canzoniere et al, 2004; Nguyen

et al, 2006; Katsimpardi et al, 2008). The length of the G1-

phase changes the length of cytokine exposure time, which in

turn regulates cell cycle re-entry or neuronal differentiation

(Burdon et al, 2002; Kioussi et al, 2002; Baek et al, 2003;

Oliver et al, 2003; Fluckiger et al, 2006; Pilaz et al, 2009). p57

is intimately involved in cell cycle delay by preventing cells

from entering G1- to S-phase (Besson et al, 2008; Neganova

and Lako, 2008; Pateras et al, 2009). The lack of p57 in Rp58

KO mice may cause progenitors to have a high proliferating

potential in late neurogenesis, leading to difficulty in neuro-

nal differentiation.

Collectively, increased Id expression resulting from the

absence of RP58 may lead to reduced p57 expression during
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late neurogenesis, which in turn impairs progenitors from

exiting the cell cycle as neurons. Missing the appropriate

timing for neuronal development may switch the competency

of progenitors from neural to astroglial, possibly resulting in

the decreased ratio of neurons to astrocytes observed in Rp58

KO cortex (Figure 7M).

RP58 is a prominent negative regulator of all four Id

family members in the nervous system

The present study has confirmed a causal relationship

between RP58 and Id-dependent regulation of astrogenesis

via in vivo experiments. First, the phenotype of Rp58 KO

mice, excess progenitors and astrogenesis, could be reversed

by the downregulation of Id mRNAs with in utero electro-

poration (Figure 6C–D00 and G; Supplementary Figure S13).

Second, the overexpression of Id genes in NSCs of the WT

cortex led to cell-autonomous abnormalities similar to those

observed in Rp58 KO embryos (Figure 5C–D00 and E;

Supplementary Figure S11).

Some reports have indicated that Id overexpression pro-

motes cell proliferation and astrogenesis in vivo and in vitro

(Cai et al, 2000; Jung et al, 2010). These abnormal pheno-

types were also observed in Rp58 KO cortex. In the Rp58 KO

cortex, NSCs and astrocytes were increased (Figure 1A, B,

and E–F0), and we have previously reported defects in NSC

cell cycle exit (Okado et al, 2009). In addition, analyses of Id

KO mice have revealed that Id1 and Id3 are required to

maintain the timing of neuronal differentiation during brain

development, while Id4 regulates lateral expansion of the

proliferating zone in the developing cortex and hippocampus

(Lyden et al, 1999; Tzeng, 2003; Yun et al, 2004). Rp58 KO

and Id KO mice have opposite phenotypes regarding the

number of NSCs and their exit from the cell cycle (Lyden

et al, 1999; Tzeng, 2003; Kyuson et al, 2004; Okado et al,

2009). This evidence supports our finding that all Id genes

are targets for transcriptional repression by RP58 (Figures 3

and 4E).

The expression patterns of each Id gene are known to

partially overlap in the CNS and they may demonstrate a

certain level of functional redundancy. In fact, Id1, Id2, or Id3

single-KO mice are viable and demonstrate no reported

defects in cephalic structure (Yan et al, 1997; Pan et al,

1999; Yokota et al, 1999). Id4 KO mice show only mild defects

such as small brain size, as well as Id1, Id2, and Id3 mRNA

upregulation in the telencephalon (Yun et al, 2004; Bedford

et al, 2005). In fact, we found that cortices electroporated

with the single Id showed similar phenotypes to those

electroporated with all four Ids. Quantitative analysis of

Ki67þ/GFPþ progenitors (13.9±3.7%) and GFAPþ/GFPþ

astrocytes (7.4±1.6%) in the control cortices revealed the

distribution of electroporated cells. Embryos electroporated

with a single Id vector showed significantly more Ki67þ/

GFPþ progenitors (Id1: 49.0±6.5%, Id2: 46.3±9.4%, Id3:

51.8±8.6%, Id4: 45.9±3.6%) and GFAPþ/GFPþ astrocytes

(Id1: 48.3±2.0%, Id2: 41.8±3.3%, Id3: 47.0±7.5%, Id4:

41.4±10.0%) (Supplementary Figure S18). Conversely, the

excess progenitors and astrocytes in the Rp58 KO mouse

cortex could not be rescued by single Id knockdown

(Supplementary Figure S19). These findings suggested that

the four Id genes show functional redundancy in terms of

increased numbers of astrocytes and proliferating cells. The

enlarged astrocytes were more clearly visible in the KO

caudal cortex than in the rostral cortex. This is probably

because the Id expression pattern in the rostral region in KO

mice was not altered to the same extent as that in the WT

(Supplementary Figure S6). This suggests that a stronger

Rp58 repression mechanism for Ids operates in the caudal

cortex than in the rostral cortex. The present study revealed

that all Id genes were repressed by RP58 (Figures 3 and 4E),

indicating that RP58 plays a crucial role in repressing Id genes

without mutual compensation to allow NSCs to exit the cell

cycle and generate post-mitotic neurons.

Recently, the ubiquitin proteasome pathway was reported

to degrade Id proteins. Id1, Id2, and Id4 proteins have a

recognition site for anaphase-promoting complex (APC),

which has E3 ubiquitin ligase activity, and Id2 was shown

to be a substrate of APC (Lasorella et al, 2006). COP9

signalosome-mediated ubiquitination degrades Id1 and Id3

(Berse et al, 2004). Post-translational regulation through

these ubiquitin proteasome pathways is possibly an impor-

tant mechanism for the repression of Id proteins in the cell

cycle exit of NSCs. In the Rp58 KO cortex, interruption of Id

expression in NSCs rescued the phenotype of defective cell

cycle exit. This finding indicates that the timely transcrip-

tional repression of Id genes by RP58 also play a crucial role

in NSC cell cycle exit. Moreover, RP58-mediated transcrip-

tional repression of Id2 and Id3 was also reported as impor-

tant for skeletal myogenesis (Yokoyama et al, 2009).

Therefore, we propose that, in addition to post-transcriptional

regulation, the transcriptional regulation of Id genes by RP58

may be a crucial mechanism for cell differentiation from

various types of progenitor cells.

RP58 and neuronal differentiation

In the early phase of corticogenesis, a large progenitor pool

produces the appropriate number of neurons by NSC prolif-

eration and subsequent differentiation, while in the late

phase, an increase of neuron-generating divisions compen-

sates for the reduced size of the progenitor pool (Polleux et al,

1997; Lukaszewicz et al, 2005). Little difference was observed

between Tuj1 expression levels in Rp58 KO and control cortex

(Figure 1C, D, H, and I). This observation may seem counter-

intuitive due to the cell cycle exit defects of NSCs in Rp58 KO

mice. The increased number of NSCs in Rp58 KO mice may

compensate for their reduced ability to exit the cell cycle to

limit the impairment of neuronal production.

Incidentally, another characteristic phenotype that we

observed for Rp58 KO mice is neuronal migration defects of

developing cortex (Supplementary Figure S14). However, this

phenotype was not rescued by Id downregulation or p57

overexpression (Figures 6B and 7F; Supplementary Figure

S14), suggesting that RP58 controls NSC differentiation and

neuronal migration in different molecular mechanisms.

We are currently investigating RP58 targeting of neuronal

migration-related genes, which could underlie migration

defects in Rp58 KO mice.

RP58 and brain cancer

RP58 expression was reported to show downregulation in

brain tumour cell lines and, moreover, RP58 transduction into

human glioma drastically decreased its proliferation and

promoted apoptosis (Tatard et al, 2010). However, the rela-

tionship between RP58 downregulation and brain tumour

induction is not understood. In the present study, RP58
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transduction into neurospheres derived from E14.5 NSCs was

found to result in reduced cell proliferation (Figure

4A–D), and the excess progenitors in the Rp58 KO mouse

cortex could be rescued either by Id knockdown (Figure 6;

Supplementary Figure S13) or p57 compensation (Figure 7E–

L; Supplementary Figure S15). Some groups have reported

that the expression levels of Id genes and p57 are also related

to brain tumours. Various combinations of Id members are

upregulated in human glioma and human cell lines derived

from tumours of the nervous system, and they are frequently

associated with enhanced malignancy and aggressive clinical

behaviour (Lasorella et al, 2001; Fong et al, 2004; Perk et al,

2005; Jeon et al, 2008; Kuzontkoski et al, 2010; Zeng et al,

2010). Targeting Id dimerization to other proteins in human

neuroblastoma cell lines suppresses tumourigenic properties

including cell invasion (Ciarapica et al, 2009). Decreased

expression of p57 is observed in glioblastoma multiforme,

and induction of p57 into glioma inhibits malignant transfor-

mation (Tsugu et al, 2000; Sakai et al, 2004). The findings of

the present study raise the hypothesis that abnormal Rp58

downregulation causes Id upregulation and p57 downregula-

tion, ultimately resulting in the development of brain tu-

mours. However, progenitors derived from the Rp58 KO

cortex were unable to form colonies in soft agar, suggesting

that Rp58 single KO is insufficient to initiate cancer

(Supplementary Figure S20). Increased understanding of

RP58 will contribute to the development of cancer therapies

and diagnostic criteria.

Materials and methods

Animals
Rp58 KO mice were generated as previously described (Okado et al,
2009). All experimental protocols were approved by the Animal
Care and Use Committee of the Tokyo Metropolitan Institute for
Neuroscience.

Plasmid construction
Each Id gene coding sequence was cloned from E14.5 mouse
cerebral cortex into the pBlueScript II SK (�) vector for in situ
hybridization, the PCDNA3.1 (þ ) vector for luciferase assay, and
the pCAG vector (a kind gift of Dr Y Kawaguchi) for in utero
electroporation. See Supplementary Table SI for the cloned Id
accession numbers. For the downregulation of Id genes, the
following shRNA expression vectors were purchased and used for
in utero electroporation and lentivirus infection: clone ID
V3LHS_397678 (shId1), RHS4430_98841701 (shId2), V2LMM_
217187 (shId3), and V3LHS_373602 (shId4) (Funakoshi).

Immunohistochemistry
Embryos were fixed with 4% paraformaldehyde (PFA) at 41C
overnight. The brains were then cryoprotected in 30% sucrose at
41C overnight. Serial coronal sections (25mm) were cut with a
cryostat. Immunostaining was performed with the following
primary antibodies diluted in PBS including 10% Block Ace (DS
Pharma Biomedical): anti-GFP (Abcam, 1:500), anti-GFAP (Dako,
1:500), anti-NeuN (Chemicon, 1:200), anti-Sox2 (Santa Cruz,
1:200), anti-Tbr1 (Abcam, 1:500), anti-Ki67 (Novocastra, 1:200),
anti-Tuj1 (Neuromics, 1:200), anti-cyclin-E (Santa Cruz, 1:200),
anti-p57 (Abcam, 1:100), anti-Id1 (Santa Cruz, 1:500), anti-Id2 (a
gift from Dr Mori and Dr Yokota, 1:500), anti-Id3 (Santa Cruz,
1:500), anti-Id4 (Santa Cruz, 1:500), and anti-S100b (Dako,
1:10 000). The antigens in tissues were reactivated by heating in
10 mM citrate buffer (adjusted to pH 6.0) using a microwave or
autoclave. Sections were permeabilized with 0.2% Triton X-100 and
25% Block Ace (DS Pharma Biomedical) in PBS, incubated
overnight with primary antibodies, washed three times with PBS-
0.05% Tween-20, and then incubated for 2 h with fluorochrome-
conjugated secondary antibodies and washed twice more. Anti-IgG

antibodies conjugated to biotin (Vector, 1:200) followed by an
avidin–biotin complex (Vector) or anti-IgG antibodies conjugated to
HRP (Amersham, 1:200) were used as secondary antibodies to
detect anti-Cyclin-E, S100b, Id1, Id2, Id3, and Id4, and the TSAplus
Fluorescence System (Perkin-Elmer) was used to detect HRP
activity. Finally, sections were treated with DAPI (Nacalai Tesque)
or TOPRO3 (Molecular Probes) for nuclear staining, mounted in
Permaflow (Thermo Scientific) and observed using a BX51WI
Fluoview laser-scanning microscope (Olympus).

GFP-, GFAP-, Tbr1-, or Ki67-positive cell counts were done in a
fixed area (from the VZ to the SVZ). The TSA or TSA Plus
Fluorescence System (Perkin-Elmer) was adapted for the double
staining of GFAP and S100b using rabbit polyclonal antibodies
according to the method of Friocourt et al (2008). Briefly, sections
were first incubated with diluted anti-S100b antibody (1:10 000)
followed by incubation with or without rabbit anti-GFAP antibody
(1:200).

Immunoblotting
Mouse E18.5 embryonic cerebral cortex extracts were homogenized
in lysis buffer containing 20 mM Tris (pH 7.5), 0.1% SDS, 1% Triton
X-100, 1% deoxycholate and protease inhibitor cocktail (Roche
Diagnostics). The protein content in total cell lysates was quantified
with the DC protein assay kit (Bio-Rad) and 30mg total protein per
lane was run in SDS–PAGE gels and transferred to PVDF
membranes (Millipore). The proteins were probed with anti-GFAP
(Dako, 1:1000), anti-Sox2 (Santa Cruz, 1:500), anti-Tuj1
(Neuromics, 1:500), and anti-b-actin antibodies (Sigma, 1:1000).
Blots were processed by chemiluminescence using standard
protocols (Amersham).

Neurosphere formation and differentiation
Cortex from E14.5 mice was digested enzymatically with 10 U/ml
papain-EDTA for 30 min at 321C, followed quickly by DNAse
treatment. The tissue was then washed twice with complete
medium, consisting of mouse NeuroCult NSC basal medium plus
mouse NeuroCult NSC proliferation supplements (Stem Cell
Technologies) with 20 ng/ml EGF, 10 ng/ml FGF2, or both EGF
and FGF2, and 1 ml/ml penicillin/streptomycin (P/S; Sigma; P4333),
and then mechanically triturated in complete medium. The cells
were plated at a density of 2�105/ml cells per 3.5 cm dish (BD
Falcon) and incubated for 7 days in a humidified 5% CO2

atmosphere. The primary neurospheres were then counted and
collected for differentiation. Results of the neurosphere counts were
expressed as mean±s.d. Some neurospheres were fixed in 4% PFA
in PBS for 30 min at room temperature and their diameters were
measured using an IX70 fluorescence microscope (Olympus).
Approximately 10 neurospheres were deposited on poly-L-lysine-
coated coverslips in individual wells of 24-well culture plates
(Sumiron) containing differentiation medium (DMEM/F12 contain-
ing B27 supplement (GIBCO) and 1ml/ml P/S). The neurospheres
were allowed to differentiate for 3 days in humidified 5% CO2. The
differentiated neurospheres were then fixed as above. After washing
with PBS, they were stained.

Primary culture and EdU labelling
Cortex from E16.5 mice was digested enzymatically with 10 U/ml
papain-EDTA for 30 min at 321C, followed quickly by DNAse
treatment. The tissue was then washed twice with medium (DMEM
containing 10% FBS, 1ml/ml P/S, and 5 mM Gln) and mechanically
triturated in the medium. The cells were plated at a density of
0.4�106 cells per well in polyethyleneimine-coated 24-well plates.
For the labelling of progenitor cells, cells were incubated with 10mM
EdU for 12 h before fixation. Detection of incorporated EdU was
performed using the click-iT EdU Alexa Fluor 488 Imaging Kit
(Invitrogen) according to the manufacturer’s protocol.

Microarray analysis
Sample RNAs were obtained from E16.5 Rp58 KO mouse cerebral
cortex or control cortex. Two independent total RNA samples from
each mouse strain were mixed and purified using the RNeasy Mini
Kit (Qiagen). Oligonucleotide microarray analysis was performed
using Panorama Micro Array gene expression chips, each contain-
ing B22 000 probe sets (Sigma-Aldrich) according to the manu-
facturer’s instructions. The array data were analysed using
GeneSpring GX 11.0 (Agilent Technologies). Downloaded log base
2 data were converted to linear values and uploaded to GeneSpring
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GX 11.0. The arrays and genes were normalized to the median
values of the chips and genes. GenMAPP and MAPPfinder were
then used to generate and validate molecular signalling pathways
significantly enriched in the gene expression profiles (Dahlquist
et al, 2002; Doniger et al, 2003). The z-score, a standardized
difference score, was calculated using the expected value and the
standard deviation of the number of genes meeting the criterion on
a MAPP, taking into account the MAPP sizes. The criteria used for
the selected MAPP pathways were as follows: Z-score X0 and
Permute Pp0.05. The microarray data were deposited in GEO under
the accession number GSE34327.

RNA isolation and quantitative real-time PCR
Total RNA was extracted with Trizol (Invitrogen) and the RNeasy
Mini Kit (Qiagen) and then reverse-transcribed using ReverTraAce
reverse transcriptase (Toyobo). cDNAs were used for quantitative
real-time PCR, which was performed using the SYBER Green PCR
Master Mix (Toyobo). All procedures were performed according
to the manufacturers’ instructions (Invitrogen, Toyobo). Gapdh
expression served as a control for mRNA expression. Primer
sequences are available upon request.

In situ hybridization
RNA in situ hybridization was performed according to the method
of Sugitani et al (2002). Briefly, probes corresponding to the full-
length mouse Id1–Id4 sequences were amplified by RT–PCR and
subcloned into pBlueScript II SK (�) vector (Stratagene), followed
by synthesis of anti-sense riboprobes using T7 polymerase
(Stratagene). Sections were hybridized overnight at 581C with
400 ng/ml of digoxigenin–dNTP-labelled probes (Roche Diagnos-
tics) incubated with an alkaline phosphatase-conjugated anti-
digoxigenin antibody (1:500 dilution) and developed with the
BCPI/NTB substrate (Roche Diagnostics). Sections were mounted
with CC/Mount (Diagnostic Bio Systems) and Entellan New
(Merck) mounting media, and then observed with an Axiopho-
to2/Axio Cam microscope and camera (Carl Zeiss).

Luciferase assay
Cos7 cells were transfected with a luciferase reporter gene fused to
a fragment of Id1 silencer (nucleotides þ 1189–1400; Id1-luc), Id2
silencer (nucleotides �2576 to �2966; Id2-luc), Id3 silencer
(nucleotides �3318 to �3028; Id3-luc) and Id4 silencer (nucleotides
þ 23 271–23 551; Id4-luc) using Lipofectamine Plus reagent
(Invitrogen), as described by the manufacturer. An effector gene
construct (pCDNA 3.1 (þ ) inserted with Rp58 or empty vector) and
a plasmid containing a sea pansy luciferase expression construct
(pRL-CMV; Promega) were co-transfected with the reporter
constructs described above for normalization. After 24 h, cells were
solubilized and luciferase activity was measured as recommended
for the Pikkagene dual luciferase assay system (Toyo Ink). Lumit LB
9501 (Berthold) was used for quantification.

Chromatin immunoprecipitation assay
Cortex from E16.5 WT mice was digested enzymatically with 10 U/
ml papain-EDTA for 30 min at 321C and then washed three times
with PBS. According to the manufacturer’s instructions (Cosmo Bio;
http://www.cosmobio.co.jp/support/technology/chip_assay_–/
index.asp), the cells were fixed in 1% PFA for 10 min at room
temperature. Cells were sonicated in SDS lysis buffer on ice using an
ultrasonic processor (XL; Astrason) for five cycles of 30 s on, 1 min
off, and the generation of genomic DNA fragments o1 kbp was
confirmed. Immunoprecipitation with 10 mg rabbit anti-RP58 anti-
body and control rabbit anti-IgG antibodies was carried out
overnight at 41C. About 5% of the immunoprecipitated DNA was
used for RT–PCR. Primer sequences used for ChIP assays are
available upon request.

Lentivirus generation and infection
The Rp58 full-length cDNA (Ohtaka-Maruyama et al, 2007) was
subcloned into the pCL36–C1L–CMp–IRES–GFP lentivirus expres-
sion vector (kind gift of Dr Hanawa; Hanawa et al, 2009). ShId
expression vectors were purchased from Thermo (see Plasmid
construction). HEK 293T cells were transfected with vector contain-
ing the insert or the empty vector along with Packaging Mix (pCAG-
kGP4.1R, pCAG4-RTR2 and pCAGGS-VSV-G vectors) (kind gift of Dr
Hanawa) for 40 h (with medium replaced after 6 h). Virus particles
pelleted by ultra-centrifugation (5800 g, Beckman SW 28 rotor, 16 h,
4 1C). Viruses were then suspended in Hanks Balanced Salt Solution
(HBSS) and stored at �801C until use. For infection into primary or
neurosphere cultures, 1�104 TU/ml virus was added. Samples were
collected 4 days after infection.

In utero electroporation
In utero electroporation was performed as previously described
(Tabata and Nakajima, 2001). Briefly, expression vectors were
electroporated into the telencephalic vesicle. Vector concentration
was 3mg/ml in HBSS with 0.01% Fast green as a tracer and mixed in
a 1:3 ratio when co-electroporated with pCAG–GFP. Pregnant mice
at E14.5 or E15.5 were anaesthetized with 25 ml/kg pentobarbital.
A square electroporator (CUY21SC, Nepa Gene) was used to deliver
four cycles of 33 V for 50 ms at 95 ms intervals per embryo.

Colony formation assay
In all, 2.5�104 cells were suspended in 4 ml of 0.3% top agar
containing DMEM plus 10% FBS and poured onto 3 ml of bottom
agar (0.5% agar in DMEM containing 10% FBS) in a six-well plate.
After 14 days incubation at 371C, colonies with 40.05 mm diameter
were scored. The cultures were plated in triplicate.

Statistical tests
Statistical analysis was performed using the standard t-test (two-
sample assuming equal variance).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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