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SUMMARY

Mammalian neocortex size primarily reflects the
number and mode of divisions of neural stem and
progenitor cells. Cortical stem cells (apical progeni-
tors) switching from symmetric divisions, which
expand their population, to asymmetric divisions,
which generate downstream neuronal progenitors
(basal progenitors), start expressing Tis21, a so-
called antiproliferative/prodifferentiative gene. Tis21
encodes a small (17.5 kDa), functionally poorly char-
acterized protein and a relatively large (2 kb), highly
conserved 30 UTR. Here, we show that mice lacking
the Tis21 30 UTR develop a microcephalic neocortex
with fewer neurons, notably in the upper layers. This
reflects a progressive decrease in basal progenitors,
which in turn is due to a fraction of apical progenitors
prematurely switching from asymmetric self-renew-
ing to symmetric self-consuming divisions. This
switch is caused by the markedly increased Tis21
protein level resulting from lack of microRNA-,
notably miR-92-, dependent restriction of Tis21
expression. Our data show that a premature onset
of consumptive neural stem cell divisions can lead
to microcephaly.
INTRODUCTION

Organ size is primarily determined by the number and mode of

divisions that the relevant somatic stem cells (SCs) undergo

during development. Symmetric proliferative divisions of SCs,

where both daughter cells remain SCs, expand their population.

The more often these divisions are repeated, the larger the SC

pool will be. Asymmetric self-renewing divisions (ASDs) of

SCs, where only one daughter is like the mother SC, on the

one hand maintain (but do not increase) the size of the SC pool

and on the other hand generate distinct progeny. The larger

the SC pool, and the more often these divisions are repeated,

the larger the production of such progeny will be. Divisions of
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SCs where neither daughter is like the mother SC, which can

be symmetric or asymmetric depending onwhether the daughter

cells are identical or not, also generate distinct progeny but result

in the consumption of the SCpool. The output of distinct progeny

produced by this type of SC division is twice that of an ASD but is

limited by the fact that due to its self-consuming nature, there

can only be a single round of such cell division.

Themammalian brain, notably the neocortex (Ncx), is an organ

where the molecular mechanisms that control the number and

mode of somatic SC divisions during development are of partic-

ular interest. This is so not only because the Ncx is the site of

higher cognitive functions, but also because its relative size is

subject to dramatic changes duringmammalian, and notably pri-

mate, evolution (Rakic, 2009). Thus, the size of the Ncx relative to

that of other parts of the brain or to body size varies considerably

between mammalian species. In recent years, substantial prog-

ress has been made in characterizing the neural stem and pro-

genitor cells (NSPCs) that give rise to the neurons and glial cells

of the Ncx (Borrell and Reillo, 2012; Fietz andHuttner, 2011; Götz

andHuttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Lui et al.,

2011). Moreover, concepts about the evolutionary differences

between mammalian species regarding the number and mode

of neural stem cell (NSC) divisions during cortical development

are beginning to emerge (Borrell and Reillo, 2012; Fietz and

Huttner, 2011; Lui et al., 2011). However, little is known about

the underlying molecular mechanisms.

Two principal classes of NSPCs generate the projection neu-

rons of the Ncx. The first comprises the cells that undergo

mitosis at the ventricular (that is, apical) surface of the cortical

wall and that are collectively referred to as apical progenitors

(APs). APs notably include neuroepithelial cells and the deriva-

tive apical radial glial cells (Fietz and Huttner, 2011; Götz and

Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009). These

APs are NSCs, and their nuclei reside in the ventricular zone

(VZ). The second class comprises cells that undergo mitosis

at an abventricular location, typically in the subventricular

zone (SVZ), and that are collectively referred to as basal progen-

itors (BPs) (Götz and Huttner, 2005). BPs include basal (or outer)

radial glial cells, transit amplifying progenitors, and intermediate

progenitor cells (IPCs) (Fietz and Huttner, 2011; Lui et al., 2011).

Among the BPs, basal radial glial cells can be considered to

be NSCs.
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The development of the Ncx to different relative size in various

mammalian species is thought to reflect differences not only in

the number and mode of divisions of these distinct types of

NSPCs but also in their relative abundance and lineage relation-

ships (Borrell and Reillo, 2012; Fietz and Huttner, 2011; Lui et al.,

2011). In the mouse and rat, the major lineage yielding cortical

projection neurons, referred to as indirect neurogenesis, begins

with APs switching from symmetric proliferative divisions to

ASDs that generate a neurogenic BP as the other daughter.

These BPs are IPCs that then undergo one round of symmetric

consumptive division (SCD) that generates two neurons (Götz

and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009). It

follows that in this lineage, the number of cortical projection neu-

rons originating from a given AP is determined by the number of

ASDs this AP undergoes (Fietz and Huttner, 2011; Lui et al.,

2011).

Mouse cortical APs switching from symmetric proliferative

divisions to ASDs start to express Tis21 (Haubensak et al.,

2004; Iacopetti et al., 1999), a member of the BTG/Tob or

APRO protein family and reported to exert antiproliferative and

prodifferentiative roles (Matsuda et al., 2001; Tirone, 2001).

Tis21 then continues to be expressed in the BPs undergoing

neurogenic SCD (Attardo et al., 2008; Haubensak et al., 2004).

Although this temporal and spatial expression pattern is highly

intriguing and has rendered Tis21 a powerful marker to identify

neurogenic NSPCs (Attardo et al., 2008; Haubensak et al.,

2004), little is known about the functional consequences of

Tis21 expression in these cells for cortical neurogenesis and

how this expression is regulated.

The regulation of gene expression is known to occur not only

at the transcriptional level but also at the posttranscriptional

level. Regarding the latter, the Tis21mRNAexhibits a remarkable

feature: the presence of a 2 kb 30 UTR, which is more than four

times the size of the Tis21 protein-coding region (Bradbury

et al., 1991; Fletcher et al., 1991). Importantly, the Tis21 30 UTR
is highly conserved across mammalian species (http://www.

targetscan.org), suggesting functional significance. In the pre-

sent study, we have investigated the relevance of the 30 UTR
for the regulation of Tis21 mRNA and Tis21 protein levels in

neurogenic APs and BPs of embryonic mouse brain. Our data

reveal a key role of the Tis21 30 UTR for Ncx size and the number

of neurons generated during the development of themouse Ncx.

Specifically, the Tis21 30 UTR, which is found to be a target of

microRNAs, notably miR-92, regulates the Tis21 protein level,

which in turn controls the mode of neurogenic AP division and

thereby the level of neurogenic BPs.

RESULTS

The 30 UTR of the Tis21 mRNA Conveys Its Rapid
Degradation
We initially explored a potential role of the 30 UTR in the

regulation of Tis21 mRNA degradation in NIH 3T3 cells, in

which Tis21 mRNA can be induced by the phorbol ester TPA

(Fletcher et al., 1991) (Tis, TPA-induced sequence). Using this

system, we found that the 30 UTR of the Tis21 mRNA conveys

its rapid degradation (Figures S1A–S1G and Supplemental

Results).
Tis21 mRNA and Protein Are Upregulated in the
Neocortical Germinal Zones of 30 UTR Knockout Mouse
Embryos
To assess the relevance of the 30 UTR-mediated rapid degrada-

tion of the Tis21 mRNA observed in vitro for the expression of

Tis21 in the developing Ncx in vivo, and to determine the poten-

tial significance of an altered Tis21 expression for Ncx develop-

ment, we generated a Tis21 30 UTR knockout mouse line (from

now on referred to as KO). In this mouse line, the entire 30

UTR-encoding 2.0 kb portion of exon 2 of the Tis21 gene was

deleted and the Tis21 open reading frame (ORF) was directly fol-

lowed by a 250 bp SV40 polyadenylation signal (Figure 1A; for

details, see Figures S1H–S1K).

Northern blot analysis of embryonic brains of wild-type (WT),

heterozygous (het), and homozygous (hom) KO littermates at

embryonic day 13.5 (E13.5), which corresponds to midneuro-

genesis in the embryonic mouse Ncx, revealed a much higher

level (9-fold as determined in het embryos) of the Tis21-

D30UTR mRNA as compared to the Tis21-fl mRNA (Figure 1B).

Because both the Tis21-fl mRNA and the Tis21-D30UTR mRNA

are transcribed under the control of the same 50 promoter

sequence (Figure 1A), the higher level of Tis21-D30UTR mRNA

presumably reflected, for the most part, a lower rate of degrada-

tion of this mRNA than the Tis21-fl mRNA.

Immunoblot analysis showed that the higher Tis21mRNA level

observed upon 30 UTR deletion resulted in a massive increase in

Tis21 protein in the E13.5 brain (>10-fold in hom KO embryos)

(Figure 1C). Consistent with the fact that Tis21 is expressed in

embryonic stem cells (ESCs) (Rouault et al., 1996), the het

ESCs generated to produce the KO mouse line also showed

drastically increased levels of Tis21-D30UTR mRNA as com-

pared to Tis21-fl mRNA (Figure S1L), and of Tis21 protein (Fig-

ure S1M), when compared with WT ESCs.

In situ hybridization (ISH) of E13.5 Ncx cryosections using an

ORF antisense probe revealed that the Tis21 mRNA was mark-

edly upregulated in het (Figure 1F) and hom (Figure 1G) KO

mice compared with WT littermates (Figures 1D and 1E; Fig-

ure S1O). As in WT (Figure 1E), expression of Tis21 mRNA in

KO embryos (Figures 1F and 1G) was restricted to the VZ and

SVZ and absent in the cortical plate (CP). No ISH signal was

obtained with E13.5 Ncx cryosections of hom KO mice when a

30 UTR antisense probe was used, in contrast to WT and het

KO littermates (Figures S1N and S1O).

30 UTR-Mediated Downregulation of Tis21 mRNA
Requires MicroRNAs
We searched the Tis21 30UTR for the possible occurrence of

sequence elements known to promote mRNA degradation.

Indeed, the Tis21 30 UTR was found to harbor two Bearded

boxes (Lai and Posakony, 1997) and five presumptive AU-rich

elements (Chen and Shyu, 1995). Even more strikingly, however,

the 30 UTRof the Tis21mRNA, along its entire length, is predicted

to be the target of many microRNAs (see Figure 3A), which are

known mediators of mRNA degradation (Huntzinger and Izaur-

ralde, 2011). Moreover, for two of these microRNAs (miR-21

and miR-32), experimental evidence for their role in regulating

the Tis21 level has been obtained in nonneural cells in culture

(Jalava et al., 2012; Yang et al., 2011). Given that microRNA
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Figure 1. Increased Tis21 Expression in the Ncx Germinal Zones of

30 UTR Knockout Mouse Embryos

(A) WT (top) and KO (bottom) Tis21 alleles.

(B) Northern blot of Tis21-fl (solid arrowhead) and Tis21-D30UTR (open

arrowhead) mRNAs using total RNA from E13.5 brain of WT, het, and hom KO

embryos. 18S rRNA, loading control. Numbers indicate the mean level of

Tis21-D30UTRmRNA relative to Tis21-flmRNA in het brain as determined from

two separate blots, with the Tis21-fl mRNA arbitrarily set to 1.0. Asterisk,

30 UTR-truncated Tis21 mRNA splice variants (see Figure S4C).

(C) Tis21 immunoblot of WT, het, and hom KO E13.5 brain (30 mg total protein).

g-Tubulin immunoblot, loading control. Numbers indicate the mean level of

Tis21 in het and hom brain relative to WT as determined from two separate

blots, with WT arbitrarily set to 1.0.

(D–G) Tis21 mRNA ISH of littermate WT (D and E), het (F), and hom (G) KO

E13.5 Ncx using an antisense Tis21 ORF RNA probe. Exposure time in (D), (F),

and (G) is identical, whereas (E) shows a longer exposure of WT to reveal the

normal pattern of Tis21mRNA expression in the VZ and SVZ; note the massive

upregulation of Tis21 mRNA in the VZ and SVZ of het and hom KO embryos,

with the pattern being the same as WT. Scale bar in (D), 100 mm.
production requires the endoribonuclease Dicer (Murchison

et al., 2005), we investigated the consequences of conditional

Dicer ablation for Tis21 mRNA and protein levels in the E13.5

mouse cerebral cortex. Conditional Dicer ablation using Emx1-
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Cre (De Pietri Tonelli et al., 2008), which starts to be expressed

in the developing mouse cerebral cortex as of E9.5, was per-

formed in het Tis21-GFP knockin mice (Haubensak et al.,

2004), which carry one WT Tis21 allele and one Tis21 allele

from which GFP mRNA instead of Tis21 mRNA is transcribed

(Figure 2A).

In thesemice, by E13.5, Dicer ablation in the dorsal telenceph-

alon (d-Tel) giving rise to the Ncx and archicortex (Figure 2B) re-

sulted in a �2-fold increase in the Tis21 mRNA level as revealed

by northern blot analysis (Figure 2C). This increase likely re-

flected increased Tis21 mRNA stability rather than its increased

transcription, because the level of GFP mRNA, the transcription

of which was under the control of the same Tis21 50 promoter

sequence (Figure 2A), was actually decreased rather than

increased (Figure 2C). Immunoblot analysis of the Dicer-ablated

E13.5 d-Tel of these mice showed that the increase in Tis21

mRNA resulted in a �4-fold higher level of Tis21 protein (Fig-

ure 2D). These data suggest that Dicer-generated microRNAs

decrease the level of Tis21 mRNA, and consequently Tis21 pro-

tein, in the developing cerebral cortex.

If microRNAs exert this effect via the 30 UTR of the Tis21

mRNA, then Dicer ablation should not result in an increase in

Tis21-D30UTR mRNA. Northern blot analysis of E13.5 d-Tel of

het KO mice indicated that this was indeed the case, whereas

the Tis21-flmRNAwas increased 2.3-fold comparedwith control

(Figure 2E).

ISH of E13.5 Tel of het Tis21-GFP knockin mice showed that

conditional Dicer ablation in the d-Tel using Emx1-Cre increased

the expression of Tis21 mRNA in the germinal zones of the Ncx

and archicortex, but not of the lateral ganglionic eminence (Fig-

ure 2, compare panels G and F), which lacks Emx1-Cre expres-

sion (Figure 2B). In contrast, the expression of GFPmRNA in the

germinal zones of the Ncx and archicortex was not increased

but, if anything, appeared to be slightly decreased upon Dicer

ablation (Figures 2H and 2I), consistent with the northern blot

data (Figure 2C). Quantification of the ISH signal for Tis21

mRNA relative to GFP mRNA revealed a 2-fold increase in Ncx

and archicortex, but not lateral ganglionic eminence, upon Dicer

ablation (Figure S2).

Identification of miR-92 as a Major Regulator of 30 UTR-
Dependent Tis21 Expression
To directly demonstrate the microRNA-dependent, Tis21 30

UTR-mediated decrease in protein expression, we electropo-

rated E13.5 dorsolateral telencephalon (dl-Tel) of WT mice with

plasmids encoding GFP mRNA and monomeric red fluorescent

protein (mRFP) mRNA, mRFP mRNA fused to the 2.0 kb Tis21

30 UTR (mRFP-30UTR), or mRFP mRNA fused to a mutated

1.9 kb Tis21 30 UTR in which the core sequence (7–8 nt) of

each of the 17 microRNA binding sites (Figure 3A) had been

deleted (mRFP-30UTRmut). Analysis of mRFP fluorescence rela-

tive to GFP fluorescence at E14.5 showed a 10-fold lower level

when the Tis21 30 UTR had been fused to themRFPmRNA (Fig-

ures 3B and 3C,mRFP versusmRFP-30UTR). This decrease was

largely rescued when the microRNA binding sites in the Tis21

30UTR had been deleted (Figures 3B and 3C,mRFP-30UTRmut).

We sought to identify specific microRNA binding sites within

the Tis21 30 UTR that were of particular importance for the



Figure 2. Increased Tis21 Expression in

Embryonic Ncx in the Absence of

MicroRNAs

(A) WT Tis21 allele (top) and Tis21-GFP knockin

allele (bottom).

(B) Coronal cryosection showing Emx1-Cre ex-

pression (blue) in E13.5 d-Tel of Emx1-Cre/

Rosa26-LacZ mouse.

(C–I) Triple transgenic mouse embryos were as

follows: (i) either Tis21GFP/WT (Tis21-GFP+/�; C, D,
and F–I) or Tis21D3

0UTR/WT (30 UTR-KO het, E),

(ii) Emx1Cre/WT (Emx1-Cre+/�), and (iii) either

Dicerwt/flox (Dicer+/�) as control (C, D, F, and H) or

Dicerflox/flox (Dicer�/�; C, D, G, and I).

(C and E) Northern blot of endogenous Tis21-fl

(solid arrowhead in E), GFP, and Tis21-D30UTR
(open arrowhead in E) mRNAs using total RNA

from E13.5 d-Tel of control and Dicer KO embryos.

18S rRNA, loading control.

(D) Immunoblot of Tis21 and GFP from E13.5 d-Tel

(15 mg total protein) of control and Dicer KO em-

bryos. g-Tubulin immunoblot, loading control.

(F–I) Tis21 (F and G) and GFP (H and I) mRNA

ISH of littermate control (F and H) and Dicer KO

(G and I) E13.5 Tel. Red boxes, areas shown at

higher magnification on the right. (F) and (G),

respectively (H) and (I), are identical exposures.

Note the upregulation of Tis21, but not GFP,

mRNA in the dorsal (Ncx and Acx), but not ventral

(LGE), Tel in Dicer KO brain compared to control.

Ctr, control; Acx, archicortex; LGE, lateral gangli-

onic eminence. Scale bars in (B) and (F), 250 mm.
decrease in protein expression. For reasons explained below

(see Discussion), we focused on miR-92 and deleted the corre-

sponding, twice-occurring 8 nt sequence from the Tis21 30

UTR where miR-92 is predicted to bind (Figure 3A). When fused

to mRFP, this mutated Tis21 30 UTR (mRFP-30UTR-miR92mut)

yielded a similarly high mRFP/GFP fluorescence ratio after coe-

lectroporation with GFP into dl-Tel as the mRFP-30UTRmut

construct in which all 17 microRNA binding sites had been

deleted (Figures 3B and 3C). Moreover, the dramatic reduction

in the mRFP/GFP fluorescence ratio observed upon fusion of

the Tis21 30 UTR to mRFP (mRFP-30UTR) was essentially re-

verted by coelectroporation of a miR-92 inhibitor (Figures 3B

and 3C,mRFP-30UTRmut+miR92-inh), but not of amicroRNA in-

hibitor control (Figures 3B and 3C,mRFP-30UTRmut+ctr). These

data identify miR-92 as a major regulator of Tis21 expression,

acting via the Tis21 30 UTR.
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KO Mice Develop Microcephaly
In light of the upregulation of Tis21 in the

Ncx germinal zones of KO embryos (Fig-

ures 1M and 1N) and the known expres-

sion of Tis21 in all areas of the embryonic

mouse brain in correlation with neurogen-

esis (Haubensak et al., 2004; Iacopetti

et al., 1999), we explored the possible

consequences for brain development.

Adult brains of het, and even more so

hom, KO mice appeared to show a
decrease in overall size (Figures 4A–4C and 4A0–4C0) and ex-

hibited a reduction in radial thickness of the Ncx (12% in hom)

(Figures 4A00–4C00). Quantification of brain weight indeed re-

vealed an �8% and �13% reduction, respectively (Figure 4D).

We analyzed DAPI-stained coronal vibratome sections, obtained

at three distinct positions along the rostral-to-caudal axis, to

determine the area of the whole brain, the Ncx, and the brain

without Ncx (Figures 4E–4E00). The decrease in total brain area

in the het and hom KO mice (Figure 4F) was very similar to that

in brain weight (Figure 4D). Interestingly, the decrease in Ncx

area in the het and hom KO mice (Figure 4G) was consistently

greater (up to 17%) than that observed for the brain without

Ncx (up to 10%; Figure 4H).

The microcephaly observed for adult KO mice had its roots in

the embryonic development of the brain. We immunostained the

Tel of E16.5 embryos (i.e., at late neurogenesis in the Ncx) for the
11, April 24, 2014 ª2014 The Authors 401



Figure 3. Tis21 30 UTR Mediates a MicroRNA-, Notably miR-92-, Dependent Decrease in Gene Expression in Embryonic Ncx

(A) Location of putative microRNA binding sites in the Tis21 30 UTR.
(B) dl-Tel of E13.5 WT embryos was coelectroporated with pCAGGS-EGFP combined with either pCAGGS-mRFP (row 1), pCAGGS-mRFP-30UTR (row 2),

pCAGGS-mRFP-30UTRmut (row 3), pCAGGS-mRFP-30UTR-miR-92mut (row 4), pCAGGS-mRFP-30UTR + microRNA inhibitor control (ctr) (row 5), or pCAGGS-

mRFP-30UTR + miR-92 inhibitor (miR-92-inh) (row 6) and analyzed 24 hr later for GFP (green) and mRFP (red) fluorescence and DAPI staining (blue) on 10 mm

coronal cryosections. Scale bar, 50 mm.

(C) Quantification of mRFP fluorescence relative to GFP fluorescence as shown in (B). Data are the mean of five fields each (one field per cryosection, one or two

cryosections per embryo, three embryos from two litters per condition) and are expressed as ratio of mRFP/GFP fluorescence, with the ratio obtained in the case

of themRFP +GFP constructs (mRFP) being set to 100% and the ratios obtained in the other five cases being expressed relative to this. Columns from left to right

in (C) correspond to rows from top to bottom in (B). Error bars, SEM; ***p < 0.001.
cortical layer markers FoxP2 and Satb2 (Molyneaux et al., 2007)

to reveal the lateral and radial extension of the Ncx (Figures 5A

and S3A) and for bIII-tubulin to reveal the thickness of the CP

(Figure 5B). Hom KO embryos showed a significant (�10%)

decrease in the mean radial thickness of the Ncx (Figure 5C),
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which was primarily due to a reduction in the thickness of the

CP (Figure 5B). By comparison, we found a lesser (<5%) reduc-

tion in the size of the Ncx in the lateral dimension and only for the

pial (Figure 5E), but not ventricular (Figure 5D), surface. Together,

these data raised the possibility that the microcephaly observed



Figure 4. Adult KO Mice Exhibit Reduced Ncx Size

(A–C00) Brain and Ncx of adult (9 weeks old) WT, het, and hom KO littermates. OB, olfactory bulb; Cx, cortex; Cb, cerebellum. White dotted lines in (A–C),

approximate position of DAPI-stained 50 mm vibratome coronal sections shown in (A0–C0). Areas in white boxes in (A0–C0) are shown at higher magnification in

(A00–C00). White dashed lines in (A00–C00), cytoarchitectonic boundaries of Ncx. White vertical bar in (A00) indicates radial thickness of WT Ncx and is copied to (B00)
and (C00) to allow comparison with radial thickness of KO Ncx; note the stepwise reduction in radial thickness in het (B00) and hom (C00) KO Ncx compared to WT.

Numbers in (A00–C00) are mean radial thickness of five determinations each (four mice each, one or two vibratome sections per mouse), with the meanWT value set

to 100% and the mean het and hom values expressed relative to this; ±SEM; **p < 0.01. Scale bars, 3 mm in (A), 1 mm in (A0), 200 mm in (A00).
(D) Brain weight of adult (9–13 weeks old) WT (light gray), het (dark gray), and hom (black) KOmice. Mean of 36 (WT), 34 (het), and 15 (hom) determinations; error

bars, SEM; ***p < 0.001. Numbers: mean WT value was set to 100%, and mean het and hom values were expressed relative to this.

(E–E00) Images of three representative DAPI-stained (color-inverted) 50 mm coronal vibratome sections along the rostral-caudal axis of WT adult brain at positions

#1, #28, and #48, illustrating the quantification of brain area (dotted line, F), Ncx area (light gray, G), and brain area minus Ncx area (H).

(F–H) Quantification of brain area (F), Ncx area (G), and brain areaminus Ncx area (H) on sections #1, #28, and #48 of adult (9 weeks old)WT (squares), het (circles),

and hom (triangles) KOmice. Ordinates are truncated by a similar proportion (�40%). Mean of six (WT), five (het), and eight (hom) determinations; error bars, SEM;

*p < 0.05, **p < 0.01, ***p < 0.001. Numbers on curves: at each section, the mean WT value was set to 100%, and the mean het and hom values were expressed

relative to this.
for adult KO mice may be primarily due to a decrease in embry-

onic neurogenesis, i.e., in the Tis21-positive NSPCs, which

generate neurons via asymmetric and symmetric neurogenic di-

visions largely in a radial manner (Attardo et al., 2008; Haubensak

et al., 2004; Kowalczyk et al., 2009), rather than in Tis21-negative

NSPCs, the symmetric proliferative divisions of which are

thought to underlie the lateral expansion of the rodent Ncx.

KO Mice Exhibit Reduced Cortical Neurogenesis
To explore this possibility, we quantified deep-layer and upper-

layer neurons in the postnatal day 0.5 (P0.5) Ncx, which like

the E16.5 and adult Ncx showed a reduction in overall size and

radial thickness (14%) in hom KO compared toWTmice (Figures

5F–5G00). Immunostaining for Tbr1 and FoxP2 (Figures 5H and

5I), two markers of deep-layer neurons (Molyneaux et al.,

2007), and for Satb2 and Brn1 (Figures 5J and 5K), two markers

of upper-layer neurons (Molyneaux et al., 2007), revealed a

10%–14% (Figures 5L and 5M) and 20%–22% (Figures 5N and
5O) reduction, respectively, in the P0.5 hom KO Ncx. Thus, the

upregulation of Tis21 in the Ncx germinal zones of KO embryos

(Figures 1Mand 5N) has a greater impact on late-born than early-

born neurons.

This conclusion was further corroborated by quantification

of deep-layer and upper-layer neurons in the E16.5 Ncx.

Whereas the decrease in Tbr1-expressing neurons in hom KO

compared to WT mice was already as great as that found at

P0.5 (Figures S3B and S3C, compare with Figure 5L), that

in Satb2-expressing neurons had not yet reached the same

extent as observed at P0.5 (Figures S3B and S3D, compare

with Figures 5N and 5Q).

TUNEL staining indicated that the reduction in cortical neurons

in KO embryos was not due to increased apoptosis in the

germinal zones or in the CP (Figure S3E), which implies that

this reduction reflected a decrease in neurogenesis. To corrobo-

rate a reduced rate of neurogenesis in the embryonic KONcx, we

labeled NSPCs with a single pulse of bromodeoxyuridine (BrdU)
Cell Reports 7, 398–411, April 24, 2014 ª2014 The Authors 403



Figure 5. Cortical Neurons, Notably in Upper Layers, Are Reduced in KO Mice

(A–E) Radial thickness of Ncx is reduced in E16.5 KO mice.

(A) Double immunofluorescence (IF) for Satb2 (green) and FoxP2 (red) combined with DAPI staining (blue) on 10 mm coronal cryosections of E16.5 Tel of WT and

hom KO littermates. Yellow dashed line and triangles, pial surface of Ncx (see E); white dashed line and triangles, ventricular surface of Ncx (see D); turquoise

lines, radial thickness of Ncx at the lateral-most andmedial-most positions quantified (see C).White boxes, areas for which a separate bIII-tubulin immunostaining

at higher magnification is shown in (B). Scale bar, 500 mm.

(B) bIII-Tubulin IF on 10 mmcoronal cryosections of E16.5 dl-Tel ofWT and homKO littermates. Red bar in (B, left panel) indicates the radial thickness of theWTCP

and is copied to (B, right panel) to allow comparison with the radial thickness of the hom KO CP. Dashed line, ventricular surface. Scale bar, 100 mm.

(C–E) Quantification of radial thickness (C), ventricular surface (D), and pial surface (E), as described in (A); gray, WT; black, hom. Mean of six (C; WT, hom)

cryosections from three littermates each and of 32 (D and E;WT) and 34 (D and E; hom) cryosections from four embryos each of three litters; error bars, SEM; **p <

0.01, ***p < 0.001. Numbers above columns in (C) and (E): mean WT value was set to 100%, and mean hom value is expressed relative to this.

(F–Q) Cortical neurons, notably in upper layers, are reduced in newborn KO mice.

(F–G00) Brain and Ncx of P0.5 WT and hom KO littermates. OB, olfactory bulb; Cx, cortex; Mb, midbrain. White dotted lines in (F) and (G), approximate position of

DAPI-stained 50 mm vibratome coronal sections shown in (F0 ) and (G0 ). Areas in white boxes in (F0) and (G0) are shown at higher magnification in (F00) and (G00)
(bright-field epifluorescence). White dotted lines in (F00) and (G00), cytoarchitectonic boundaries of Ncx. Red vertical bar in (F00) indicates radial thickness of WT Ncx

and is copied to (G00) to allow comparison with radial thickness of KO Ncx; note the reduction in Ncx thickness in hom KO mice. Numbers in (F00) and (G00), mean

radial thickness of eight determinations each (four mice each, two vibratome sections per mouse), with mean WT value set to 100% and mean hom value ex-

pressed relative to this; ±SEM; ***p < 0.001. Scale bars, 1 mm in (F) and (F0) and 100 mm in (F00).
(H–K) IF for Tbr1 (H, red), FoxP2 (I, red), Satb2 (J, green), and Brn1 (K, green) on 50 mm coronal vibratome sections (10 mmoptical sections) of P0.5 Ncx of WT (left

panels) and hom KO (right panels) littermates. (H) and (J), respectively (I) and (K), are double IF on the same vibratome sections. Roman numbers, cortical layers;

dotted lines, basal boundary of CP neuronal nuclei. Scale bar, 100 mm in (H).

(L–O) Quantification of nuclei being Tbr1+ in layers V–VI (L), FoxP2+ in layers IV–VI (M), Satb2+ in layers II–VI (N), and Brn1+ in layers II–VI (O), in each case in a

200-mm-wide field of P0.5 Ncx of WT (gray) and hom KO (black) littermates. Mean of eight determinations each (four mice each, two vibratome sections per

mouse).

(P) WT (left) and hom KO (right) E16.5 littermates were labeled by a single pulse of BrdU in utero, followed at P0.5 by double IF for BrdU (red, top and bottom)

and Satb2 (green, bottom) on 50 mm coronal vibratome sections (10 mm optical sections) of Ncx. Dotted lines, basal boundary of CP neuronal nuclei. Scale

bar, 100 mm.

(legend continued on next page)
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at E16.5 and quantified, at P0.5, the Satb2-positive cortical neu-

rons that had been generated from these NSPCs (Figure 5P). The

26% reduction observed (Figure 5Q) confirmed that there was a

significant decrease in neurogenesis in the embryonic hom

KO Ncx.

APs and BPs Are Reduced in the KO Ncx at Late-Stage
Neurogenesis
The expression of Tis21 in the VZ and SVZ of the embryonic

mouse Ncx is known to reflect its expression specifically in

neurogenic APs, that is, APs that divide asymmetrically to

self-renew and generate either a neuron or a neurogenic BP

(that is, an IPC) as the other daughter cell, and in neurogenic

BPs, which divide symmetrically to generate two neurons

(Attardo et al., 2008; Haubensak et al., 2004). The upregulation

of Tis21 expression in the germinal zones of KO mice (Figures

1M and 1N) therefore implied its upregulation specifically in

neurogenic APs and BPs. In light of the decrease in neurogene-

sis in the embryonic KO Ncx, we therefore investigated whether

this upregulation resulted in a reduction in these NSPCs in KO

embryos. APs were identified by the marker Pax6 (Englund

et al., 2005) or by mitosis occurring at the ventricular (apical)

surface and BPs by the marker Tbr2 (Englund et al., 2005) or

by mitosis occurring in the basal half of the VZ or in the SVZ.

We assumed that any reduction in APs and/or BPs would

pertain only to the neurogenic, Tis21-expressing subpopula-

tions of these NSPCs.

At E10.5 (i.e., the onset of neurogenesis), no differences in the

number of APs or BPs were observed between WT and hom KO

Ncx (Figures 6B and 6E–6H). The same was the case for APs at

midneurogenesis (E13.5) (Figures 6C, 6E, and 6G). At this stage,

however, BPs already showed a small, albeit not statistically sig-

nificant, reduction in number in hom KO Ncx when compared to

WT, when quantifying Tbr2-positive cells in both the VZ plus SVZ

(Figures 6C and 6F) and basal mitoses (Figures 6C and 6H).

Consistent with a beginning reduction in BPs, microarray anal-

ysis of total RNA of E13.5 brain revealed a significant (35%)

reduction in Tbr2 mRNA in hom KO embryos when compared

to WT (data not shown). Remarkably, at E16.5 (i.e., late neuro-

genesis), both APs and BPs were significantly reduced in hom

KO Ncx, with the decrease being greater for BPs (23%–33%)

than for APs (13%–18%) (Figures 6D and 6E–6H). Previous

studies suggest that approximately half of the APs at E16.5 are

Tis21 positive (Arai et al., 2011; Haubensak et al., 2004). Given

that the effects of Tis21 upregulation in APs are confined to the

Tis21-positive subpopulation, the 13% decrease in Pax6-posi-

tive cells in the VZ (Figure 6E) and the 18% decrease in apical

mitoses (Figure 6G) thus reflected a reduction in neurogenic

APs by about one-quarter to one-third, respectively. This reduc-

tion was very similar in magnitude to that observed for Tbr2-pos-

itive cells in E16.5 VZ plus SVZ (Figure 6F) and basal mitoses

(Figure 6H), i.e., in BPs, �90% of which are known to be Tis21

positive (Arai et al., 2011; Haubensak et al., 2004).
(Q) Quantification of BrdU and Satb2 double-positive nuclei in layers II–VI in a 300

labeled at E16.5 as in (K). Mean of ten determinations each (two mice each, five

(L–O and Q) Error bars, SEM; **p < 0.01, ***p < 0.001. Numbers above columns

expressed relative to this.
Tis21 Upregulation in Neurogenic NSPCs Does Not
Lengthen Their Cell Cycle
There are several possible explanations, which are not mutually

exclusive, for the reduced levels of neurogenic NSPCs at late

neurogenesis in KO Ncx due to the upregulation of Tis21. Given

the antiproliferative function reported for Tis21 (Matsuda et al.,

2001; Tirone, 2001), one is that Tis21 upregulation lengthens,

or even arrests, the cell cycle of the APs concerned. This would

result in a reduced number of apical mitoses, as observed (Fig-

ure 6G), and in a reduced generation of BPs, which in turn would

result in the observed decrease in the level of BPs (Figure 6F) and

basal mitoses (Figure 6H).

We investigated a possible effect of Tis21 upregulation on the

cell cycle of APs by cumulative BrdU labeling (Arai et al., 2011) of

E14.5 mice carrying one Tis21 allele expressing GFP rather than

Tis21 protein and either one Tis21 WT allele (as control) or one

Tis21 30 UTRKOallele (Figure 7A). Thesemice showed increased

Tis21 expression at E13.5 (Figure 7B) and reduced adult brain

weight (Figure 7C). Analysis of the NSPCs in the VZ that lack

Tis21 expression (Figure 7D) showed that all their cell-cycle

parameters as well as their growth fraction were virtually indistin-

guishable between control and KONcx (Figure 7E). These results

were expected given the lack of Tis21 expression in these

NSPCs. Remarkably, however, cumulative BrdU labeling also

showed that the Tis21-expressing NSPCs in the VZ (Figure 7D)

exhibited the same cell-cycle parameters between control and

KO Ncx (Figure 7F). Moreover, the identical growth fraction

of >90% of the Tis21-GFP-positive NSPCs in the VZ in WT and

KO Ncx also indicates that the increased Tis21 expression due

to 30 UTR deletion does not cause cell-cycle exit of APs. These

data (see also the Supplemental Results) therefore eliminate

cell-cycle lengthening or arrest in the Tis21-overexpressing

APs as a possible explanation for the reduced levels of neuro-

genic NSPCs at late neurogenesis in KO embryos.

Tis21 Upregulation in APs of KO Ncx Results in Their
Switching from Asymmetric Self-Renewing to
Symmetric Consumptive Division
Another possible explanation for the reduced levels of neuro-

genic NSPCs at late neurogenesis in KONcx is that the Tis21 up-

regulation in neurogenic APs alters their mode of cell division

with regard to the fate of the resulting daughter cells such that

the levels of neurogenic NSPCs become reduced. Typically,

most Tis21-expressing neocortical APs undergo BP-genic

ASD, that is, an AP mother gives rise to an AP daughter plus a

neurogenic BP daughter (Attardo et al., 2008; Haubensak

et al., 2004). We explored the possibility that upon Tis21 overex-

pression due to the deletion of the Tis21 30 UTR, some APs may

switch to BP-genic SCD, with both daughter cells becoming

neurogenic BPs. This would lead to a progressive depletion of

APs undergoing BP-genic ASD and, as a consequence, eventu-

ally to a reduction in the neurogenic BP pool size and hence the

number of neurons produced. To this end, we electroporated
-mm-wide field of P0.5 Ncx of WT (gray) and hom KO (black) littermates BrdU-

vibratome sections per mouse).

: for each marker, mean WT value was set to 100%, and mean hom value is
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Figure 6. APs and BPs Are Reduced in KO Ncx at Late Neurogenesis

(A) Cartoon of coronal section of mouse E13.5 Tel showing the area of Ncx analyzed (red box). Acx, archicortex; LGE, lateral ganglionic eminence.

(B–D) IF for Pax6 (white), Tbr2 (green), and phospho-histone H3 (PH3, red) combined with DAPI staining (blue) on 10 mm coronal cryosections of E10.5 (B), E13.5

(C), and E16.5 (D) Ncx of WT (top) and hom KO (bottom) littermates. Tbr2 and PH3 are double IF, together with DAPI staining, on the same cryosections; each

Pax6 staining is a separate IF. Solid white lines, basal lamina; dashed white lines, ventricular surface. Scale bars, 50 mm.

(E–H) Quantification of Pax6+ nuclei in VZ (E), Tbr2+ nuclei in VZ plus SVZ (F), apical PH3+mitoses (G), and basal PH3+mitoses (H), in each case in a 200-mm-wide

field of E10.5 (left columns), E13.5 (middle columns), and E16.5 (right columns) Ncx of WT (gray columns) and hom KO (black columns) embryos. Mean of six

determinations each (three embryos each, two cryosections per embryo); error bars, SEM; **p < 0.01; ***p < 0.001. Numbers above columns: for each marker,

mean WT value was set to 100%, and mean hom value is expressed relative to this.
neocortical APs of E15.5 WT and hom KO embryos with a

plasmid encoding cytoplasmic GFP under the control of a

constitutive promoter and analyzed GFP-expressing cells in

the VZ and SVZ 12 hr and 20 hr after electroporation for the pres-

ence of proliferating cell nuclear antigen (PCNA; a marker of

cycling cells) and Tbr2 immunoreactivity.
406 Cell Reports 7, 398–411, April 24, 2014 ª2014 The Authors
At 12 hr after electroporation, 47% and 53% of all GFP-

expressing cells in the VZ plus SVZ of WT and hom KO Ncx,

respectively, were PCNA+ and Tbr2+, i.e., newborn BPs (Figures

7G and 7H). At this time point, PCNA� cells, presumably

newborn neurons, accounted for 9% and 10% of all GFP-ex-

pressing cells in the VZ plus SVZ of WT and hom KO Ncx,



respectively (Figures 7G and 7H). We considered these data in

light of the observation that at E16.5, the neurogenic/BP-genic

subpopulation of APs is reduced by about one-quarter to one-

third in hom KO Ncx compared to WT (Figures 6E and 6G).

Thus, the findings that upon GFP electroporation of APs at least

the same percentage of GFP-expressing cells are newborn BPs

in hom KO Ncx as in WT 12 hr later (Figure 7H, black columns)

implies that a substantial proportion of the BP-genic APs had

switched from ASD to SCD. Interestingly, concomitant with

this switch, the ratio of newborn BPs in SVZ to VZ at 12 hr after

electroporation was �1:1 for hom KO Ncx and �1:3 for WT Ncx

(Figure 7J), indicating that at this time point, a much greater pro-

portion of newborn BPs had migrated to the SVZ in the former

than the latter.

Similarly, our data (Figure 7H, gray columns) imply that in hom

KO Ncx, a substantial proportion of APs had switched from

neurogenic (rather than BP-genic) ASD to SCD. However, in

line with previous studies (Attardo et al., 2008), this so-called

direct neurogenesis was relatively minor compared to the indi-

rect neurogenesis via neurogenic BPs (Figure 7H).

The same findings in principle, showing a very similar percent-

age of GFP-expressing cells being either newborn BPs or

newborn neurons for WT and hom KO Ncx, were made 20 hr

after electroporation (Figure 7I). However, at this time point,

the proportion of newborn neurons relative to that of newborn

BPs had increased, presumably because some of the GFP-ex-

pressing neurogenic BPs had already generated neurons during

the 20 hr time period. No difference in the ratio of newborn BPs in

SVZ to VZ was observed for WT and hom KO Ncx at this time

point (Figure 7K). Taken together, these observations are con-

sistent with the notion that the Tis21 upregulation in neocortical

APs of KO embryos causes a proportion of them to prematurely

switch from BP-genic ASD to SCD, resulting in their progressive

depletion and, consequently, the progressive reduction in the

neurogenic BP pool size and in the amount of neurogenesis.

To obtain direct evidence in support of this notion, we electro-

porated neocortical APs of E15.5 WT and hom KO embryos with

GFP as above and analyzed, 12 hr after electroporation,

daughter cell pairs in the VZ (identified as described in the Sup-

plemental Experimental Procedures) that had arisen from an AP

division for the presence of PCNA and Tbr2 immunoreactivity.

Three types of daughter cell pairs with NSPC identity were

observed: (1) AP (PCNA+, Tbr2�) + AP (PCNA+, Tbr2�) (Fig-

ure 7L, left); (2) AP (PCNA+, Tbr2�) + BP (PCNA+, Tbr2+) (Fig-

ure 7L, middle); and (3) BP (PCNA+, Tbr2+) + BP (PCNA+,

Tbr2+) (Figure 7L, right). Quantification of the two types of

daughter cell pairs that reflected BP-genic divisions, that is,

AP + BP (reflecting ASD) and BP + BP (reflecting SCD), showed

that in WT only 24% of AP divisions were symmetric consump-

tive, whereas this was the case for 43% of the AP divisions in

hom KO Ncx (Figure 7M). We conclude that Tis21 upregulation

in APs of KO Ncx causes a fraction of these cells to switch

from BP-genic ASD to SCD.

Posttranscriptional Upregulation of Tis21 at Late
Neocortical Neurogenesis
As is described in detail in the Supplemental Results, Tis21

expression in the Tis21-positive cells increased at late neurogen-
esis (E16.5; Figures S4A and S4B). This likely was due, at least in

part, to the increased expression of Tis21 splice variants lacking

most of the 30 UTR (Figures S4C–S4E). Hence, a posttranscrip-

tional upregulation of Tis21 expression in the Tis21-positive cells

may contribute to the increase in AP SCDs that occurs at late

neurogenesis.

DISCUSSION

Our study reveals a cause of microcephaly due to aberrant regu-

lation at the level of NSCs. In the present form of microcephaly,

the Ncx is more affected than other parts of the brain and the

smaller size of the Ncx is primarily due to a decrease in radial

thickness, with upper-layer neurons being more strongly

reduced in number than deep-layer neurons. This phenotype re-

sults from the progressive depletion of neurogenic APs and,

consequently, neurogenic BPs. Importantly, this depletion is

caused by the lack of microRNA-mediated, 30 UTR-dependent
restriction of Tis21 expression in neurogenic APs, which

changes the mode of AP division in vivo, rather than inhibiting

cell-cycle progression as previously thought based on in vitro

studies (Matsuda et al., 2001; Tirone, 2001).

The 30 UTR-dependent restriction of Tis21 expression was

found to be mediated by microRNAs, notably miR-92. Evidence

for this is provided by the findings that the Tis21-flmRNA, but not

the Tis21mRNA lacking the 30 UTR, is increased in Dicer-ablated

d-Tel. In addition, fusion of the Tis21 30 UTR to mRFP causes a

massive decrease in mRFP expression, and removal not only

of all 17 predicted microRNA target sites (Figure 3A) from the

30 UTR but also of just the two miR-92 target sites reverses

this decrease. Moreover, a miR-92 inhibitor, but not a microRNA

inhibitor control, blocked the decrease in mRFP expression

caused by fusion of the Tis21 30 UTR to mRFP. The level of

miR-92 has been reported to decrease during neurogenesis

but at late neurogenesis is still about half of that at early

neurogenesis (Miska et al., 2004; Bian et al., 2013). Hence,

microRNA-mediated, 30 UTR-dependent restriction of Tis21

expression from Tis21-fl mRNA is likely to occur, in principle,

both at the early and late stages of neurogenesis, and so

30UTR deletion would be expected to result in increased in

Tis21 expression throughout neurogenesis.

How, then, does the increase in Tis21 expression in the neuro-

genic subpopulation of NSPCs upon 30 UTR deletion cause the

observed decrease in APs and BPs at E16.5? Our data indicate

that in E16 KO Ncx, BP-genic SCDs of APs are increased at the

expense of BP-genic ASDs. A possible explanation for this in-

crease would be that inheritance of the Tis21 protein contributes

to a BP fate and that the massively increased level of Tis21 pro-

tein in neocortical KO APs leads to a BP fate of both daughter

cells. The exact mechanism of how Tis21 overexpression influ-

ences daughter cell fate remains to be elucidated. A switch of

a fraction of neocortical KO APs from BP-genic ASDs to SCD

would result in the progressive depletion of APs during the

course of neurogenesis and, consequently, in the progressive

reduction of the neurogenic BP pool size. This in turn would pro-

gressively reduce the number of neurons generated during neu-

rogenesis. Moreover, such a cumulative effect upon 30 UTR

deletion is further amplified, at late neurogenesis, by the fact
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Figure 7. Tis21 Upregulation in Neurogenic NSPCs in VZ of KO Ncx Does Not Lengthen Their Cell Cycle but Increases Consumptive AP

Divisions

(A) KO Tis21 allele (top) and Tis21-GFP knockin allele (bottom).

(B) Tis21 immunoblot of WT, het KO, and double het Tis21-GFP/KO E13.5 brain (30 mg total protein). g-Tubulin immunoblot, loading control. For each antigen, all

three lanes are from the same immunoblot and exposure.

(legend continued on next page)
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that the proportion of NSCs that express Tis21 increases from

E10.5 to E16.5 (Haubensak et al., 2004). Given that upper-layer

neurons are known to be generated later during neurogenesis

than deep-layer neurons (Molyneaux et al., 2007), these consid-

erations explain why, at birth, the former are more strongly

reduced in number than the latter.

The observed increase in the fraction of KO APs undergoing

BP-genic SCD provides a mechanistic explanation for the previ-

ously reported ‘‘antiproliferative’’ role of Tis21 (Matsuda et al.,

2001; Tirone, 2001), at least with regard to NSCs. In these cells,

as revealed by cumulative BrdU labeling, and contrary to a pre-

vious report (Canzoniere et al., 2004), the massively increased

Tis21 level does not inhibit cell-cycle progression, nor does it

cause cell-cycle arrest. Rather, any ‘‘antiproliferative’’ effect of

Tis21 overexpression is an indirect consequence and reflects

the change in the mode of NSC division (in line with a previous

in vitro study; Malatesta et al., 2000) such that both daughter

cells (rather than only one) become a neurogenic BP, which

has the intrinsic property of undergoing only one terminal cell

division that generates two postmitotic neurons.

The present microcephaly caused by increased Tis21 expres-

sion in KO mice differs with regard to not only the mechanism

(see above) but also cell-type specificity from the small-brain

phenotype previously observed upon inducible overexpression

of PC3, the rat ortholog of Tis21, in mice (Canzoniere et al.,

2004). First, the latter small-brain phenotype was reported

when a constitutive promoter (b-actin) was used. Second, this

previous phenotype was accompanied by increased apoptosis

in germinal zones, which was not observed in the present study.

Third, increased neurogenesis in the neural tube and cerebellum,

but no smaller cerebral cortex, was reported when PC3 was

overexpressed using the nestin promoter (Canzoniere et al.,

2004), which is known to drive gene expression in virtually all

(not only neurogenic) APs and not in BPs. In contrast, our study

shows that (1) Tis21 overexpression in the Ncx was restricted to
(C) Brain weight of adult (9–13 weeks old) het Tis21-GFP (Ctr, light gray) and d

terminations; error bars, SEM; **p < 0.01. Numbers: mean control value was set

(D) An E14.5 het Tis21-GFP embryowas labeled by a single pulse of BrdU in utero,

combined with DAPI staining (blue) on a 10 mm coronal cryosection of Nc

(open arrowhead), Tis21-GFP+/BrdU+ (solid arrow), and Tis21-GFP+/BrdU� (op

bar, 50 mm.

(E and F) Cumulative BrdU labeling for up to 21 hr of Tis21-GFP� (E) and Tis21-GF

GFP / KO (30UTR-KO het, red triangles) Ncx VZ. Mean of eight determinations

embryo) except for (9 hr in E and 6 hr in F, three embryos from two litters); error bar

NSPCs in S phase; vertical dashed lines, time interval between two consecutive

(G–M) dl-Tel of WT (G top) and hom KO (G bottom) E15.5 littermates was electr

(I and K) later.

(G) Triple IF for GFP (green), PCNA (red), and Tbr2 (cyan) combined with DAPI

Circles, GFP+ cells; crosses, PCNA+ cells; diamonds, Tbr2+ cells; merged sym

ventricular surface; solid lines, VZ-SVZ boundary. Scale bar, 50 mm.

(H and I) Quantification of GFP+/PCNA+/Tbr2+ (black columns) and GFP+/PCNA

cells.

(J and K) Distribution of GFP+/PCNA+/Tbr2+ cells between VZ (below 0 line) and S

(H–K) Mean of three (WT 12 hr), four (hom 12 hr), eight (WT 20 hr), and eight (hom

(L) Examples of daughter cell pairs derived from homKOAP divisions; triple IF for G

50 mm coronal vibratome sections (4 mm optical sections). (Left) AP (PCNA+, Tbr

(right) BP (PCNA+, Tbr2+) + BP (PCNA+, Tbr2+); arrows, APs; arrowheads, BPs

(M) Quantification of AP + BP (gray columns) and BP + BP (black columns) daugh

were collected from sevenWT and eight homKO embryos of four litters; numbers

BP pairs are expressed as percentage of the sum of AP + BP plus BP + BP pair
those cells that physiologically express the Tis21 gene, that is,

the neurogenic subpopulations of NSPCs (Haubensak et al.,

2004; Iacopetti et al., 1999), and (2) Tis21 overexpression is

shown to alter the mode of cell division in vivo, rather than cell-

cycle progression.

Our findings identify the 30 UTR as a major regulatory element

that curtails the level of Tis21 expression in APs, a constraint

essential to sustain the ability of these cells to undergo repeated

BP-genic ASDs. This regulation is likely to be relevant in the

context of Ncx development, because the Tis21 protein level in

Tis21-expressing cells was more than twice as high at E16.5

than at E13.5 and E10.5. At this late stage of mouse neurogene-

sis, there is an increase in APs switching from ASD to SCD, and

the higher cellular Tis21 protein level may contribute to this

switch. As to the cause of this increase in the cellular Tis21 level

at E16.5, at least two possibilities exist. One is the increased

contribution of 30 UTR-truncated splice variants, which are less

likely to be subject to microRNA-induced mRNA degradation

than the Tis21-fl mRNA, to the total Tis21 mRNA toward the

end of cortical neurogenesis.

Another, not mutually exclusive, possibility is a change in the

level of specific microRNAs during neurogenesis. Specifically,

concomitant with the rise in the cellular Tis21 protein level toward

the end of cortical neurogenesis, the expression of miR-17 and

miR-92, for which there are one and two predicted binding sites,

respectively, in the Tis21 30 UTR, in the embryonic rodent Ncx is

reduced (Miska et al., 2004; Yao et al., 2012). Thus, miR-17 and

miR-92, which have recently been shown to be expressed in APs

(Bian et al., 2013), emerge as candidate microRNAs to curtail, via

the 30 UTR, the level of Tis21 expression during early and mid-

neurogenesis. Interestingly, and fully consistent with the present

observations, a very recent study has shown that conditional

deletion of the miR-17�92 cluster in the developing mouse

Ncx promotes the transition of APs to neurogenic BPs (Bian

et al., 2013). Moreover, the miR-17�92 cluster has been
ouble het Tis21-GFP/KO mice (dark gray). Mean of 13 (Ctr) and 15 (Het) de-

to 100%, and mean double het value is expressed relative to this.

followed 3 hr later by triple IF for Tis21-GFP (green), BrdU (red), and Tbr1 (white)

x. Examples of Tis21-GFP–/BrdU+ (solid arrowhead), Tis21-GFP�/BrdU�
en arrow) nuclei in VZ are indicated. Dashed lines, ventricular surface. Scale

P+ (F) NSPCs in E14.5 het Tis21-GFP (Ctr, black squares) and double het Tis21-

each (four embryos from two independent litters each, two cryosections per

s, SEM. Horizontal lines and arrowheads, growth fraction; arrows, proportion of

S phases (TC � TS).

oporated with pCAGGS-EGFP and analyzed 12 hr (G, H, J, L, and M) or 20 hr

staining (white) on 50 mm coronal vibratome sections (4 mm optical sections).

bols facilitating scoring of cells are shown in the right panels. Dashed lines,

� (gray columns) cells in VZ plus SVZ, expressed as percentage of total GFP+

VZ (above 0 line), using the percentage values shown in (H) and (I), respectively.

20 hr) cryosections scored; error bars, SEM.

FP (green), Tbr2 (white), and PCNA (red) combined with DAPI staining (blue) on

2�) + AP (PCNA+, Tbr2�); (middle) AP (PCNA+, Tbr2�) + BP (PCNA+, Tbr2+);

; dotted lines, ventricular surface. Scale bar, 20 mm.

ter cell pairs arising from BP-genic ASDs and SCDs of APs, respectively. Data

of daughter cell pairs are indicated. For either WT or hom, the AP +BP and BP +

s.

Cell Reports 7, 398–411, April 24, 2014 ª2014 The Authors 409



reported to be deleted in humans with microcephaly (de Pontual

et al., 2011). This provides a remarkable parallel to the micro-

cephaly of the Tis21 30 UTR mutant mice reported in the present

study that results from the lack of microRNA-dependent regula-

tion of Tis21 expression.

Taken together, our study demonstrates that specific micro-

RNAs, notably miR-92, that are known to be downregulated

toward the end of neurogenesis, restrict Tis21 expression via

its 30 UTR and thereby ensure the maintenance of repeated

self-renewing divisions of neurogenic/BP-genic APs. These find-

ings provide insight into how the length of the neurogenic phase

of a given AP is controlled. Our study therefore contributes to

understanding the timing of cessation of neurogenesis, a funda-

mental parameter of Ncx development and evolution.

EXPERIMENTAL PROCEDURES

For further details, see the Supplemental Experimental Procedures. All other

methods were carried out according to established protocols.

DNA Constructs

All plasmid constructs were generated using standard molecular cloning tech-

niques. The targeting construct for homologous recombination in embryonic

SCs, p15A-30 UTR-KO-neo (Figure S1H, i), was generated from the BAC

bMQ-284G14 using the Red/ET homologous recombination technology.

Mouse Lines

The 30 UTR-KO mouse line was generated by standard techniques, using the

ESC clone #46C carrying a 30 UTR-KO-neo allele (Figure S1H, iii), crossing the

30 UTR-KO-neo F1 progeny with hACTB-FLPe mice to remove the neomycin

cassette and backcrossing with C57BL/6J mice. All animal experiments

were performed in accordance with German animal welfare legislation.

Quantifications

Length of Ncx ventricular and pial surfaces and radial thickness were deter-

mined on fluorescence images using Fiji and AxioVision software. Cell-cycle

parameters after cumulative BrdU labeling were calculated as described pre-

viously (Arai et al., 2011). Daughter cell pairs were identified based on the

spatial pattern of GFP-expressing cells and level of GFP expression. Plotting

of data and statistical analyses were performed using Microsoft Excel and

‘‘R,’’ respectively. Student’s t test was used for the calculation of p values.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Results, Supplemental Dis-

cussion, Supplemental Experimental Procedures, and four figures and can be

foundwith this article online at http://dx.doi.org/10.1016/j.celrep.2014.03.033.
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