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Abstract
In mice, microRNAs (miRNAs) are required for embryonic viability, and previous reports
implicate miRNA participation in brain cortical neurogenesis. Here, we provide a more
comprehensive analysis of miRNA involvement in cortical brain development. To accomplish this
we used mice in which Dicer, the RNase III enzyme necessary for canonical miRNA biogenesis, is
depleted from Nestin expressing progenitors and progeny cells. We systematically assessed how
Dicer depletion impacts proliferation, cell death, migration and differentiation in the developing
brain. Using markers for proliferation and in vivo labeling with thymidine analogs, we found
reduced numbers of proliferating cells, and altered cell cycle kinetics from embryonic day 15.5
(E15.5). Progenitor cells were distributed aberrantly throughout the cortex rather than restricted to
the ventricular and subventricular zones. Activated Caspase3 was elevated, reflecting increased
cortical cell death as early as E15.5. Cajal-Retzius positive cells were more numerous at E15.5 and
were dysmorphic relative to control cortices. Consistent with this, Reelin levels were enhanced.
Doublecortin and Rnd2 were also increased and showed altered distribution, supporting a strong
regulatory role for miRNAs in both early and late neuronal migration. In addition, GFAP staining
at E15.5 was more intense and disorganized throughout the cortex with Dicer depletion. These
results significantly extend earlier works, and emphasize the impact of miRNAs on neural
progenitor cell proliferation, apoptosis, migration, and differentiation in the developing
mammalian brain.
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1. Introduction
Cortical neurogenesis is a highly regulated process broadly consisting of proliferation,
selective cell death, migration, and differentiation. Disruptions to these controlled processes
cause neurodevelopmental disorders. For instance, a decrease in proliferation or an increase
in cell death at early stages of corticoneurogenesis can cause a microcephalic disorder (Chae
and Walsh, 2007; Kuijpers and Hoogenraad, 2011), whereas disrupted differentiation or
migration during cortical development can induce disorganized cortical laminae, a
phenotype of lissencephalic patients (Pramparo et al., 2010; Valiente and Marin, 2010).
Genetic dissection of loci important in the control of cortical neurogenesis has improved our
understanding of neurodevelopment. These loci include not only protein coding genes (Chae
and Walsh, 2007; Liu, 2011), but also noncoding RNAs (Bian and Sun, 2011; Christensen
and Schratt, 2009; Fineberg et al., 2009).

miRNAs are one class of noncoding RNAs, and they provide a mechanism for post-
transcriptional gene silencing upon base pairing with target mRNAs to induce translational
repression, often through de-adenylation of mRNAs (Bartel, 2009; Filipowicz et al., 2008;
Standart and Jackson, 2007). miRNA control of gene expression has been implicated in
developmental regulation and mature cell maintenance (Cheng et al., 2009; Christensen and
Schratt, 2009; Fineberg et al., 2009; Harfe, 2005; Lau and Hudson, 2010; Manakov et al.,
2009). In the nervous system, gross evaluation of total miRNA expression has been profiled,
revealing strong miRNA enrichment in developing and mature neuronal tissue (Krichevsky
et al., 2003; Krichevsky et al., 2006; Miska et al., 2004). And in CNS disorders, their
expression can be impaired, which may contribute to underlying disease phenotypes (Choi et
al., 2008; Cuellar et al., 2008; Damiani et al., 2008; Davis et al., 2008; Kim et al., 2007;
Packer et al., 2008; Perkins et al., 2007; Schaefer et al., 2007; Song et al., 2011). Many
reports have dissected relationships between miRNAs and disease phenotypes, and
deficiencies in miRNAs that regulate embryonic neurogenesis might contribute to CNS
defects and other neuropathies. We sought herein to define the impact of miRNA loss in the
development of the CNS, by assessing multiple aspects of cortical neurogenesis upon
blockade of canonical miRNA generation. An important goal of this survey was to define
primary disturbances, for future delineation of specific miRNAs and their potential disease-
related roles.

Dicer is a RNase III family ribonuclease that is important in miRNA maturation, and is
required for embryonic development; Dicer depleted embryos lack primitive streak markers
and arrest at embryonic day 7.5 (E7.5) (Bernstein et al., 2003). To analyze the gross impact
of miRNAs in the developing CNS, conditional Dicer depleted neural tissue has been
studied in several settings using mouse lines expressing various Cre drivers crossed to mice
harboring lox-P flanked Dicer loci. The FoxG1 promoter, active in telencephalic progenitor
cells from around E8, was used to drive Cre expression, and resulted in disorganized cortical
laminae, pronounced microcephaly and lethality in utero (Choi et al., 2008; Makeyev et al.,
2007). Two different groups used the Emx-1 promoter to drive expression of Cre in the
cortex starting at E9.5 and concluded that miRNAs were required for neuronal maturation
but differed in their interpretation of how Dicer depletion affects progenitor pools (De Pietri
Tonelli et al., 2008; Kawase-Koga et al., 2009).

Here, we performed extensive additional studies in mice with Dicer depletion using the
Nestin-Cre driver. Using BrdU/IdU double labeling, we found reduced numbers of
proliferating cells and altered cell cycle kinetics. We also identified early cell death in all
zones of the developing cerebral cortex. We found dysregulation of important markers of
differentiation and migration. Finally, we show an increased expression level of a mature
astrocyte marker at E15.5, well before normal induction of large scale gliogenesis. Our data
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considerably supplement earlier surveys and clarify the extent of impairments induced by
depletion of Dicer in the developing mammalian forebrain.

2. Experimental Procedures
2.1 Animal Care and Use

Floxed Dicer (fd) mice were kindly provided by Michael McManus at UCSF and re-derived
at the University of Iowa Animal Care Facility. Animals were bred to homozygosity, and
genotyped using published protocols (Harfe et al., 2005). Dicer excision was validated by
PCR amplification of DNA harvested from cortices using methods described earlier (Harfe
et al., 2005). Nestin-Cre (nCre) mice were purchased from Jackson Labs (Strain name
B6.Cg-Tg(Nes-Cre)1Kln/J; Stock number 003771) and genotyped using the following
primers: forward, AGCGATCGCTGCCAGGAT; reverse, ACCAGCGTTTTCGTTCTGCC.
Animals were housed and handled according to protocols approved by the University of
Iowa Institutional Animal Use and Care Committee.

2.2 Embryo collection
For timed matings, male (fd/+;nCre/+) and female (fd/fd; +/+) mice were co-housed
overnight. On the day of harvest, pregnant dams were over anaesthetized with inhaled
isoflurane and euthanasized. Embryos were harvested and anesthetized for five minutes in
weigh boats on wet ice. Appendages were removed for genotyping. For histology sections,
decapitated embryo heads were stored in 4% paraformaldehyde (PFA) solution for two or 24
hrs for in situ hybridization (ISH) or immunohistochemistry (IHC) analysis respectively.
IHC tissue was incubated in 30% sucrose/0.05% sodium azide at 4° C for 48 hours. Tissues
were embedded in OCT matrix, sectioned using a micron cryostat at 10 μm thickness onto
Superfrost plus slides (Sigma). Tissues were stored at −80 °C until used.

2.3 Immunohistochemistry
Sections were post fixed in 4% PFA for 15 minutes and for antigen retrieval, immersed in
sodium citrate buffer pH 6.0 in microwave at 95° C for 3 × 5 min. Sections were blocked for
one hr in 10% serum, 0.03% Triton-100 in 1 × PBS at room temperature, then incubated in
primary antibody in 2% serum, 0.03% Triton-100 in 1 × PBS overnight at 4° C. Primary
antibodies used were Nestin (mouse anti-Rat401, Developmental Studies Hybridoma Bank,
1:5), MAP2 (mouse anti-MAP2, Sigma, 1:200), PH3 (rabbit anti-phosphohistone 3 (ser10),
Upstate division of Millipore, 1:200), activated Caspase3 (rabbit anti-cleaved Caspase3
(Asp75), Cell Signaling Technologies, 1:100), DCX (goat anti-Doublecortin (N-19), Santa
Cruz, 1:200), Reelin (mouse anti-Reelin, Millipore, 1:500), Calretinin (rabbit anti-Calretinin,
Swant, 1:200), Cre (mouse anti-Cre, Sigma, 1:200), BrdU/IdU (mouse anti-5′-Bromo-2′-
deoxyuridine/5′-Iodo-2′-deoxyuridine, Becton Dickinson, 1:50), and BrdU (rat anti-BrdU,
Serotec, 1:200). For fluorescent IHC, sections were incubated with fluorescent secondary
antibodies at 1:1000 in 2% serum, 0.03% Triton-100 in PBS for one hour, then stained with
1:1000 Hoechst 33258 (Molecular Probes) in 1 × PBS for one minute for nuclear
visualization. Coverslips were mounded using Vectashield (Vector Labs). For DAB IHC,
sections were incubated in biotin-labeled secondary antibodies (Jackson Immunoresearch) at
1:200 in 2% serum, 0.03% Triton-100 in PBS for one hour at room temperature. Tissues
were developed via the Vectastain ABC Elite Kit (Vector Labs) according to the
manufacturer’s instructions. Coverslips were mounted on dehydrated sections using Fluoro
Gel (Electron Microscopy Science).

2.4 RNA in situ hybridization
Sections were fixed at room temperature in 4% PFA in 1 × TBS for 20 minutes. Prior to
hybridization, sections at room temperature were dehydrated sequentially in 70%, 90%,
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100% ethanol for five min each, treated with 1.32% triethanolamine solution for three min,
and incubated in acetic anhydride solution for ten min. Sections were then pretreated with
pre-hybridization solution (100 μL/slide; 50% formamide, 5 × SSC, 0.5% Roche blocking
reagent, 0.1% Tween-20, 0.1% CHAPS, 50 μg/mL yeast tRNA, 5 mM EDTA, 50 μg/mL
heparin in ddH20) for one hour in a humid chamber at 55° C. Hybridization solution is
composed of pre-hybridization solution plus Rnd2 probe (5′-
CAGAAGATCGGGAGGAACATTC-3′) was designed to the reverse complement of the
targeted Rnd2 mRNA using 2′-O-Methyl RNA (2′OMe) bases with phosphodiester
linkages, ZEN non-nucleotide chemical modifier between the last and next to last base on
both the 5′- and 3′-ends, and DIG group added to both ends to allow for detection (Lennox
and Behlke, 2011). Sections were incubated in 1.25 pmol Rnd2 probe or scrambled negative
control probe (Integrated DNA Technologies, Coralville, IA, USA) with pre-hybridization
solution (100 μL/slide) for 48 hrs at 55° C under parafilm coverslips. Sections were washed
three times for 30 min each in preheated 2 × SSC/0.1% CHAPS and 0.2 × SSC/
0.01%CHAPS at 55° C prior to blocking sections in 20% sheep serum in KTBT for one hr at
room temperature. Sections were then incubated in 1:500 sheep anti-DIG AP Fab fragment
in blocking buffer at 4° C overnight. After washing 3 × 5 min each in 100 mM Tris-HCl, 50
mM MgCl2, 100 mM NaCl, 0.1% Tween-20 in ddH20 at room temperature, sections were
developed using Pierce NBT/BCIP one-touch solution (34042) in the dark for approximately
three hrs. Once developed, sections were washed briefly in 1 × TBS prior to dehydration and
mounting of coverslips using Fluoro Gel (Electron Microscopy Science).

2.5 Microscopy and statistics
Histology sections were imaged either with a Leica Leitz DM R fluorescent microscope
connected to a Olympus DP72 camera using the Olympus DP2-BSW software or on the
confocal 710 microscope using Zen software. For cell count quantification, counts were
obtained from the motor cortex and surrounding neocortex as defined by the prenatal brain
atlas (gestational day 16 sagittal image 8/9, Schambra 2008). Sections were analyzed from
both control and Nestin-Cre Dicer depleted tissue using mice from three independent
breedings. To determine IdU positive cells, we subtracted the total number of BrdU only
positive cells (Serotec) from BrdU/IdU positive cells (BD Biosciences). All cell count
results were normalized to total cells. Statistical significance was tested using the two-tailed
Student’s t-test for unpaired differences with GraphPad (San Diego, CA) Prism software.
For signal intensity quantification, medial-lateral plane matched sections were compared
using ImageJ software (Rasband, W.S., ImageJ, U.S. National Institute of Health, Bethesta,
Maryland, USA, http://imagej.nih.gov/ij, 1997–2011). DCX signal intensity was calculated
from a 100 pixels2 area within the cortical plate (CP) and normalized to a 100 pixel2

background area within the ventricular zone (VZ).

2.6 RNA isolation and qRT-PCR analysis
Total RNA was isolated from the cortex of E15.5 Dicer depleted and control embryos using
Trizol reagent according to manufacturer’s protocol (Invitrogen, CA). RNA quantity and
quality was measured using a ND-1000 (Nanodrop, Wilmington, DE). Reverse transcription
was performed on 1 μg of total RNA using the Superscript III Reverse Transcriptase kit
according to manufacturer’s instructions (Invitrogen, CA). The cDNA was diluted 1:15 in
ddH20. Taqman relative quantification PCR was performed on the diluted cDNA of total
cortical RNA following the manufacturer’s protocol (Applied Biosystems, Foster City, CA)
and results normalized to total RNA. Analysis was performed using average adjusted
relative quantification on the following probes: Nestin (Applied Biosystems, assay ID:
Mm00450205_m1), DCX (Applied Biosystems, assay ID: Mm00438401_m1*), Reelin
(Applied Biosystems, assay ID: Mm00465200_m1*), and Rnd2 (Applied Biosystems, assay
ID: Mm00501561_m1*).
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3. Results
Female mice with loxP sites flanking the essential RNase III domain of Dicer (fd/fd mice)
were bred to male mice harboring Cre recombinase driven by the Nestin promoter (nCre
mice). Embryos without Nestin-Cre expression (fd/fd;+/+) were used as controls for fd/
fd:nCre/+ mice in all studies. The Nestin promoter is active in embryonic neural progenitor
cells (NPCs) as early as E9.5 in mouse cerebral cortex (Dubois et al., 2006; Kawaguchi et
al., 2001). Like Kawase-Koga and colleagues, we noted reduced numbers of fd/fd:nCre
embryos; only 13.5% of all E15.5 embryos and 9% of all E16.5 embryos were Dicer
depleted (data not shown). No Dicer depleted mice were recovered at birth.

We focused our study between E15.5 and E16.5 to capture the effects of Dicer depletion at
the height of neuronal proliferation and the onset of gliogenesis (Sauvageot and Stiles,
2002). At this time there was RNase III excision of Dicer, as assessed by PCR of genomic
DNA (data not shown). This is congruent with others work showing Dicer expression by
western blot (Kawase-Koga et al., 2009). Additionally, a recent study calculated the average
half-life of miRNAs to be ~119hrs (Gantier et al., 2011). Thus to allow for Cre expression,
Dicer excision, and miRNA depletion, we choose E15.5 as the earliest time point of interest.
Notably, while a small number of Dicer depleted embryos exhibited massive cell loss and
extremely small cortices at E15.5, similar to that reported by De Pietri Tonelli et al, 2008,
we found these embryos to be outliers in our colony. Therefore, in this study we analyzed
sections from more representative embryos.

3.1 Gross cortical abnormalities of Dicer depleted mice
To evaluate the effects of Dicer ablation on the developing CNS, we prepared E16.5 whole
embryo sections in the sagittal plane and stained for Nissl to examine brain size. Specific
analysis of the cerebral cortex showed microcephalic characteristics, including gross
enlargement of the lateral ventricles and marked cortical thinning in the Dicer depleted
embryos compared to control embryos (data not sown). These findings are analogous to
previously published results where embryos were analyzed at a later time point, E18.5
(Kawase-Koga et al., 2009), wherein they ascribed the cortical reduction to abnormal
developmental of the late-born neurons. However, effects on late-born neurons cannot
explain the decrease in cortical thickness and ventricular enlargement we observed in E15.5
embryos. We thus investigated other consequences of Dicer depletion.

Simply stated, developmental malformations of the cerebral cortex can be categorized into
defects in NPC proliferation, cell death, migration and/or differentiation (Chae and Walsh,
2007). To assess which of these defects in early corticoneurogenesis are disrupted in the
Dicer depleted cortex, we first surveyed Nestin, a marker present in all NPCs, to determine
if proliferating cell populations differed. We quantified transcript levels via RT-qPCR using
cortical RNA harvested from E15.5 embryos and found Nestin mRNA increased by ~8-fold
in Dicer depleted cortical tissue relative to control brains (Fig. 1A). In normal mice
embryos, Nestin expressing cells are abundant within the VZ and sparse throughout the
SVZ. However, in Dicer depleted cortical tissue, Nestin expression was observed aberrantly
distributed throughout the cortical parenchyma at E15.5 (Fig. 1B). The novel finding of an
altered pattern of Nestin expressing cells prompted us to examine mature neurons using
MAP2. In Dicer-depleted E15.5 cortical sections, we detected no significant decrease in
MAP2 transcript levels (Fig. 1A), but the cortical layering was disorganized relative to
control tissues (Fig. 1B). These results are consistent with the poor organization reported
throughout the normally non-proliferative region of the developing cortex in the Emx1-Cre
Dicer knockout mice (De Pietri Tonelli et al., 2008). Kawase-Koga and colleagues examined
MAP2 and NeuN at E18.5 and P0 in the Nestin-Cre Dicer depleted mice, and detected a
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reduction in mature neuron population (Kawase-Koga et al., 2009). Our data of MAP2 at
E15.5 suggests that dysregulation precedes mature neuron decline.

3.2 Dicer inactivation reduces cell division
Since reduced cortical thickness is commonly caused by decreased NPC proliferation and/or
increased cell death, we assessed the proliferative regions of the developing cerebral cortex.
Proliferating NPC density was ascertained by immunostaining for the M-phase marker, PH3
at E15.5 and E16.5. Dicer depleted cortices showed a significant decrease in PH3 positive
cells in the VZ and SVZ by greater than 20% at both E15.5 and E16.5 (Fig. 2A and B). Our
results appear to contrast the data from Kawase-Koga and colleagues, who reported no
difference in PH3 positive cells in E15.5 Dicer depleted cerebral cortex, although no
quantification was reported in that work (Kawase-Koga et al., 2009). To substantiate Dicer
depletion effects on proliferation, and gain information on cell cycle kinetics, we used the
thymidine analogues BrdU and IdU to quantify cells in S or G2/M phase, respectively
(Sunabori et al., 2008). IdU was intraperitoneally injected into pregnant dams four hours
before sacrifice, and BrdU 30 minutes before sacrifice (Takahashi et al., 1995). Sections
were immunostained for BrdU and IdU; BrdU positive cells are in S phase, and IdU-only
positivity represent cells that were in S phase at the time of IdU injection but subsequently
progressed into G2/M. In agreement with our PH3 immunostaining, we found ~40% fewer
immunopositive cells (cells that had incorporated either BrdU and/or IdU) in Dicer depleted
cortices relative to controls at E15.5 (Fig. 3A and B), indicating significant loss of
proliferating cells. Amongst the immunopositive cells, Dicer depletion shifted the
proportions to increase the S:G2/M phase ratio, indicating that Dicer depleted cells take
longer to progress through S-phase (Fig. 3C). According to calculations defined by Burns
and Kuan, the interval time at which the ratio of IdU-only cells to total labeled cells is 0.5 is
considered the length of S-phase. Thus, our results indicate that control cortical cell S-phase
length approximates 4 hrs for control cortex, while in Dicer depleted cortical progenitors, S-
phase is greater than 4 hrs (Burns and Kuan, 2005) (Fig. 3C). Together these data indicate
that in Dicer depleted proliferating zones, the progenitor pool reduced and there is delayed
cell cycle kinetics.

3.3 Dicer inactivation induces increased apoptosis in late corticogenesis
Increased cell death could also contribute significantly to the decrease in cortical thickness
found in E15.5 Dicer depleted mice. Earlier work reported no differences in TUNEL
staining between the cerebral cortex of Nestin-Cre Dicer depleted mice and control tissue, at
least up to E18.5 (Kawase-Koga et al., 2009). However, we observe a ~9- and ~4-fold
increase in cells positive for the apoptotic marker activated Caspase 3 at E15.5 and E16.5,
respectively (Fig. 4A and B). Apoptotic cells were dispersed throughout the cortical
parenchyma. In support of our finding, De Pietri Tonelli and colleagues also showed
increased apoptotic cells throughout the cortex when examining cortices from Emx1-Cre
Dicer depleted mice from E12.5 to E14.5 (De Pietri Tonelli et al., 2008).

3.4 Dicer deficient mice have dysregulated neuronal migration and differentiation
In E15.5 Dicer depleted embryonic cortices, we found ectopic Nestin expressing cells in the
upper layers (Fig. 1B). Also, mature neurons within the cortical structure at E15.5 were
disorganized (Fig. 1B). We therefore evaluated radial migration. The first wave of radial
migration, beginning around E11.5, is largely composed of Cajal-Retzius (C-R) neurons
relocating from the VZ to the marginal zone, the uppermost area of the developing cortex.
The effects of Dicer depletion on C-R neuronal migration and differentiation at E15.5 was
assessed using the calcium binding protein, Calretinin as a specific marker of C-R neurons.
We found statistical increases in Calretinin positive cells in Dicer depleted cortex relative to
controls (Fig. 5A and B). Moreover, a substantial proportion of the C-R neurons exhibited a
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significant defect in migration, being dispersed within the cortical plate rather than confined
to the marginal zone at E15.5 (Fig. 5B). Interestingly, the C-R positive cells with migration
defects were dysmorphic relative to cells that migrated properly to the marginal zone (Fig.
5A).

C-R neurons secrete Reelin, which is important for neuronal migration (Honda et al., 2011).
Contrary to a recently published study, which found no change in Reelin levels within
Nestin-Cre Dicer depleted cortices using histological assays at E15.5 and E18.5 (Li et al.,
2011), we show a 3-fold increase in Reelin mRNA levels in Dicer depleted cortex relative to
control at E15.5 (Fig. 6A). Reelin immunohistochemistry (IHC) corroborated this result;
expression throughout the cortex was enhanced (Fig. 6B).

We next assessed migrating immature neurons. We found that DCX mRNA was ~7-fold
higher in Dicer depleted tissue relative to controls at E15.5 (Fig. 7A), and DCX staining was
regionally restricted to a significant degree (Fig. 7B and D). DCX signal intensity analysis
also revealed a ~3-fold increase in E16.5 cortices relative to controls (Fig. 7C). Rnd2, a
maturation marker, was evaluated by in situ hybridization (ISH) (Fig. 8B) and quantitation
of mRNA levels (Fig. 8A). We found in both analyses the levels of Rnd2 mRNA to be
increased in Dicer depleted brains relative to control. Additionally, Rnd2 mRNA was
aberrantly localized throughout the cortical parenchyma in Dicer depleted embryos relative
to control embryos (Heng et al., 2008). The overproduction of both DCX and Rnd2 in the
Dicer depleted cerebral cortex may contribute to the premature maturation of neurons in
inappropriate locations, which in turn causes the overall cortical lamina disorganization.

To test if Dicer depletion induces precocious or enhanced astrocyte differentiation, we
assessed GFAP levels in cortical sections. We found ~4-fold elevated GFAP mRNA levels
in Dicer depleted cortex relative to control (Fig. 9A). IHC for GFAP confirmed increased
expression, with GFAP-positive cells distributed throughout Dicer depleted cortical
parenchyma (Fig. 9B).

4. Discussion
We validate several key aspects of prior published reports in which Dicer was depleted in
the telencephalon of developing mice NPCs. More importantly, we extend these results
significantly by examining the effect of Dicer depletion on proliferating progenitor cells, cell
cycle kinetics, and cell death. In addition, we provide evidence for a strong regulatory role
of miRNAs in both early and late neuronal migration and differentiation that may provide
candidates for future exploration of miRNA regulation in neuronal development. Finally, we
implicate a role for miRNA regulation of astrocyte differentiation during cortical
development.

4.1 Dicer depletion impacts proliferating cells and induces cell death
We found significant decreases in proliferating cells in vivo and delayed cell cycle kinetics.
Previous work using PH3 staining did not detect significant differences in dividing cells
until E18.5 in this model (Kawase-Koga et al., 2009). However, our quantitative data
demonstrates reduced PH3 positive cells in the VZ and SVZ at both E15.5 and E16.5. Our
findings are the first to report cell cycle kinetic defects within the cerebral cortex of Dicer
depleted mice. Specifically, we showed an increase in S-phase length in Dicer depleted
proliferating cells compared to the 4 hrs S-phase length in control proliferating cells. These
results are congruent with reports indicating the importance of specific miRNAs in
proliferating cell regulation (Gaughwin et al., 2011; Shi et al., 2010). The most well
described miRNA associated with neural cell proliferation is miR-9 (Delaloy et al., 2010;
Shibata et al., 2011), which we found reduced in Dicer depleted NPCs (data not shown).
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Specific miRNAs have been identified as cell cycle regulators in many model systems
including those studied in cancer (Chivukula and Mendell, 2008; Gillies and Lorimer, 2007;
Lal et al., 2008; Linsley et al., 2007; Medina et al., 2008; Xia et al., 2009; Xia et al., 2010),
and several have been specifically implicated in regulating cell cycle kinetics within normal
cortical neurogenesis (Andersson et al., 2010; Bonev et al., 2011; Sun et al., 2011). Our
thymidine analog data provides solid evidence that miRNAs are required for appropriate cell
cycle kinetics within the developing cerebral cortex. Our data also suggests that the increase
in Nestin positive cells is not due to increased cell cycle kinetics or increased progenitor
pool populations as determined via PH3 and BrdU/IdU analysis. Instead, cells retaining
Nestin expression are likely unable to progress past the progenitor state, similar to the
effects of miR-9 loss described by Delaloy and colleagues (Delaloy et al., 2010).

We also found increased apoptotic cell death beginning as early as E15.5 throughout the
cortex, which may explain why the abundant immature cells do not result in an increased
mature population over time. Analysis of the Emx1-Cre Dicer depleted model also revealed
increased cell death, beginning largely in the VZ, by E12.5 (De Pietri Tonelli et al., 2008),
however TUNEL analysis of the Nestin-Cre Dicer depleted cortex by others did not reveal
differences until at least E18.5 (Kawase-Koga et al., 2009). One possible explanation for the
discrepancy between our work and the earlier Nestin-Cre report may result from the better
retention of activated Caspase 3 within fixed tissue than the antigens for the TUNEL assay,
thus providing a more sensitive test for cell death (Bressenot et al., 2009; Duan et al., 2003;
Singh et al., 2009).

4.2 Effect of microRNA depletion in migration and differentiation in developing cortex
Upon evaluation of the first wave of migration, we found significant increases in C-R
neurons within the Dicer depleted cortex. A recent report using the FoxG1 promoter to drive
Cre beginning at ~E8 also found increased C-R neurons but no elevation of the secretory
molecule of C-R neurons, Reelin, upon Dicer depletion at E11.5 (Nowakowski et al., 2011).
Using the Nestin-Cre model with Dicer excision beginning ~E9, we also showed a
significant increase in C-R neurons, but with a significant increase in Reelin at E15.5.
Likely, the discrepancy between our study and the Nowakowski et al., report is due to
activation of Cre expression and the timing in which analysis was completed. It is possible
that the overproduction of Reelin is a consequence of elevated C-R neurons that is not
discernible until after E11.5. Whether this in vivo increase in Reelin levels is due to
increased proliferation of C-R neurons and/or if Reelin levels are directly regulated by
miRNAs is an avenue for future exploration. Interestingly, we also report an abnormal
morphology of the migrationally delayed C-R neurons in the Dicer depleted cortex. Our
finding that some C-R neurons were well-formed may reflect the fact that some miRNAs
persisted for several days beyond the onset of Dicer expression (expected at ~E9) and C-R
differentiation around E11. This is consistent with the finding that some miRNAs persist
weeks after Dicer depletion in other models (Gantier et al., 2011; Kawase-Koga et al.,
2009). One explanation of the dysmorphic C-R neurons may be due specifically to the
greater overall reduction of miR-9 in the migrationally stunted C-R neurons. A previous
report established that miR-9 modulated C-R cell differentiation by suppressing FoxG1
expression (Shibata et al., 2008).

The importance of miRNAs in migration and differentiation is implicated primarily in tumor
invasion, and is less well described with regard to neuronal differentiation/migration in the
developing cortex. Of particular interest are the potential for miRNAs in cortical
organization that, when disrupted or ablated, may predispose a brain to aberrant wiring as
found in disorders such as epilepsy and schizophrenia (Frotscher, 2010; Liu, 2011).
Specifically, we showed i) increased Reelin expression, possibly due to increased C-R
neuron numbers, ii) increased DCX mRNA with a reduction in the normally constrained
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layers of DCX positive cells, and iii) increased numbers of Rnd2 positive cells and Rnd2
mRNA levels. These findings indicate that miRNA-mediated regulation is likely required at
multiple stages of neuronal differentiation and migration. Specifically, Rnd2 is vital for
neurite branching and retraction, important in the transition from multipolar to bipolar
neuronal orientation, and is directly regulated by Neurogenin2 in the developing cortex
(Chardin, 2006; Heng et al., 2008). Whether miRNA repression of Rnd2 is direct or indirect
via an upstream regulator such as Neurogenin2 is yet to be defined. In neuroblastoma cells,
miR-128 upregulation inhibits Reelin and DCX expression and reduces neuroblastoma cell
motility and invasiveness (Evangelisti et al., 2009). Interestingly, one recently published
study showed miR-134 directly targets DCX in vivo, repressing differentiation and
maintaining the proliferation state of neural progenitors (Gaughwin et al., 2011).

4.3 Dicer depletion leads to a precocious induction of astrocyte differentiation
At the end of neurogenesis, Nestin positive radial glia differentiate into GFAP positive
mature astrocytes (Mori et al., 2005). The onset of this process normally occurs at ~E16 in
the developing cerebral cortex, but in our Dicer depleted cortices we find an advanced
increase in both GFAP mRNA levels and protein expression throughout the cortical
parenchyma relative to control brains at E15.5. Although previous Dicer depletion models
investigated the role of miRNA on gliogenesis in the developing spinal cord (Zheng et al.,
2010) and interneurons in the telencephalon (Kawase-Koga et al., 2009), we are the first to
identify the gross effect of Dicer depletion on astrocyte differentiation with the developing
cerebral cortex. Our finding suggests an important regulatory role for miRNAs in the binary
switch from neurogenesis to gliogenesis within the developing cerebral cortex. An
interesting candidate for this transitional regulation may be miR-125b, which is reported to
play a direct role in the development of glioma stem cells (Pogue et al., 2010; Wan et al.,
2012).

In summary, we significantly extend the growing body of evidence indicating a strong
regulatory role of miRNAs in proliferation and cell cycle kinetics, as well as in neuronal and
astrocyte migration and differentiation in the developing mammalian brain. It will be
interesting to test in future studies the extent to which miRNAs modulate the expression of
RNA-binding proteins important in neural development (Bolognani and Perrone-Bizzozero,
2008), transcription factors or repressors (Cheng et al., 2009), or splicing factors (Makeyev
et al., 2007). Dissecting the complex effects of reducing miRNAs that modulate master
regulators vs. the direct impact on proteins with more specialized activities will provide a
wealth of information about their overall importance in the developing brain.
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Abbreviations

miRNA miR, microRNA

E15.5 embryonic day 15.5

fd floxed Dicer

nCre Nestin-Cre

PFA paraformaldehyde

ISH in situ hybridization
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IHC immunohistochemistry

NPC neural progenitor cell

PH3 phosphohistone 3

BrdU 5′-bromo-2′-deoxyuridine

IdU 5′-iodo-2′-deoxyuridine

C-R Cajal-Retzius

DCX Doublecortin

VZ ventricular zone

SVZ subventricular zone

CP cortical plate

MZ marginal zone
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Highlights

• Dicer loss causes mis-localized progenitor cells and disorganized cortical lamina

• Dicer ablation reduces cell cycle kinetics in the developing cortex

• Without Dicer there is early cell death in the developing cerebral cortex

• Dicer loss causes dysregulated differentiation and migration markers

• Dicer depletion causes a precocious induction of astrocyte differentiation
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Figure 1.
Nestin and MAP2 dysregulation through Nestin-Cre Dicer depleted cerebral cortices. (A)
RT-qPCR quantification of Nestin and MAP2 RNA expression from total RNA isolated
from E15.5 cerebral cortex of both control (fd/fd;+/+) and conditional Dicer depleted (fd/
fd;nCre/+) mice, with results normalized to total RNA. Ctrl, control (fd/fd;+/+); Dd,
conditional Dicer depleted (fd/fd;nCre/+). Error bars represent mean ± SEM. ns= not
significant, ***p<0.0001 using a two-tailed unpaired t-test. (B) Representative
photomicrographs showing IHC for Nestin and MAP2 in the cerebral cortex at E15.5. Scale
bars, 100 μm. VZ/SVZ, ventricular zone/subventricular zone; CP, cortical plate
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Figure 2.
Decrease in progenitor cell proliferation in Dicer depleted cortical tissue. (A) Representative
photomicrograph showing IHC for PH3 in cerebral cortices at both E15.5 and E16.5. Scale
bars, 100 μm. (B) Quantification of IHC staining of E15.5 and E16.5 PH3 positive cells
within the medial-lateral plane in matched sections shows decreased proliferating cells
within Dicer depleted cortical tissue. Ctrl, control (fd/fd;+/+); Dd, conditional Dicer
depleted (fd/fd;nCre/+). Y-axis denotes number of PH3 positive cells per 1000 total cells as
defined by Hoechst staining in a 20x field. Error bars represent mean ± SEM. ***p<0.0001
using a two-tailed unpaired t-test.
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Figure 3.
Reduction in proliferation and cell cycle kinetics in Dicer depleted brains. (A)
Representative photomicrograph showing immunofluorescence staining for BrdU and IdU in
the medial-lateral plane in matched 10 μm sagittal cryosections from control (fd/fd;+/+) and
conditional Dicer depleted (fd/fd;nCre/+) mice. Scale bars, 20 μm. VZ, ventricular zone;
SVZ, subventricular zone. (B) Quantification of total immunofluorescence staining of E15.5
BrdU and BrdU/IdU positive cells showing reduction in overall proliferating cell number.
Y-axis denotes number of labeled cells per 100 total cells as defined by Hoechst staining in
a 40x field. (C) Quantification of immunofluorescence staining of E15.5 BrdU or IdU
positive cells, showing a retardation of the cell cycle kinetics in Dicer depleted brains as
defined by the increase in S Phase cells and decrease in G2/M Phase cells. Y-axis denotes
percentage of BrdU labeled or IdU-only labeled cells within the total labeled cell count. Ctrl,
control (fd/fd;+/+); Dd, conditional Dicer depleted (fd/fd;nCre/+); S Phase = percentage of
labeled cells positive for BrdU; G2/M Phase = percentage of labeled cells positive only for
IdU. Error bars represent mean ± SEM. *p<0.5, ***p <0.0001 using a two-tailed unpaired t-
test.
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Figure 4.
Increased apoptotic cell death in Dicer depleted cortical tissues. (A) Representative
photomicrographs of immunofluorescence staining for activated Caspase3 (Casp3) in
cerebral cortices at both E15.5 and E16.5. Scale bars, 100 μm. VZ/SVZ, ventricular zone/
subventricular zone; CP, cortical plate. (B) Quantification of immunofluorescence staining
of E15.5 and E16.5 Casp3 positive cells completed in the medial-lateral plane in matched
sections, show significantly increased apoptotic cell death within Dicer depleted cortices. Y-
axis denotes number of Casp3 positive cells per 1000 total cells as defined by Hoechst
staining in a 20x field. Ctrl, control (fd/fd;+/+); Dd, conditional Dicer depleted (fd/fd;nCre/
+). Error bars represent mean ± SEM. *p<0.01, ***p <0.0001 using a two-tailed unpaired t-
test.
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Figure 5.
Impaired migration of C-R neurons in the Dicer depleted cerebral cortex. (A)
Immunofluorescence staining for activated Calretinin (CR; red) and Hoechst33258 (blue) at
E15.5 with higher magnification inset. Scale bars, 20 μm. VZ/SVZ, ventricular zone/
subventricular zone; CP, cortical plate; MZ, marginal zone. (B) Quantification of
immunofluorescence staining of E15.5 CR positive cells completed in the medial-lateral
plane in matched sections show significant changes in CR positive cells numbers, with the
contributing increase of CR+ neurons showing impaired migration to the marginal zone in
Dicer depleted cortical tissue. Y-axis denotes number of CR positive cells per 500 total cells
as defined by Hoechst staining in a 40x field. Ctrl, control (fd/fd;+/+); Dd, conditional Dicer
depleted (fd/fd;nCre/+). Error bars represent mean ± SEM. *p<0.05, ***p <0.0001 using a
two-tailed unpaired t-test.
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Figure 6.
Overexpression of Reelin in Dicer depleted cerebral cortices. (A) RT-qPCR quantification
of Reelin RNA expression from total RNA isolated from E15.5 cerebral cortex of control
(fd/fd;+/+) and conditional Dicer depleted (fd/fd;nCre/+) mice. Error bars represent mean ±
SEM. **p<0.001 using a two-tailed unpaired t-test. (B) Representative photomicrograph of
IHC for control (fd/fd;+/+) and Dicer depleted (fd/fd;nCre/+) mice cortices show a gradient
of Reelin overexpression throughout Dicer depleted brains with the strongest signal intensity
in the lateral portion of the cortical plate. Scale bars, 100 μm. VZ/SVZ, ventricular zone/
subventricular zone; CP, cortical plate.
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Figure 7.
Reduced immature migrating neurons in Dicer depleted cortices. (A) RT-qPCR
quantification of DCX RNA expression from total RNA isolated from E15.5 cerebral cortex
of control (fd/fd;+/+) or conditional Dicer depleted (fd/fd;nCre/+) mice with results
normalized to total RNA. Error bars represent mean ± SEM. Values are statistically
significant (*p<0.01) using a two-tailed unpaired t-test. (B) Representative photomicrograph
of IHC for DCX in control (fd/fd;+/+) and conditional Dicer depleted (fd/fd;nCre/+)
embryos showing reduced spread of DCX positive cells throughout the Dicer depleted
cortex. Scale bars, 100 μm. (C) Quantification of average IHC DAB signal intensity per 100
pixels2 within the cortical plate relative to the VZ, showed increased DCX signal intensity
within E16.5 Dicer depleted cortices. Error bars represent mean ± SEM. ***p<0.0001 using
a two-tailed unpaired t-test. (D) Quantification of the DCX spread across the cortex is
presented as a ratio of IHC staining of DCX compared to total cortex thickness, with
decreased DCX spread within E15.5 Dicer depleted cortices. Error bars represent mean ±
SEM. *p<0.01 using a two-tailed unpaired t-test. VZ/SVZ, ventricular zone/subventricular
zone; CP, cortical plate.
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Figure 8.
Overexpression of Rnd2, a multipolar to bipolar transition regulator in Dicer depleted
cortical tissue. (A) RT-qPCR quantification of Rnd2 RNA expression from total RNA
isolated from E15.5 cerebral cortex of both control (fd/fd;+/+) and conditional Dicer
depleted (fd/fd;nCre/+) mice with results normalized to total RNA. Error bars represent
mean ± SEM. *p<0.01 using a two-tailed unpaired t-test. (B) In situ hybridization staining
for Rnd2. Shown are representative photomicrographs from 10 μm sagittal cryosections
through the dorsal telencephalon of control (fd/fd;+/+) and conditional Dicer depleted (fd/
fd;nCre/+) mice, with overexpression evident of Rnd2 mRNA throughout the Dicer depleted
cortical tissue. Scale bars, 100 μm. VZ/SVZ, ventricular zone/subventricular zone; CP,
cortical plate.
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Figure 9.
The astrocytic marker GFAP is overexpressed in Dicer depleted cortices. (A) RT-qPCR
quantification of GFAP RNA expression from total RNA isolated from E15.5 cerebral
cortex of both control (fd/fd;+/+) and conditional Dicer depleted (fd/fd;nCre/+) with results
normalized to total RNA. Error bars represent mean ± SEM. *p<0.05 using a two-tailed
unpaired t-test. (B) Representative photomicrographs of IHC staining in control (fd/fd;+/+)
and conditional Dicer depleted (fd/fd;nCre/+) mice cortices show disorganized and broad
expression of GFAP in the Dicer depleted mice cortex. Scale bars, 100 μm. VZ/SVZ,
ventricular zone/subventricular zone; CP, cortical plate.
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