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Snail Coordinately Regulates Downstream Pathways to
Control Multiple Aspects of Mammalian Neural Precursor

Development

Mark A. Zander,'? Sarah E. Burns,' Guang Yang,' David R. Kaplan,'->* and Freda D. Miller!234
"Neuroscience and Mental Health Program, Hospital for Sick Children, Toronto, Ontario M5G 117, Canada, and 2Institute of Medical Science and
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The Snail transcription factor plays a key role in regulating diverse developmental processes but is not thought to play a role in mamma-
lian neural precursors. Here, we have examined radial glial precursor cells of the embryonic murine cortex and demonstrate that Snail
regulates their survival, self-renewal, and differentiation into intermediate progenitors and neurons via two distinct and separable target
pathways. First, Snail promotes cell survival by antagonizing a p53-dependent death pathway because coincident p53 knockdown rescues
survival deficits caused by Snail knockdown. Second, we show that the cell cycle phosphatase Cdc25b is regulated by Snail in radial
precursors and that Cdc25b coexpression is sufficient to rescue the decreased radial precursor proliferation and differentiation observed
upon Snail knockdown. Thus, Snail acts via p53 and Cdc25b to coordinately regulate multiple aspects of mammalian embryonic neural

precursor biology.
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Introduction

The mechanisms that regulate mammalian stem cell biology are
still not well understood. In this regard, the Snail transcription
factor family, which activates and represses transcription (De
Craene et al., 2005), regulates multiple aspects of stem cell behav-
ior in organisms ranging from invertebrates to humans. In ver-
tebrates, Snail and the related family member Snail2 (Slug) are
perhaps best known for regulating the epithelial-mesenchymal
transition. For example, the Snail family regulates neural crest
precursors when they delaminate from the neural tube (Acloque
etal., 2009). However, in lower organisms, Snail family members
play broader roles in regulating stem cell biology. In Caenorhab-
ditis elegans, the Snail ortholog CES-1 promotes survival of one
daughter cell during asymmetric precursor divisions by suppress-
ing a BH3 protein-dependent apoptotic pathway (Thellmann et
al., 2003; Hatzold and Conradt, 2008). In Drosophila, three family
members (Snail, Escargot, and Worniu) act together to regulate
both asymmetry and cell division in neuroblasts, at least in part
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by regulating expression of inscuteable and string (Ashraf and
Ip 2001; Cai et al., 2001). Intriguingly, mouse Inscuteable
plays a key role in murine neural precursor asymmetric cell
division (Postiglione et al., 2011), and the vertebrate string ho-
molog, the cell cycle phosphatase Cdc25b, is important in the
embryonic chick spinal cord (Peco etal., 2012). However, despite
these parallels, Snail is not thought to play a role in mammalian
neural stem cells.

To address a potential role for Snail in mammalian neural
precursors, we focused on the radial glial precursor cells that
build the embryonic murine cortex. During development, these
precursors divide symmetrically to self-renew, and asymmetri-
cally to generate either neurons or the neurogenic transit-
amplifying cells in this system, intermediate progenitors. Later in
development, radial precursors also generate glial cells, and some
persist to become adult forebrain neural stem cells. Intriguingly,
a number of recent reports suggest that the cellular mecha-
nisms controlling the behavior of these developing radial
precursors are, in part, conserved between Drosophila and
mammals (Schwamborn et al., 2009; Postiglione et al., 2011;
Kusek et al., 2012; Vessey et al., 2012), raising the possibility that
Snail might be important in mammalian neural stem cells.

Here, we provide evidence that Snail determines multiple as-
pects of cortical radial precursor development, including their
survival, proliferation, and differentiation. Moreover, we show
that it does so via several downstream target pathways, regulating
cell survival via a p53-dependent mechanism, and proliferation
and differentiation via Cdc25b. Thus, Snail acts via conserved
downstream target pathways to coordinately regulate multiple
aspects of neural stem cell biology.



Zander et al. ® Snail Regulates Mammalian Neural Precursors

Materials and Methods

Animals. All animal use was approved by the Animal Care Committee of
the Hospital for Sick Children in accordance with the Canadian Council
of Animal Care policies. CD1 mice, purchased from Charles River Lab-
oratory, were used for all culture and electroporation experiments. Sox2:
EGFP mice (Ellis et al., 2004) maintained on a C57BL/6 background were
used for sorting experiments and were genotyped and maintained as
described previously (Biernaskie et al., 2009). Mice and embryos of both
sexes were used.

Primers and plasmids. Snail mRNA was detected using Snail forward
(5"-GCCGGAAGCCCAACTATAGCGA3') and Snail reverse (5'-AGAG
CGCCCAGGCTGAGGTACT-3") primers. The product was verified by
sequence analysis. The nuclear EGFP expression plasmid was driven from
the Efla (Efla-Mouse Genome Informatics) promoter (pEF-EGFP) and has
been previously described (Barnabé-Heider et al., 2005). The PB-EGFP con-
tains an EGFP reporter driven by the CAG promoter and flanked by inverted
repeats (ITRs) that are recognized by the PB transposase (Woltjen et al.,
2009). The Snail shRNAs and the negative control shRNA were pur-
chased from Open Biosystems and made in the pLKO.1 backbone. The
targeted sequences are 5'-GCCACCTTCTTTGAGGTACAA-3’ for Snail
shRNAT and 5'-GCGGAAGATCTTCAACTGCAA-3' for Snail shRNA2.
The sequence for the shRNA-negative control was 5'-AGTCACGACGT-
TGTAATACGA-3'". The mouse Snail expression vector was generated
from IMAGE clone 5121591 by subcloning into pcDNA3.1(+) (Invitro-
gen). The human Snail expression vector was generated from IMAGE
clone 4537122 by subcloning into pEFGM (Barnabé-Heider et al., 2005).
The p53 shRNA was kindly provided by Dr. Reuven Agami’s laboratory
(Netherlands Cancer Institute) (Brummelkamp et al., 2002). Murine
Cdc25b and Snail2 expression constructs were purchased from Origene.

Cortical precursor cell cultures. Cortical precursor cells were cultured as
previously described (Barnabé-Heider et al., 2005). Briefly, cerebral cor-
tices were dissected from E12 CD1 mouse embryos in ice-cold HBSS
(Invitrogen) and placed into Neurobasal medium (Invitrogen) contain-
ing 500 uM r-glutamine (Cambrex Biosciences), 2% B27 supplement
(Invitrogen), 1% penicillin-streptomycin (Invitrogen), and 40 ng/ml
FGF2 (BD Biosciences). This tissue was mechanically triturated upon
multiple passes through a P1000 pipette tip and plated at a density of
200,000 cell/ml in 4 well chamber slides (Nunc) precoated with 2%
laminin (BD Biosciences) and 1% poly-p-lysine (Sigma). Culture me-
dium was not changed for the duration of the experiment. For transfec-
tions, 1 ug of total DNA was diluted in 100 ul of Opti-MEM (Invitrogen)
and 2 pl of Fugene 6.0 (Promega), incubated at room temperature for 1 h
and added to cultures 1 h after plating. This resulted in a transfection of,
atmost, 1-3% of cells. For knockdown experiments, we used a 1:2 ratio of
EGFP to shRNA plasmids (0.33 ug of pEGFP plasmid plus 0.66 ug
of Snail shRNAI, Snail shRNA2, or negative control shRNA plasmid).
For the rescue experiments, we used a 1:6:3 ratio of EGFP to overexpres-
sion construct to knockdown plasmid for a total of 1 ug of DNA (0.1 ug
of pEGFP plus 0.6 pg of pEFGM or H.Snail and 0.3 ug of Snail sShRNAI,
Snail shRNA2, or negative control shRNA). For Snail overexpression
experiments, we used a ratio of 1:1:3 of plasmids encoding PB trans-
posase, PB reporter, and overexpression construct for a total of 1.25 g of
DNA (0.25 ug of PB transposase plasmid plus 0.25 pg of PB-EGFP
plasmid, and 0.75 ug of pEFGM or H.Snail plasmid).

In utero electroporation. In utero electroporation was performed as
described previously (Gauthier et al., 2007) with E13/E14 CD1 mice,
injecting a 1:3 ratio of the nuclear EGFP plasmid with the shRNA or
overexpression plasmids (total of 4 ug of DNA) and 0.5% trypan blue as
a color indicator for successful injection of plasmid DNA. For the rescue
experiments, DNA was mixed at a ratio of 0.75 g of pEF-EGFP plus 2.25
g of p53 shRNA plus 2.25 ug of Snail shRNA for a total of 5.25 ug of
DNA per embryo. For the Cdc25b rescue experiments, DNA was mixed
at a ratio of 0.75 ug of pEF-EGFP plus 2.25 ug of Cdc25b expression
plasmid plus 2.25 ug of Snail shRNA for a total of 5.25 ug of DNA per
embryo. The square electroporator CUY21 EDIT (TR Tech) was used to
deliver five 50 ms pulses of 40—50 V with 950 ms intervals per embryo.
Brains were dissected 3 d after transfection in ice-cold HBSS, fixed in 4%
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paraformaldehyde at 4°C overnight, cryopreserved, and cryosectioned
coronally at 16 wm.

Immunocytochemistry and histological analysis. Immunocytochemistry
on cultured cells and cryosections was performed as previously described
(Barnabé-Heider et al., 2005), except for immunostaining for Snail. The
primary antibodies used were rabbit anti-GFP (1:5000; Abcam), chicken
anti-GFP (1:1000; Abcam), mouse anti-BIII-tubulin (1:1000; Covance),
rabbit anti-Pax6 (1:1000; Covance), rabbit anti-Tbr2 (1:250; Abcam),
mouse anti-Satb2 (1:400; Abcam), rabbit anti-cleaved caspase 3 (1:200;
Millipore), mouse anti-Ki67 (1:200; BD Biosciences), goat anti-Snail-
53519 (1:1000 for paraffin sections and 1:2000 for cultured cells; Abcam),
rat anti-Nestin (1:200; BD Biosciences), rabbit anti-pH3 (1:250; Milli-
pore), rabbit-Cdc25B (1:200; Cell Signaling Technology), and rabbit
anti-BrdU (1:200; Accurate Chemical). The secondary antibodies used
were AlexaFluor-555-, AlexaFluor-488-, and AlexaFluor-647-con-
jugated goat/rat antibodies to mouse, rabbit, goat, and chicken IgG (1:
1000 for 488/555, 1:500 for 647; Invitrogen). For Cdc25b immunostain-
ing, sections were dried for 20 min and then incubated in antigen
retrieval buffer (target retrieval buffer, pH 9; Dako) for 30 min at 95°C
and then washed in 1 X PBS for 5 min before blocking as usual. For Snail
immunostaining, embryonic brains were formalin-fixed and paraffin-
embedded; and after cutting, sections were deparaffinized with xylene
and rehydrated with an ethanol gradient. Antigen retrieval was per-
formed with 10 mm sodium citrate buffer, pH 6, with 0.05% Tween 20 at
95°C for 20 min. Sections were blocked at room temperature with 4%
donkey serum in PBS and incubated with goat anti-Snail 53519 (1:1000;
Abcam) overnight at 4°C. Sections were washed with PBS containing
0.2% Tween 20 and detected using donkey anti-goat AlexaFluor-555 at
1:1000 in PBS. Nuclei were stained with Hoechst 33258 (Sigma). BrdU
staining was performed on embryonic brains that were fixed in 4% PFA
overnight followed by cryopreservation in 30% sucrose overnight.

BrdU experiments. For embryonic analyses pregnant CD1 mice were
injected with BrdU (Sigma) dissolved in PBS at a dose of 100 mg per kg of
body weight 2 d after electroporation. For immunostaining of sections
from these mice, sections were dried for 20 min, incubated in 0.5 N HCl
for 30 min at 60°C, and washed in 1X PBS buffer for 5 min before
blocking as usual.

Western blot analysis. Western blots were performed as described pre-
viously (Barnabé-Heider et al., 2005). Cortical tissue or cells were har-
vested in radioimmunoprecipitation assay lysis buffer supplemented
with 1 mm PMSF, 1 mm NayVO,, 10 pg/ml aprotenin, and 10 ug/ml
leupeptin and then incubated for 30 min at 4°C. Protein concentration
was determined using the BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Protein lysates of 50 ug were loaded onto each lane of a 10% SDS
gel. Proteins were transferred to nitrocellulose membranes (Bio-Rad) at
110 V for 90 min at 4°C. Membranes were then blocked with 5% BSA in
Tris-buffered saline-Tween 20 (TBST) for 60 min, incubated with pri-
mary antibodies diluted in TBST alone at 4°C overnight, and probed with
secondary antibodies diluted in TBST and incubated for 30 min at room
temperature. Three 5 min washes were applied after each step. Blots were
developed after incubating membranes in enhanced chemiluminescence
(GE Healthcare) for 5 min and then exposed for different time periods.
The antibodies used were goat anti-Snail E18 (1:1000; Santa Cruz Bio-
technology) or goat anti-Snail-53519 (1:1000; Abcam), and HRP-
conjugated donkey anti-goat (1:10,000; Santa Cruz Biotechnology).

Flow cytometry. E13 littermate embryos were harvested from crosses
between Sox2:EGFP and wild-type C57BL/6 mice. EGFP-positive and
-negative animals were separated, and cortical cells were harvested as
described for the culture experiments, dissociated to single cells in 1%
BSA, and sorted for EGFP expression on a MoFlo fluorescent activated
cell sorter (Dako) with viable cells identified by propidium iodide exclu-
sion as previously described (Biernaskie et al., 2009). Gates were set using
cells isolated from the EGFP-negative cortices.

HEK 293 cell experiments. HEK 293 cells were cotransfected with
mouse Snaill or Snail2 expression vectors plus Snail or control shRNAs.
In short, cells plated in 2 ml of DMEM (Lonza) supplemented with 10%
FBS, 2 uMm L-glutamine (Cambrex Biosciences), and 1% penicillin-
streptomycin (Invitrogen) in 6 well polystyrene multiwell plates (BD
Falcon), and grown to confluency. The DNA was mixed together with
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500 ul of Opti-MEM (Invitrogen) and 5 ul of
Lipofectamine 2000 (Invitrogen) and incu-
bated at room temperature for 20 min. This
medium was added dropwise to cells, and then
cells were harvested 48 h later for analysis.

RT-PCR. Dissected mouse embryonic corti-
ces were either directly subjected to RNA isola-
tion, or plated and cultured as described above
for the indicated number of days before RNA
isolation. RNA was isolated using Trizol (Invit-
rogen) according to the manufacturer’s proto-
col and was treated with DNase (Fermentas) to
remove any contaminating genomic DNA.
Reverse transcription was performed using
RevertAid H Minus M-MuLV Reverse Tran-
scriptase (Fermentas) primed with random
hexamers, according to the manufacturer’s in-
structions. All reactions were subjected to the
following PCR protocol: 94°C for 2 min, 40
cycles of 94°C for 15 s, 60°C for 30 s and 72°C
for 30 s, and a final elongation at 72°C for 2
min. Products were then resolved on a 2% aga-
rose gel.

Microscopy and quantification. For quantifi-
cation of cell culture experiments, a Zeiss Ax-
ioplan2 upright microscope equipped with
fluorescence optics was used, and >100 cells
per condition per experiment were counted
and analyzed. For clonal experiments, >50
clones were analyzed per condition per exper-
iment. A clone was defined as a cluster of
EGFP-positive cells in close proximity to each
other, which were clearly separated from other
EGFP-positive clusters, and which were not
separated by EGFP-negative cells. Digital im-
age acquisition was performed with Axiocam
software (Zeiss) using a Hamamatsu camera
(Hamamatsu). For quantification of Cdc25b
levels in cultured cortical precursors, cells were
divided by eye into two groups: those with de-
tectable or higher levels of nuclear Cdc25b
staining (high/medium) and those where the
staining in the nucleus was lower than the cy-
toplasm and/or was undetectable (low/no).
For quantification of tissue sections, cortical
sections were chosen that showed a similar an-
atomical distribution and number of EGFP-
positive cells for comparison. Brains were
sectioned at 16 um at E17/E18, and 3—4 brain
sections at the same anatomical level per em-
bryo were analyzed using an Olympus 1X81
inverted fluorescence microscope equipped
with a Hamamatsu C9100-13 back-thinned
EM-CCD camera and Okogawa CSU X1 spin-
ning disk confocal scan head. Stitching of 20X
objective images was performed using Volocity
(PerkinElmer) software to cover the electropo-
rated ventricular zone (VZ), subventricular
zone (SVZ), and cortical plate of each coronal
section. Ventricular, subventricular, and corti-
cal plate layers were delineated using Hoechst
staining. For quantification of total cells per
section, total EGFP-positive cells were counted
in these stitched images to obtain total number
of electroporated cells/section. For quantifica-
tion of total electroporated cells that were pos-
itive for a given marker, the proportion of
EGFP-positive cells expressing that marker was
determined from quantification of a column
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Figure1.  Snailis expressed in embryonic cortical precursors and regulates their survival in culture. 4, RT-PCR analysis for Snail mRNAin
the embryonic cortex at E11—E15 (top), in cortical precursors cultured for 1 or 3 d (bottom left, 1 DIV and 3 DIV), or in EGFP-positive
precursors sorted from the E13 Sox2:£GFP cortex (E13 sorted). The band was sequenced to confirm it was the correct product. RT— indicates
samples where reverse transcriptase was omitted. B, Western blot analysis for the 29 kDa Snail protein in the cortex from E11 to P1. The blot
was reprobed for total ERK protein as a loading control. C, Western blot analysis of equal amounts of lysate from HEK 293 cells transfected
with expression plasmids encoding Snail1 or Snail2 (Slug) probed with an antibody directed against Snail. The blot was reprobed for ERK to
control for loading. D, Confocal micrographs of the E16.5 corteximmunostained for Snail (red). The boxed areas shown in the left panel are
shown at higher magnification to the right, with the central panels showing the VZ/SVZ and the right panels showing the cortical plate.
Sections were counterstained with Hoechst (middle and right panels, blue) to show nuclei. Arrows indicate Snail-positive cells. V, Ventricle.
Hatched white lines on the left panel indicate the different cortical regions, the cortical plate (CP), the intermediate zone (1Z), the subven-
tricular zone (SVZ), and the ventricular zone (VZ). Scale bar, 20 um. E, E12.5 cortical precursors cultured 3 d and immunostained for Snail
(red)and BllI-tubulin (green), counterstained for Hoechst 33258 (blue). Top, BlII-tubulin-positive neurons (arrows). Bottom, Blll-tubulin-
negative precursors positive for nuclear Snail (arrowheads). F, Western blot of HEK 293 cells cotransfected with a Snail expression construct
and a control shRNA (shCon), or one of two Snail shRNAs, Snail shRNA1 (Snail sh1) or Snail shRNA2 (Snail sh2). The blot was reprobed for
total ERK protein. G-J, E12 cortical precursors were cotransfected with a plasmid expressing nuclear EGFP and control shRNA (Con) or one
of two different Snail shRNAs (Snail sh1and Snail sh2). G, Fluorescence micrographs of cells transfected with Snail sSARNA2, immunostained
for EGFP (green) 2 d after transfection. Arrows indicate an EGFP-positive cell with a condensed, apoptotic nucleus, as indicated by Hoechst
(blue) staining. Scale bar, 20 m. H, Quantification of EGFP-positive cells with condensed apoptotic nuclei in experiments similar to that in
G. *p < 0.05 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 4 independent experiments. /, J, Quantification of EGFP-
positive, CC3-positive cells at 2 and 4 d after transfection. **p << 0.01 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3
independent experiments. K, Quantification of transfected, Blll-tubulin-positive neurons (Il +ve), and Blll-tubulin-negative precur-
sors (BlII-ve) that were positive for ((3 4 d after transfection. Also shown are total EGFP-positive, CC3-positive cells in the same experiments
(Total). *p << 0.05 (ANOVA with Student-Newman-Keuls post hoc analysis). **p << 0.01 (ANOVA with Student-Newman-Keuls post hoc
analysis). n = 3 independent experiments. L, Quantification of EGFP-positive cells with condensed, apoptotic nuclei 4 d after transfection
with an EGFP plasmid and control or Snail shRNAs, plus a human Snail expression construct (H. Snail) or the empty vector (EV). The graphis
normalized relative to control shRNA-transfected cells. *p << 0.05.n = 4 independent experiments. Error bars indicate SEM.
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Figure 2.  Snail knockdown perturbs cell numbers and location in the embryonic cortex. Murine cortices were electro-
porated at E13/E14 with a nuclear EGFP expression plasmid and control (Con) or Snail shRNA #2 (shSnail), and analyzed 3 d
later. A, Fluorescence micrographs of coronal sections through E16/E17 cortices immunostained for EGFP (green). Dotted
white lines indicate the different cortical regions. Scale bar, 20 wm. B, Quantification of sections as in A for total number
of EGFP-positive cells per section. ***p << 0.001.n = 7 control and 9 Snail shRNA brains. , Quantification of sections as in
A for percentage of EGFP-positive cells in different cortical regions. *p << 0.05. ***p << 0.001. n = 3 embryos each. D,
Confocal micrographs of the VZ/SVZ of coronal cortical sections immunostained for EGFP (green) and Pax6 (red, right panels
show the merges). Arrows indicate double-labeled cells. V, Ventricle. Scale bar, 20 wm. E, F, Quantification of sections as
in D for total Pax6-positive, EGFP-positive cells per section (E), and their relative localization within the VZ versus SVZ (F).
*p < 0.05.n = 7 control and 9 Snail shRNA brains. G, Confocal micrographs of the VZ/SVZimmunostained for EGFP (green)
and Thr2 (red, right panels show the merges). Arrows indicate double-labeled cells. Scale bar, 20 wm. H, Quantification of
sections as in G for total Thr2-positive, EGFP-positive cells per section. ***p << 0.001. n = 4 embryos each. /, Confocal
micrographs of the cortical plate immunostained for EGFP (green) and Satb2 (red; right panel shows the merge). Arrows
indicate double-labeled cells. Scale bar, 20 wm. J, K, Quantification of sections as in / for total Satb2-positive, EGFP-
positive cells per section (/), and for their relative location, expressed as a percentage of double-positive cells within the
different cortical regions (K). ***p << 0.001. n = 4 embryos each. Error bars indicate SEM.
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Results

Snail is expressed in neural precursors
of the embryonic murine cortex

To determine whether Snail regulates
mammalian neural precursors, we exam-
ined murine radial glial precursors that
generate cortical neurons from approxi-
mately embryonic day 12 (E12) until
birth. RT-PCR analysis showed that Snail
mRNA was expressed in the cortex at E11
through E15 (Fig. 1A), as well as in radial
precursors and intermediate progenitors
that were purified by sorting them from
the E13 cortex of mice where EGFP was
knocked-in to one allele of the precursor
gene sox2 (Hutton and Pevny, 2011) (Fig.
1A, bottom right). Western blot analysis
with a previously validated Snail-specific
antibody (Zhou et al., 2004) showed that
Snail protein was also detectable from E11
to postnatal day 1 (P1) (Fig. 1B). Immu-
nostaining with an antibody that recog-
nized Snail but not the related Snail2 (Fig.
1C) showed that at E16/E17 Snail was ex-
pressed and nuclear-localized in most cells
within the precursor regions of the cortex,
the VZ and SVZ and in newly born neurons
in the cortical plate (Fig. 1D).

Snail regulates survival in cortical
precursor cultures

To ask whether Snail regulates neural
precursor biology, we analyzed E12.5
cortical cultures which, when plated, are
comprised of proliferating radial glial
precursors that generate newborn neu-
rons in culture (Gauthier-Fisher et al.,
2009; Vessey et al., 2012). RT-PCR anal-
ysis showed that Snail mRNA was ex-
pressed at 1 and 3 d in these cultures
(Fig. 1A, bottom left). Immunostaining
showed that Snail protein was detect-
able in nuclei of newborn neurons
expressing the early neuronal marker
BIII-tubulin and in precursors that were
negative for this marker (Fig. 1E).

To ask about the function of Snail, we
used two shRNAs targeted to murine Snail
mRNA. To test their efficacy, we transfected
them into HEK 293 cells with an expression
vector for mouse Snail. Western blot analy-
sis 2 d later showed that both shRNAs effi-
ciently knocked down Snail expression (Fig.
1F) and demonstrated the specificity of the
Snail antibody that was used for the Western
blots. These shRNAs were also efficacious in

spanning the ventricle to the meninges within the same sections, and this
proportion was multiplied by the total number of EGFP-positive cells/
section to obtain the total number of marker-positive cells.

Statistics. All data were expressed as the mean plus or minus the SEM
and were tested for statistical significance with Student’s ¢ tests unless
otherwise indicated, in which case they were analyzed with a Student-
Neuman-Keuls post hoc ANOVA. Differences were considered signifi-
cant if p < 0.05. All tests were performed using Prism 5 (GraphPad).

cortical precursors, as shown by cotransfecting them into E12.5 cul-
tured precursors together with nuclear-localized EGFP. Immuno-
staining showed that the Snail shRNAs significantly increased the
proportion of transfected precursors that expressed low/undetect-
able levels of Snail (Control shRNA, 18.3 = 2.0%; Snail shRNA1,
42.0 * 2.2%; Snail shRNA2, 43.3 = 5.6%; p > 0.01; 3 independent
experiments).
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Having established the efficacy of the
shRNAs, we asked whether Snail knock-
down affected cultured precursor survival
by cotransfecting cells with a nuclear
EGFP expression plasmid plus control or
Snail shRNA. Quantification of EGFP-
positive cells with condensed, apoptotic
nuclei 2 d later showed that ~4% of con-
trol shRNA-transfected cells had apopto-
tic nuclei and this was increased twofold
to threefold in cells transfected with the
Snail shRNAs (Fig. 1G,H ). Similar results
were obtained by quantification of the ap-
optotic marker cleaved caspase-3 (CC3)
at either 2 or 4 d after transfection (Fig.
11,]). We asked whether these dying cells
were precursors or neurons by triple-
labeling transfected cultures for EGFP,
CC3, and BII-tubulin. Snail knockdown
significantly increased the apoptosis of
both BIII-tubulin-positive neurons and
BHI-tubulin-negative precursors (Fig. 1K).

To ensure the specificity of this ShRNA-
mediated apoptosis, we performed rescue
experiments. Cultured precursors were
cotransfected with EGFP and one of the
two Snail shRNAs with or without a plas-
mid expressing human Snail, which does
not contain the targeted sequences. Quanti-
fication of condensed, apoptotic nuclei 4 d
later showed that human Snail expression
significantly rescued the Snail shRNA-
mediated apoptosis (Fig. 1L). Thus, Snail
is important for survival of radial precur-
sors and their newborn neuronal progeny.

Snail knockdown perturbs the number
and location of developing cortical
precursors and neurons

To ask whether Snail also regulates corti-
cal development in vivo, we in utero elec-
troporated E13/E14 cortices with a
nuclear EGFP expression plasmid and the
more efficacious Snail shRNA (shRNA2).
This approach transfects radial precursors
that line the ventricles (Gauthier et al.,
2007). Many of these precursors differen-
tiate into neurons in the VZ/SVZ over the
subsequent 4 d, and these newborn neu-
rons migrate through the intermediate
zone (IZ) into the cortical plate. Immuno-
staining 3 d after electroporation (Fig. 2A)
showed that there were only half as many
total EGFP-positive cells in cortices elec-
troporated with Snail versus control shR-
NAs (Fig. 2B) and that these cells were
mislocalized, with significantly fewer in
the SVZ and cortical plate and signifi-
cantly more in the VZ and IZ (Fig. 2A, C).
To ask whether all cell types were equally
reduced in number, we initially analyzed
the radial precursor marker Pax6 (Fig.
2D). In cortices electroporated with Snail
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Figure 3.  Snail knockdown enhances cell death and decreases radial precursor proliferation in the embryonic cortex.
E13/E14 murine cortices were electroporated with nuclear EGFP and a control shRNA (Con) or Snail shRNA #2 (shSnail), and
analyzed 3 d laterat E16/E17. A, Fluorescence micrographs of coronal cortical sectionsimmunostained for EGFP (green) and
(CC3 (red). White lines indicate the different cortical regions. Scale bar, 20 um. B, Quantification of sections as in A for total
((3-positive, EGFP-positive cells per section. ***p << 0.001. n = 6 control and 5 Snail shRNA brains. €, Confocal micro-
graphs of electroporated cortices showing the cortical plate immunostained for EGFP (green), CC3 (blue), and Satb2 (red;
right panels show the merges). Arrows indicate triple-labeled cells. Arrowheads indicate EGFP-positive, Sath2-positive
cells that are CC3-negative. Scale bar, 20 wm. D, Quantification of sections as in € for total EGFP-positive, C(3-positive,
Satb2-positive neurons per section. *p << 0.05. n = 4 control and 5 Snail shRNA brains. E, Confocal micrographs of
electroporated cortices showing the VZ/SVZ immunostained for EGFP (green), CC3 (blue), and nestin (red; right panels
show the merges). Arrows indicate triple-labeled cells. Arrowheads indicate EGFP-positive, nestin-positive cells that are
((3-negative. Hatched white lines indicate the border between the VZ and SVZ. Scale bar, 20 wm. F, Quantification of
sections as in E for total EGFP-positive, C(3-positive, nestin-positive precursors per section. *p << 0.05. n = 4 control and
5 Snail shRNA brains. G, Confocal micrographs of the VZ/SVZ immunostained for EGFP (green) and Ki67 (red; right panels
show the merges). Arrows and arrowheads indicate EGFP-positive cells that are positive and negative for Ki67, respectively.
Hatched white lines indicate the border between the VZ and SVZ. Scale bar, 20 wm. H, I, Quantification of sections as in G
for the proportion of EGFP-positive cells that were Ki67-positive in the entire cortex (H) orin the VZonly (). ***p < 0.001.
n = 3 embryos each. Error bars indicate SEM.
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shRNA, radial precursor numbers were decreased (Fig. 2E), and
their location was perturbed, with a large proportion of the
EGFP-positive, Pax6-positive nuclei close to or lined-up at the
apical, ventricular surface (Fig. 2D, F). This aberrant radial pre-
cursor localization likely accounts for the increased proportion of
total EGFP-positive cells in the VZ (Fig. 2C).

To ask about intermediate progenitors, we immunostained
similar sections for Tbr2 (Fig. 2G). In contrast to radial precur-
sors, after Snail knockdown Tbr2-positive intermediate progen-
itors were still located in the SVZ (Fig. 2G), but their total
numbers were decreased by more than fourfold (Fig. 2H ).

Finally, we asked about neurons by immunostaining cortices
for Satb2, which is expressed in the vast majority of EGFP-
positive neurons born over the time frame of our in utero elec-

VZ/SVZ 1ZICP

Snail overexpression enhances radial precursor self-renewal. A—F, E12 cortical precursors were cotransfected with
PB-EGFP and PBase, and either a human Snail construct (H. Snail) or the empty vector (Con). A, Representative small (left) and large
(right) EGFP-positive (green) clones. Scale bar, 20 m. B, Quantification of clone size in three independent experiments asin 4. €,
Quantification of EGFP-positive clones that contained more than 10 cells. **p << 0.01. n = 3 independent experiments. D, E,
Quantification of EGFP-positive, Ki67-positive (D) or Pax6-positive cells (E). *p < 0.05. n = 3 independent experiments. F,
Precursors immunostained 4 d after transfection for EGFP (green) and Ki67 (red) with arrows denoting double-labeled cells. Scale
bar, 20 um. G-N, E13/E14 cortices were electroporated with a nuclear EGFP plasmid plus a control plasmid (Con) or a human Snail
expression construct (H. Snail), and analyzed 3 d later. G-/, Confocal micrographs of the VZ/SVZ immunostained for EGFP (green)
and Pax6 (G), Ki67 (H), or Thr2 (I; all red, bottom panels show the merges). White lines indicate the different regions of the cortex.
Arrows indicate double-labeled cells. Scale bar, 20 m. J, K, Quantification of sections as in G for the percentage of Pax6-positive,
EGFP-positive cells relative to total EGFP-positive cells (J), or for the relative location of Pax6-positive, EGFP-positive cellsin the VZ,
SVZ, and IZ (K). **p < 0.01. ***p < 0.001. n = 4 embryos each. L, M, Quantification of sections as in H for the percentage of
Ki67-positive, EGFP-positive cells relative to total EGFP-positive cells (L), or for the relative location of Ki67-positive, EGFP-positive
cells in the VZ/SVZ and 1Z/cortical plate (M). *p << 0.05 (n = 4 embryos each). N, Quantification of sections as in / for the
percentage of EGFP-positive cells that are double-labeled for Thr2. p > 0.05. n = 4 embryos each. Error bars indicate SEM.
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troporation experiments (Tsui et al.,

@)

. =ﬁ?§nai| 2013). Snail knockdown caused an almost
osl I twofold decrease in total newborn neu-
%2 rons (Fig. 21,]), and these neurons were
53 mislocalized, with proportionately fewer
§2 in the cortical plate (Fig. 2K). Thus,

2) Snail knockdown decreases all three cell

types and perturbs the localization of ra-
dial precursors and neurons.

Snail knockdown decreases cell survival
and inhibits radial precursor
proliferation in the embryonic cortex
The Snail knockdown-mediated decrease
in EGFP-positive cells in vivo could be the
result of decreased survival, as we saw in
culture, and/or of decreased proliferation.
To distinguish these possibilities, we im-
munostained sections for EGFP and CC3
3 d after electroporation (Fig. 3A). As we
have previously shown (Bartkowska et al.,
2007), control shRNA-treated cortices
contained very few EGFP-positive, CC3-
positive cells, ~2-3 per section (Fig. 3B).
In contrast, in Snail shRNA-electro
porated cortices, there were approxi-

H.Snail

N mc

B enail mately 20 double-labeled cells per section,
015 and these were scattered throughout the
ég cortex (Fig. 3A,B). To define these cells,
z A we triple-labeled sections for EGFP, CC3,
24 and either Satb2 or the precursor marker
= nestin (Fig. 3C,E). Quantification showed

that Snail knockdown enhanced the apo-
ptosis of Satb2-positive neurons and
nestin-positive precursors compared with
control shRNA-treated cortices (Fig.
3D,F).

To ask whether Snail also affected pre-
cursor proliferation, we immunostained
similar sections for EGFP and the prolif-
eration marker Ki67 (Fig. 3G). Snail
knockdown caused a twofold to threefold
decrease in the proportion of EGFP-
positive cells that were Ki67-positive (Fig.
3H) and strikingly showed that almost
none of the EGFP-positive radial precur-
sors within the VZ were proliferating (Fig.
3H,I). Thus, Snail knockdown robustly
decreases radial precursor proliferation at
the same time it causes their nuclei to localize within the VZ.

Overexpression of Snail increases radial precursor self-
renewal and causes them to move away from the VZ.

These data indicate that, in addition to promoting cell survival,
Snail is necessary for radial precursors to proliferate and self-
renew. To ask whether Snail is sufficient to enhance precursor
self-renewal, we performed clonal analysis in culture, using the
piggybac (PB) transposon. In this system, a plasmid encoding the
PB transposase is cotransfected with a plasmid encoding EGFP
flanked by inverted terminal repeats; when the transposase is
expressed, this leads to genomic integration of the flanked EGFP
sequence (Gallagher et al., 2013; Tsui et al., 2013). E12.5 cortical
precursors were cotransfected at low efficiency with a Snail ex-
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pression construct or the control vector,
together with plasmids encoding PB
transposase and the PB EGFP reporter.
Three days later, cultures were immuno-
stained for EGFP (Fig. 4A) and Pax6 (data
not shown) or Ki67 (Fig. 4F). This analy-
sis showed that Snail overexpression
caused a significant increase in clone size
(Fig. 4A,B) that was particularly obvious
when analyzing clones of 10 cells or
greater in size (Fig. 4C). This was not at-
tributable to differences in cell survival
because the proportion of cells with con-
densed, apoptotic nuclei was similar in
both conditions (8.3 * 1.83 for Snail
overexpression vs 7.9 = 0.6 for controls;
p > 0.05, n = 3 experiments). Instead,
there were significant increases in the pro-
portions of proliferating, Ki67-positive,
EGFP-positive cells (Fig. 4D) and Pax6-
positive, EGFP-positive radial precursors
(Fig. 4E). Moreover, most of the small one
and two cell clones were composed of
newborn neurons, whereas the larger
clones, which were increased in the Snail
overexpression condition, were predomi-
nantly composed of Ki67-positive, Pax6-
positive radial precursors (Fig. 4F).

We next asked whether Snail overex-
pression enhanced radial precursor pro-
liferation and self-renewal in vivo by
electroporating plasmids encoding Snail
and EGFP into the E13/E14 cortex. As a
control, we used the empty expression
vector plus the same EGFP plasmid.
Analysis by immunostaining for Pax6
3 d later (Fig. 4G) demonstrated that
Snail overexpression increased the pro-
portion of transfected radial precursors
from 16% to 26% (Fig. 4]) and changed
their location. In controls almost all Pax6-
positive nuclei were found within the VZ
and SVZ, but with Snail overexpression
many moved away from the VZ and were
located within the IZ (Figs. 4G,K). Con-
sistent with these data, immunostaining
for Ki67 (Fig. 4H) showed an increase in
proliferating cells (Fig. 4L) and demon-
strated that proportionately more of these
were located outside of the VZ/SVZ (Fig.
4M). In contrast to these changes in radial
precursors, the proportion of Tbr2-
positive intermediate progenitors was
not significantly altered by Snail overex-
pression (Fig. 4I,N). Thus, Snail over-
expression increases radial precursor
self-renewal.

Snail selectively regulates cortical cell
survival by a p53-dependent mechanism

These gain- and loss-of-function studies indicate that Snail reg-
ulates neural precursor survival and proliferation/self-renewal.
Because the C. elegans ortholog of Snail regulates precursor sur-
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Figure5.  Coincident p53 knockdown rescues the deficits in cell numbers and cell survival caused by Snail knockdown. E13/E14 cortices

were electroporated with nuclear EGFP and control shRNA (Con) or Snail shRNA2 (shSnail), plus either a p53 shRNA (shp53) or the empty
vector (EV), and analyzed at E16/E17. 4, Coronal cortical sections immunostained for EGFP (green). White lines indicate cortical regions.
Scale bar, 20 um. B, Quantification of sections as in A for total EGFP-positive cells per section. **p << 0.01 (ANOVA with Student-Newman-
Keuls post hocanalysis). n = 4 embryos each. €, Quantification of coronal cortical sections asin A for the proportion of EGFP-positive cells in
the differentregions ofthe embryonic cortex. *p << 0.05 (ANOVA with Student-Newman-Keuls post hocanalysis). **p << 0.01 (ANOVA with
Student-Newman-Keuls post hoc analysis). ***p << 0.001 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3 embryos each.
D, Confocal micrographs of the VZ/SVZ (top and middle) or cortical plate (bottom) immunostained for EGFP (green) and Pax6 (top), Thr2
(middle), or Satb2 (bottom; all in red). Arrowheads indicate cells positive for EGFP only. Arrows indicate double-labeled cells. V, Ventricle.
Scale bar, 20 m. E-G, Quantification of sections as in D for total EGFP-positive cells that were also positive for Pax6 (E), Tbr2 (F), or Satb2
(G). **p << 0.01 (ANOVA with Student-Newman-Keuls post hoc analysis). ***p < 0.001 (ANOVA with Student-Newman-Keuls post hoc
analysis). NS = p > 0.05 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3 or 4 embryos each. H, Quantification of sections
as in D for the relative localization of Sath2-positive, EGFP-positive cells. **p << 0.01 (ANOVA with Student-Newman-Keuls post hoc
analysis). NS = p > 0.05 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3 embryos each. /, Quantification of sections
double-labeled for EGFP and CC3, for total EGFP-positive, CC3-positive cells per section. **p << 0.01 (ANOVA with Student-Newman-Keuls
post hoc analysis). n = 4 embryos each. J, Confocal micrographs of the VZ/SVZ immunostained for EGFP (green) and Ki67 (red; bottom
panels show merges). Arrows and arrowheads indicate EGFP-positive cells that are positive and negative for Ki67, respectively. Hatched
white lines indicate the border between the VZ and SVZ. Scale bar, 20 em. K; L, Quantification of sections as in Jfor the relative proportion
of EGFP-positive cells that are also Ki67-positive in the entire cortex (K) or in the VZ only (L). **p << 0.01 (ANOVA with Student-Newman-
Keuls post hoc analysis). ***p << 0.001 (ANOVA with Student-Newman-Keuls post hoc analysis). NS = p > 0.05 (ANOVA with Student-
Newman-Keuls post hoc analysis). n = 4 embryos each. Error bars indicate SEM.

vival by repressing a BH3 protein-dependent pathway (Thell-
mann et al., 2003; Hatzold and Conradt, 2008), and because BH3
proteins (e.g., Puma and Noxa) are regulated by p53 in mamma-
lian neural precursors (Cancino et al., 2013), we asked whether
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Figure 6.  Snail knockdown locks radial precursors out of the cell cycle independent of p53-mediated effects on cell survival. E13/E14

cortices were electroporated with nuclear EGFP and control shRNA (Con) or Snail shRNA2 (shSnail), plus either a p53 shRNA (shp53) or the
empty vector (EV). Two days later, pregnant mothers were treated with BrdU, and embryos were analyzed 1 d later at E16/E17. A, Confocal
micrographs of the VZ/SVZ immunostained for EGFP (green), Ki67 (blue), and BrdU (red; right panels show merges). Arrows indicate
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To ask whether p53 knockdown res-
cued all cell types equally, we analyzed
Pax6-, Tbr2-, and Satb2-positive cells
(Fig. 5D). p53 knockdown almost com-

W shSnail+EV
@ shSnail+shp53
W shCon +shp53

o *
LSL 23?5) T pletely rescued the Snail siRNA-mediated
x 20 decreases in radial precursors and neu-
210 rons (Fig. 5E,G), but it only modestly res-
2 0 cued intermediate progenitors (Fig. 5F).
Moreover, p53 knockdown did not rescue
Cc the Snail sShRNA-mediated alterations in lo-

EshSnail+EV

cation of neurons (Fig. 5H).
We next asked whether p53 knock-

B shSnail+shp53
B shCon +shp53

oo down rescued cell numbers by altering cell
350 death or proliferation. Immunostaining
gﬁago showed that p53 knockdown completely

g18 rescued the increase in apoptotic, CC3-

positive cells caused by Snail knockdown
(Fig. 5I) but that it had no effect on the
Snail knockdown-mediated decrease in
proliferating, Ki67-positive cells (Fig.
5],K). This was particularly evident in the
VZ (Fig. 5L); ~40-50% of electroporated
radial precursors in the control VZ were
Ki67-positive, and this was reduced to 15—
20% after Snail knockdown with or with-
out coincident p53 knockdown. Thus,
p53 knockdown selectively rescues the
apoptosis caused by Snail knockdown
and, in so doing, largely rescues the total
numbers of radial precursors and neu-
rons and, to a lesser degree, intermedi-
ate progenitors.

triple-labeled cells. Arrowheads indicate EGFP-positive cells in the VZ that are negative for Ki67 and BrdU. V, Ventricle. Scale bar, 20 m. B,

C, Quantification of sections asin A for the proportion of EGFP-positive cells that are also BrdU-positive either in the entire cortex (B) orin the
VZ(0).***p < 0.001 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3 embryos each. D, E, Quantification of sections asin A
forKi67-positive, BrdU-positive, EGFP-positive cells relative tototal EGFP-positive cells eitherin the entire cortex (D) orinthe VZ (E). *p << 0.05 (ANOVA
with Student-Newman-Keuls post hoc analysis). ***p << 0.001 (ANOVA with Student-Newman-Keuls post hoc analysis). NS = p > 0.05 (ANOVA
with Student-Newman-Keuls post hoc analysis). n = 3 embryos each. F, Confocal micrographs of the VZ/SVZ immunostained for EGFP (green) and
phospho-histone H3 (PH3; red). Amows and arrowheads indicate EGFP-positive cells that are positive and negative for pH3, respectively. Scale bar, 20
um. G, Quantification of sections as in Ffor the relative proportion of EGFP-positive cells that are also positive for pH3. ***p << 0.001 (ANOVA with

Student-Newman-Keuls post hoc analysis). n = 3 embryos each. Error bars indicate SEM.

coincident knockdown of p53 could rescue any of the Snail
knockdown phenotypes. We first analyzed p53 knockdown
alone, electroporating cortices with EGFP and a p53 shRNA we
and others have previously characterized (Brummelkamp et al.,
2002; Dugani et al., 2009). A comparison between cortices elec-
troporated with p53 versus control shRNAs (Fig. 5A, B) showed
that p53 knockdown did not significantly alter the number or
location of EGFP-positive cells, nor did it affect the proportions
of transfected, Pax6-positive radial precursors, Tbr2-positive in-
termediate progenitors, or Satb2-positive neurons (p > 0.05 for
all parameters; n = at least 3 embryos each). Moreover, p53
knockdown did not affect the number of electroporated CC3-
positive apoptotic cells, or proliferating Ki67-positive cells (p >
0.05 for both parameters; n = at least 3 embryos each).

Because p53 knockdown did not affect normal development,
we asked whether it could rescue the Snail knockdown pheno-
types, electroporating E13/E14 embryos with an EGFP plasmid
and Snail shRNA with or without p53 shRNA. Analysis 3 d after
electroporation showed that concomitant p53 knockdown res-
cued, in large part, the Snail shRNA-mediated decrease in total
EGFP-positive cells (Fig. 5A, B). However, the aberrant cell local-
ization was not rescued (Fig. 5A,C).

Snail knockdown locks radial
precursors out of the cell cycle in
ap53-independent fashion
The finding that p53 knockdown rescued
the Snail shRNA-mediated apoptosis pro-
vided us the opportunity to define the
radial precursor proliferation deficit with-
out the confound of cell death. We there-
fore analyzed an array of cell cycle parameters in cortices
coelectroporated with both Snail and p53 shRNAs. To do this, we
performed in utero electroporation at E13/E14, administered
BrdU 2 d later, and analyzed cortices 1 d later. Immunostaining
showed that, in cortices electroporated with the p53 shRNA
alone, almost 30% of the total EGFP-positive cells and 50—60%
of those in the VZ had incorporated BrdU (Fig. 6A—C). In con-
trast, in cortices electroporated with Snail shRNA with or without
p53 shRNA, only 9% of total EGFP-positive cells, and almost
none of those in the VZ had incorporated BrdU (Fig. 6A-C).
We also quantified the precursor proliferation index by triple-
labeling sections for EGFP, BrdU, and Ki67, which is expressed in
all stages of the cell cycle (Fig. 6A). In cortices electroporated with
only p53 shRNA, 16% of total EGFP cells, and almost 45% of
EGFP-positive radial precursors in the VZ were positive for both
BrdU and Ki67 (Fig. 6D, E). In contrast, in cortices electropo-
rated with Snail shRNA with or without p53 shRNA, these num-
bers were reduced to ~3% and 2%, respectively (Fig. 6 D,E).
Thus, in controls, more than half of the cells that had incorpo-
rated BrdU were still proliferating 1 d later, whereas after Snail
knockdown, even those few cells that had incorporated BrdU on
day 2 were out of the cell cycle 1 d later.
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Radial precursor nuclei move between
the VZ and SVZ as they proliferate, and
they undergo G, and mitosis when they
are most proximal to the apical VZ (De-
hay and Kennedy, 2007; Salomoni and
Calegari, 2010). Our BrdU studies and
our data showing that >80% of Pax6-
positive nuclei are located in the VZ after
Snail knockdown suggest that these radial
precursors might be aberrantly locked out
of the cell cycle at G, or M. We therefore
immunostained cortical sections for
phospho-histone H3 (pH3), which is ex-
pressed during G, and M. This analysis
showed that, in cortices electroporated
with p53 shRNA alone, ~8% of the
EGFP-positive cells were pH3-positive
(Fig. 6 F, G), consistent with our previous
data (Gauthier-Fisher et al., 2009). Snail
knockdown decreased this number to 1%,
and this was unaffected by coincident p53
knockdown (Fig. 6F,G). Thus, Snail
knockdown aberrantly locks radial pre-
cursors out of the cell cycle, to the point
where they no longer express proteins as-
sociated with actively cycling cells.
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p53-independent precursor phenotypes
caused by Snail knockdown

In Drosophila, the neuroblast deficits
caused by loss of the Snail family have
largely been attributed to inscuteable, but
the Snail target string/Cdc25 has also been
implicated (Ashraf and Ip, 2001; Southall
and Brand, 2009). Because Cdc25b is a cell
cycle phosphatase that regulates the G,/M
transition in mammalian cells (Boutros et
al., 2007), we asked whether it might ac-
count for the Snail sShRNA-mediated pro-

(dc25b (red), counterstained with Hoechst 33258 (blue; bottom right panel shows the merge). B, Confocal micrographs of the
VZ/SVZ of E16 cortical sections immunostained for Cdc25b (top, white; bottom, red), counterstained for Hoechst 33258 (bottom,
blue). Arrows indicate cells with nuclear Cdc25b immunostaining. Hatched white lines indicate the apical border between the VZ
and the ventricle (V). C, Cultured cortical precursors transfected with an EGFP plasmid and either Snail shRNA (top) or a Snail
expression construct (bottom), and immunostained for EGFP (green) and Cdc25b (red) 2 d later. Cells were counterstained with
Hoechst 33258 (blue) to show nuclei. Arrows and arrowheads indicate EGFP-positive and negative cells, respectively. Scale bar, 10
m. D, Quantification of the proportion of transfected cells expressing medium/high or no/low levels of Cdc25b in experiments as
shownin €. **p < 0.01 (ANOVA with Student-Newman-Keuls post hoc analysis). ***p << 0.001 (ANOVA with Student-Newman-
Keuls post hoc analysis). n = 3 each. E-J, E13/E14 cortices were electroporated with a nuclear EGFP plasmid and a Cdc25b
expression plasmid or the empty vector (Ctrl), and cortices analyzed at E16/E17. E, Coronal cortical sections immunostained for
EGFP (green). White linesindicate cortical regions. Scale bar, 20 m. F, G, Quantification of sections as in Efor total number (F) and
relative location (G) of EGFP-positive cells. *p << 0.05. **p < 0.01.n = 3 embryos each. H-J, Quantification of sections as in E
immunostained for EGFP and Pax6 (H), Tbr2 (I), or Satb2 (J), showing the proportion of EGFP-positive, marker-positive cells
relative to total EGFP-positive cells. **p << 0.01. ***p < 0.001. n = 3 embryos each.

liferation deficits. Immunostaining of

E12.5 cortical precursor cultures showed

that Cdc25b was expressed in Sox2-positive precursors, where it
was largely localized to the nucleus, with some detectable in the
cytoplasm (Fig. 7A). Cdc25b immunoreactivity was also detect-
able in nuclei of most cells within the E16 VZ/SVZ (Fig. 7B).
Because Cdc25b is expressed in cortical precursors, we asked
whether it is regulated by Snail. Cultured E12.5 precursors were
transfected with either the Snail shRNA or the Snail expression
construct and 2 d later were immunostained for Cdc25b (Fig.
7C). Snail knockdown decreased the proportion of transfected
cells that expressed medium/high Cdc25b levels and increased
those with no/low detectable expression (Fig. 7C,D). In contrast,
overexpression of Snail had the converse effect, increasing cells
with medium/high Cdc25b levels, and decreasing those with no/
low expression (Fig. 7C,D). Thus, Snail regulates Cdc25b expres-
sion in cortical precursors.

Because Snail knockdown decreases Cdc25b levels, we asked
whether Snail knockdown-mediated precursor phenotypes could
be rescued by ectopic expression of Cdc25b. Initially, we charac-
terized the effects of increasing Cdc25b by itself. E13/E14 cortices
were electroporated with expression plasmids for nuclear EGFP

and mouse Cdc25b and analyzed 3 d later. The total number of
EGFP-positive cells was unchanged by Cdc25b overexpression
(Fig. 7E,F), but there were relatively more cells in the VZ and
SVZ (Fig. 7E, G). Analysis for cell type-specific markers showed
that the proportion of transfected Pax6-positive and Tbr2-
positive cells was increased by Cdc25b overexpression (Fig.
7H,I), whereas Satb2-positive neurons were decreased (Fig. 7]).
Thus, Cdc25b overexpression increases precursors at the expense
of neurons as has been previously seen in the chick spinal cord
(Peco et al., 2012).

We next performed the rescue experiments, electroporating
cortices with EGFP, Snail shRNA, and the Cdc25b expression
plasmid or an empty vector. Analysis 3 d later showed that
Cdc25b expression did not rescue the Snail knockdown-
mediated decrease in total number of EGFP-positive cells (Fig.
8 A, B), consistent with our finding that this cell number pheno-
type was dependent upon p53. Moreover, the aberrant localiza-
tion of EGFP-positive cells caused by Snail knockdown was
largely unaffected by Cdc25b expression (Fig. 8C). In contrast,
Cdc25b coexpression rescued the Snail knockdown-mediated
decrease in proliferating, Ki67-positive cells (Fig. 8 D, E) and
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Figure 8.  (dc25h rescues the p53-independent cortical precursor phenotypes caused by Snail knockdown. E13/E14 cortices
were electroporated with nuclear EGFP and Snail shRNA plus either a Cdc25b expression plasmid or the empty vector. Cortices were
analyzed 3 dlateratE16/E17. 4, Coronal cortical sectionsimmunostained for EGFP (green). White lines indicate the cortical regions.
Scale bar, 20 m. B, €, Quantification of sections as in A for the number (B) and relative location (€) of EGFP-positive cells. *p <
0.05. n = 3 embryos each. D, Confocal micrographs of the VZ/SVZ immunostained for EGFP (green) and Ki67 (red). Arrows and
arrowheads indicate EGFP-positive cells that are positive and negative for Ki67, respectively. V, Ventricle. Scale bar, 20 um. E, F,
Quantification of sections as in D for the relative proportion of EGFP-positive cells that are also Ki67-positive in the entire
cortex (E) orinthe VZ (F). *p < 0.01 (ANOVA with Student-Newman-Keuls post hoc analysis). ***p <C0.001 (ANOVA with
Student-Newman-Keuls post hoc analysis). n = 3 embryos each. G, Confocal micrographs of the VZ/SVZ immunostained for
EGFP (green) and Tbr2 (red; top) or Pax6 (red; bottom). Arrows indicate double-labeled cells; arrowheads indicate EGFP-
positive cells that are negative for the marker. Scale bar, 20 um. H, I, Quantification of sections as in G for EGFP-positive
cells that are double-labeled for Thr2 (H) or Pax6 (/). *p << 0.05 (ANOVA with Student-Newman-Keuls post hoc analysis).
**p < 0.01 (ANOVA with Student-Newman-Keuls post hoc analysis). n = 3 embryos each. J, Quantification of sections as
in G for the relative location of Pax6-positive, EGFP-positive cells. ***p < 0.001. n = 3 embryos each. Error bars indicate
SEM.

increased by approximately fourfold the proportion of prolifer-
ating radial precursors in the VZ (Fig. 8F). Cdc25b coexpression
also completely rescued the Snail shRNA-mediated deficit in
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Discussion

Data presented here indicate that the
Snail transcription factor acts via a
number of downstream targets to func-
tion as a pivotal regulator of mamma-
lian neural precursors. First, our data
show that Snail regulates the survival of
precursors and newborn neurons by an-
tagonizing a p53-dependent apoptotic
pathway. When Snail was knocked down
in embryonic cortical radial precursors,
this caused increased apoptosis and de-
creased cortical cell numbers, phenotypes
that were rescued by coincident p53
knockdown. Second, our data indicate
that Snail acts via the cell cycle phospha-
tase, Cdc25b, to regulate radial glial pre-
cursor proliferation and self-renewal.
Specifically, Snail knockdown aberrantly
locked radial precursors out of the cell cycle
and led to accumulation of their nuclei in
the VZ, and these phenotypes were rescued
by ectopic expression of Cdc25b. Con-
versely, Snail overexpression enhanced ra-
dial precursor self-renewal. Third, Snail
knockdown caused a dramatic decrease in
the genesis of intermediate progenitors, and
this phenotype was also rescued by Cdc25b
coexpression. Thus, Snail controls multiple
aspects of neural precursor biology by coin-
cidentally regulating two key downstream
pathways.

Experiments presented here establish
that Snail regulates survival of developing
cortical precursors and newborn neurons
by repressing a p53-dependent death
pathway. A developmental role for Snail
in cell survival is best exemplified by work
in C. elegans, where CES-1, the Snail or-
tholog, participates in a unique asymmet-
ric precursor division, where one
daughter cell survives in a CES-1-
dependent fashion and the other under-
goes a BH3-protein-dependent cell death
(Thellmann et al., 2003; Hatzold and
Conradt, 2008). Because p53 induces
death of mammalian neural precursors
via the BH3 proteins Puma and Noxa
(Akhtar et al., 2006; Cancino et al., 2013),
then our findings suggest that Snail might
also mediate its prosurvival effects in em-
bryonic cortical cells by repressing BH3
family genes. In this regard, Snail is regu-
lated by numerous growth factors (Nieto,

2002), suggesting that it might provide a key prosurvival inter-
mediary between extrinsic signals and transcription of BH3 pro-

Tbr2-positive intermediate progenitors (Fig. 8G,H ) as well as the ~ t€ins during developmental cell death.

aberrant accumulation of Pax6-positive radial precursor nuclei A second striking phenotype observed here was an almost
in the VZ (Fig. 81,]). Thus, Cdc25b was sufficient to rescue all ~ complete loss of radial precursor proliferation after Snail knock-
of the p53-independent precursor phenotypes caused by Snail ~ down. This was not the result of cell death because it was still seen
knockdown but did not rescue the aberrant neuronal  when survival was rescued by p53 knockdown. However, radial
localization. precursors seemed to be completely locked out of the cell cycle
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because they did not incorporate BrdU or express the cell cycle
markers Ki67 or pH3. We posit that these radial precursors were
stalled in G, because most of their nuclei were located proximal
to the apical epithelium, which is where they normally reside
when in G, and M (Dehay and Kennedy, 2007; Salomoni and
Calegari, 2010). Additional support for this idea comes from our
experiments showing that Cdc25b, which plays a key role in trig-
gering the G, to M transition (Boutros etal., 2007), is regulated by
Snail levels and that it almost completely rescued the prolifera-
tion deficit. Intriguingly, when the Snail family member worniu is
deleted in Drosophila, the mutant neuroblasts are blocked at the
prophase to metaphase transition (Lai et al., 2012); and when all
three Drosophila snail family members are deleted, string expres-
sion is decreased, and transgenic expression of string (the Dro-
sophila homolog of Cdc25b) can partially rescue the neuroblast
phenotypes (Ashraf and Ip, 2001).

One surprising finding reported here is that Snail knockdown
caused a dramatic deficit in intermediate progenitors that was not
the result of cell death. One explanation for this comes from our
finding that coexpression of Cdc25b rescued this phenotype, sug-
gesting that it might be secondary to the radial precursor prolif-
eration deficits. Consistent with this, we show that Cdc25b
overexpression alone is sufficient to increase intermediate pro-
genitors, and Lange et al. (2009) showed that altering the length
of the G, phase in radial precursors enhanced intermediate pro-
genitor genesis. Thus, Snail might normally regulate Cdc25b to
control the radial precursor cell cycle and thus the genesis of
intermediate progenitors. A second explanation involves inscute-
able, which is a direct target of the Snail family in Drosophila
neuroblasts (Ashraf and Ip, 2001; Cai et al., 2001) and which
regulates radial precursor cell division and genesis of intermedi-
ate progenitors in mice (Postiglione et al., 2011). Thus, if inscute-
able is a target of Snail in mammals as it is in Drosophila, then
aberrant inscuteable regulation might explain, in part, this inter-
mediate progenitor phenotype. However, the Cdc25b rescue sug-
gests that, if this is the case, then Inscuteable and Cdc25b must
somehow crosstalk downstream of Snail.

One final Snail knockdown phenotype that was not rescued by
p53 knockdown or Cdc25b coexpression was mislocalization of
newborn neurons in the IZ. What is the cause of this neuronal
phenotype? The aberrant neuronal localization suggests a role for
Snail in neuronal migration, a role it plays in other cell types
(Acloque et al., 2009). One clue to a potential mechanism for this
phenotype comes from a recent paper examining two other
members of the Snail superfamily, Scratch1 and Scratch2 (Itoh et
al., 2013). This study showed that these two proteins are induced
at the time when cortical neurons are born and that they function
to promote detachment of the apical process and subsequent
radial migration of these newborn neurons by regulating expres-
sion of the adhesion molecule E-cadherin. Because Snail also
represses E-cadherin expression (Batlle et al., 2000) and we show
that Snail is expressed in both radial precursors and newborn
neurons, then it is tempting to speculate that Snail might collab-
orate with Scratchl and Scratch2 to regulate E-cadherin expres-
sion and thus neuronal migration, thereby explaining the
knockdown phenotype documented here. Such a role in delam-
ination could also explain why Snail overexpression caused Pax6-
positive radial precursors to move away from the VZ/SVZ and
into the intermediate zone. Moreover, if this phenotype was de-
pendent upon E-cadherin, then this would explain why it was not
rescued by coincident manipulation of either p53 or Cdc25b.
However, although highly suggestive, our current data do not
definitively establish a role for Snail in neuronal migration be-
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cause newborn neurons migrate along the basal processes of ra-
dial precursor cells, and the aberrant localization we document
could therefore be an indirect effect of the Snail knockdown-
mediated perturbations in radial precursors. Experiments ablat-
ing Snail specifically in newborn neurons and not in precursors
will be necessary to directly address this intriguing possibility.

Together, our findings indicate that the transcription factor
Snail determines multiple aspects of mammalian neural precur-
sor development and that it does so by coordinately regulating
P53 to control their survival, and Cdc25b to regulate their prolif-
eration, self-renewal, and differentiation to intermediate progen-
itors. Thus, our findings identify a key regulator of mammalian
neural stem cell biology and add to an emerging body of evidence
indicating that mechanisms that control neural precursor main-
tenance versus differentiation are conserved between Drosophila
and mammals (Schwamborn et al., 2009; Postiglione et al., 2011;
Kusek et al., 2012; Vessey et al., 2012).
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