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A Smaug2-Based Translational Repression Complex
Determines the Balance between Precursor Maintenance
versus Differentiation during Mammalian Neurogenesis
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Here, we have asked about post-transcriptional mechanisms regulating murine developmental neurogenesis, focusing upon the RNA-
binding proteins Smaug2 and Nanos1. We identify, in embryonic neural precursors of the murine cortex, a Smaug2 protein/nanos1
mRNA complex that is present in cytoplasmic granules with the translational repression proteins Dcp1 and 4E-T. We show that Smaug2
inhibits and Nanos1 promotes neurogenesis, with Smaug2 knockdown enhancing neurogenesis and depleting precursors, and Nanos1
knockdown inhibiting neurogenesis and maintaining precursors. Moreover, we show that Smaug2 likely regulates neurogenesis by
silencing nanos1 mRNA. Specifically, Smaug2 knockdown inappropriately increases Nanos1 protein, and the Smaug2 knockdown-
mediated neurogenesis is rescued by preventing this increase. Thus, Smaug2 and Nanos1 function as a bimodal translational repression
switch to control neurogenesis, with Smaug2 acting in transcriptionally primed precursors to silence mRNAs important for neurogen-
esis, including nanos1 mRNA, and Nanos1 acting during the transition to neurons to repress the precursor state.
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Introduction
During mammalian brain development, embryonic neural pre-
cursors must generate the correct numbers and types of neurons

and glia without exhausting themselves prematurely (Miller and
Gauthier, 2007). The importance of this balance is exemplified by
the observation that, when neural cell genesis is perturbed genet-
ically in humans, this can cause aberrant development and cog-
nitive dysfunction (for example, see Gauthier et al., 2007; Wang
et al., 2010). However, despite the fact that regulated cell genesis
underlies the establishment of appropriate neural circuitry, the
mechanisms controlling neural precursor differentiation are still
not well understood.

Studies in model organisms, such as Drosophila melanogaster,
have established post-transcriptional regulation as important for
cellular differentiation. For example, during D. melanogaster oo-
genesis and early development, translational repression of unlo-
calized mRNAs together with active translation of these same
transcripts after localization play crucial roles in pattern specifi-
cation and germ plasm formation (Becalska and Gavis, 2009;
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Significance Statement

The mechanisms instructing neural stem cells to generate the appropriate progeny are still poorly understood. Here, we show that
the RNA-binding proteins Smaug2 and Nanos1 are critical regulators of this balance and provide evidence supporting the idea that
neural precursors are transcriptionally primed to generate neurons but translational regulation maintains these precursors in a
stem cell state until the appropriate developmental time.
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Lasko, 2011; Lai and King, 2013). Indeed, in metazoan embryos,
bulk degradation of maternal mRNAs may be essential for appro-
priate spatial and temporal regulation of gene expression (for
review, see Tadros and Lipshitz, 2009; Walser and Lipshitz, 2011).
Is translational regulation similarly important in mammalian
stem cells? A few recent studies in neural stem cells suggest that it
may be. In particular, the RNA binding protein Staufen2 asym-
metrically segregates mRNAs associated with neural cell fate de-
cisions (Kusek et al., 2012; Vessey et al., 2012). Moreover, we
recently identified a repressive translational complex involving
the eIF4E-binding protein 4E-T that regulates mammalian neu-
rogenesis by sequestering and silencing mRNAs encoding pro-
neurogenic transcription factors (Yang et al., 2014). However,
while these studies indicate that translational repression is im-
portant, the molecular players involved in this regulation are
largely uncharacterized. For example, while Staufen2 and 4E-T
are both part of translational regulatory complexes in mamma-
lian neural precursors, neither protein is thought to be an
mRNA-specific repressor protein; Staufen2 is a double-stranded
RNA binding protein involved in mRNA transport, localization,
and stability (Miki et al., 2005; Tosar et al., 2012; Heraud-Farlow
et al., 2013; Laver et al., 2013) and 4E-T does not itself bind to
mRNAs (Kamenska et al., 2014). Thus, while translational re-
pression is emerging as a key regulatory mechanism in neural
precursors, many of the relevant molecular players have not been
identified.

We have addressed this issue here, focusing on the Smaug and
Nanos families of RNA-binding proteins. In Drosophila, Smaug is
a key translational repressor of mRNAs, such as that encoding
Nanos in the bulk cytoplasm of early embryos (Dahanukar and
Wharton, 1996; Dahanukar et al., 1999; Smibert et al., 1996,
1999). Furthermore, Smaug functions during the maternal-to-
zygotic transition in both the soma and the primordial germ cells
of early embryos via translational repression and/or degradation
of its target mRNAs (Tadros et al., 2007; Benoit et al., 2009;
Siddiqui et al., 2012; Chen et al., 2014a). Smaug does this by
binding target mRNAs via stem-loop structures known as Smaug
Recognition Elements (SREs) (Smibert et al., 1996, 1999; Daha-
nukar et al., 1999; Aviv et al., 2003) and recruiting proteins in-
volved in mRNA repression and/or degradation (Chen et al.,
2014a). Despite this broad and essential role for Smaug during
Drosophila development, virtually nothing is known about
Smaug during vertebrate development. Here, we show that mu-
rine Smaug2 is a key regulator of mammalian neural develop-
ment, where it acts to maintain embryonic neural precursors in a
stem cell state by binding to and repressing translation of the
mRNA encoding a second repressive RNA-binding protein, Na-
nos1. Smaug2 silences nanos1 mRNA by recruiting it into a re-
pressive Processing (P)-body-like granule in association with
4E-T. Moreover, we show that Nanos1, a known translational
repressor, functions to promote the differentiation of precursors
into neurons, likely by silencing translation of proteins associated
with maintaining the stem cell state.

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 mouse embryos of either sex (Charles River
Laboratories) were used for all experiments.

Primary cultures and cell lines. Primary cortical precursor cultures were
prepared as previously described (Gauthier et al., 2007). Briefly, dissoci-
ated E12.5 CD1 cortical cells were plated at 250,000 cells/ml on glass
coverslips precoated with 2% laminin (BD Biosciences) and 1% poly-D-

lysine (Sigma) in Neurobasal medium (Invitrogen) supplemented with
2% B27 (Invitrogen), 0.5 mM Lglutamine (Invitrogen), and 40 ng/ml
FGF2 (BD Biosciences). For transfections, 1 �g of DNA in 100 �l of
Opti-MEM was mixed with Lipofectamine LTX according to the manu-
facturer’s instructions and added upon plating. In cotransfection
experiments, EGFP expression vector was mixed with shRNA or overex-
pression vectors at a 1:3 ratio; when three plasmids were used, the ratio
was 1:1.5:1.5. Cells were immunostained 3 d later. Clonal analysis was
performed as previously described (Gallagher et al., 2013). Briefly, corti-
cal cultures were prepared as described above and then transfected with
1.5 �g of DNA at a 1:1:3 ratio of PCAG-PB-GFP, pCyL43-Pbase, and
shRNA or control plasmids. HEK-293T cells were cultured in DMEM
(Invitrogen ) supplemented with 10% FBS and 1% penicillin/streptomy-
cin. Cells were transfected with Lipofectamine 2000 according to the
manufacturer’s instructions and used 16 –24 h later.

In utero electroporation. In utero electroporations were performed as
previously described (Gauthier et al., 2007; Yang et al., 2014). Briefly, a
nuclear EGFP plasmid (pEF-EGFP) was coelectroporated with shRNA or
overexpression vectors at a 1:3 ratio, or when two additional plasmids
were coelectroporated, at a 1:2:2 ratio for a total final DNA concentration
of 4.0 �g/�l. Before injection, plasmids were mixed with 0.5% trypan
blue. Following injection into the lateral ventricles, the square electropo-
rator CUY21 EDIT (TR Tech) was used to deliver five 50 ms pulses of
40 –50 V with 950 ms intervals per embryo. For all experiments, we
analyzed at least 3 embryos per condition, each from an independent
experiment with a different mother.

Plasmids and shRNAs. The Flag-tagged expression constructs for
mouse and human Smaug2 and Smaug1 and mouse Nanos1, Nanos 2,
and Nanos3 and human Nanos1 were obtained from OriGene. shRNA
vectors were obtained from EZBiolab and had the following sequences:
Smaug2 shRNA-1 5�-GAG GAG AAC ATC ACC AGT TAC T-3�,
Smaug2 shRNA-2 5�-GGG CTG GAA TGA GTG TGA ACAT-3�, and
Nanos1 shRNA-1 5�-GCACATACCATCAAGTATTGCT-3�. The 4E-T
shRNA was previously described (Yang et al., 2014), and the sequence
was 5�-CCG TTA TAC CAA AGA ACA A-3�. All clones were verified by
sequencing.

Immunostaining and quantitative analysis. Immunocytochemistry on
cultured cells was performed as previously described (Vessey et al., 2012).
Briefly, cells on glass coverslips were fixed for 15 min with 4% buffered
PFA, permeabilized with 0.2% NP40 in HBSS, blocked with 5% bovine
serum albumin in HBSS (Jackson ImmunoResearch Laboratories) for
1 h, and incubated with primary antibodies in HBSS for 2 h at room
temperature. Samples were washed 3� with HBSS, and secondary anti-
bodies (1:1000) diluted in HBSS were added for an additional hour.
Coverslips were mounted on glass slides with the ProLong Gold Antifade
Reagent with DAPI (Invitrogen). For immunostaining of cortical sec-
tions, embryonic brains were dissected in ice-cold HBSS, fixed in 4%
buffered PFA at 4°C overnight, cryopreserved with 30% sucrose over-
night, placed in OCT, and kept at �80°C for a few hours to overnight,
and cryosectioned coronally with a thickness of 16 �m. Sections were
blocked at room temperature with 5% BSA (Jackson ImmunoResearch
Laboratories) and 0.3% Triton X in PBS, and incubated with primary
antibodies in 1⁄2 blocking buffer overnight at 4°C, followed by incubation
with appropriate secondary antibodies (1:1000) in PBS at room temper-
ature for 1 h. Nuclei were stained with Hoechst 33258 (Sigma).

Quantification of immunostained cell cultures and brain sections was
performed as previously described (Wang et al., 2010). Briefly, cells
grown on glass coverslips were analyzed with a Zeiss Axioplan2 micro-
scope. For cell identity analysis, at least 300 cells from different fields were
counted per condition and results from at least three independent exper-
iments were analyzed together. For in utero electroporation, three or four
anatomically matched sections per brain from at least three embryos
from different mothers were imaged with a 20� objective on an Olympus
IX81 fluorescence microscope equipped with a Hamamatsu C9100-13
EM-CCD camera and Okogawa CSU X1 spinning disk confocal scan
head. Images were processed by using the Volocity software
(PerkinElmer). Pax6, Tbr2, and Hoechst staining was used to define
the ventricular zone (VZ), subventricular zone (SVZ), and cortical
plate (CP).
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Figure 1. Smaug2, but not Smaug1, protein is expressed in apical precursors and newborn neurons during embryonic cortical neurogenesis. A, RT-PCR for smaug1 and smaug2 mRNAs in the
developing murine cortex from embryonic days 11 to 17 (E11–E17) and at birth (P0). gapdh mRNA expression was monitored as a control. �ve, Sample with known expression of target mRNA and
used as a positive control for the reaction; -ve, sample generated in the absence of reverse transcriptase. B, C, Western blots for Smaug2 (B) and Smaug1 (C) in E11.5 to 2-month-old (2mth) cortices.
Blots were reprobed for ERK1/2 as a loading control. D, Images of cortical precursors isolated at E12.5, cultured for 3 d and immunostained for Smaug2 (red) and the proliferation marker Ki67 or the
early neuronal marker �III-tubulin (both green). Arrows indicate a double-labeled cell. Scale bar, 10 �m. E, Confocal image of a coronal E12.5 cortical section immunostained for Smaug2 (green).
Boundaries of the VZ/SVZ and CP are denoted. v, Ventricle. Scale bar, 10 �m. F, G, Confocal images of the E12.5 cortical VZ/SVZ immunostained for Smaug2 (green) and the radial precursor marker
Pax6 (F, red) or the neural precursor markers nestin (F, red) or Sox2 (G, red) at higher magnification. F, Bottom, Counterstained with Hoechst to highlight nuclei. Arrows highlight Smaug2-positive
granules. Scale bars: F, 10 �m; G, 5 �m. H, Confocal images of the E12.5 cortical VZ immunostained for Smaug2 (green) and subjected to FISH for smaug2 mRNA (red). Bottom, Merge. v, Ventricle.
Scale bar, 10 �m. I, Western blot analysis with anti-FLAG of HEK-293T cell lysates cotransfected with FLAG-tagged mouse Smaug2 or Smaug1 expression (Figure legend continues.)
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Proximity ligation assays (PLA). Immunocytochemistry was performed
as above up to primary antibody incubation, which was performed at 4°C
overnight. Coverslips were then washed 3 times for 5 min with HBSS. Prox-
imity ligation assays were performed as previously described (Gallagher et
al., 2015) with a DuoLink in situ Red Starter Kit Mouse/Rabbit (Sigma,
DUO92101) following the manufacturer’s instructions. Briefly, the cover-
slips were incubated with the secondary antibodies provided in the kit for 1 h,
followed by ligation reaction for 30 min and signal amplification reaction for
1 h and 40 min. All incubation steps were performed in a humidified cham-
ber at 37°C. Washes were performed between each step as per the manufac-
turer’s instructions. Following signal amplification and final washes,
coverslips were mounted with the DAPI-containing mounting medium
provided in the kit.

FISH. The single molecule FISH was performed as previously de-
scribed (Yang et al., 2014) using the RNAscope kit (Advanced Cell Diag-
nostics), according to the manufacturer’s instructions. Briefly, freshly
dissected embryonic brains were fixed overnight at 4°C in RNase-free 4%
PFA, cryopreserved overnight in 30% RNase-free sucrose and placed in
OCT at �80°C overnight. Brains were cryosectioned coronally at 14 �m.
Sections were postfixed with 4% PFA and washed with ethanol, followed
by tissue pretreatment, probe hybridization, and signal amplification.
Alternatively, cortical precursor cultures from E12-E13 cortices were
maintained for 3 d before fixation, ethanol pretreatment, probe hybrid-
ization, and signal amplification. In both cases, positive staining was
identified as punctate dots. For simultaneous immunodetection of a pro-
tein of interest after FISH, sections or cultures were blocked and incu-
bated with the relevant primary antibody overnight at 4°C, followed by
1 h incubation with the appropriate Alexa secondary antibodies at room
temperature before DAPI staining. Z-stacks of confocal images were
taken with optical slice thickness of 0.1 �m; 200 – 800 mRNA granules in
80 –300 Z-stacked images from random regions of the VZ/SVZ were used
for 4E-T or Smaug2 colocalization quantification. Bright and clear
mRNA granules that overlapped with immunostained 4E-T or Smaug2
granules were counted. Cortical precursor cultures were imaged with a
40� objective. Z-stacks of confocal images were taken with optical slice
thickness of 0.1 �m and for each culture condition 20 –30 random fields
were imaged. For the current study, the following probes were used:
nanos1 (NM_174421.3) catalog #431391, nanos2 (NM_194064.2) cata-
log # 450691, nanos3 (NM_194059.2) catalog #450721, and smaug2/
samd4b (NM_175021.3) catalog #450731.

Antibodies. The primary antibodies used were mouse anti-4E-T (Ab-
nova, H00056,478-B01P, 1:2000), mouse anti-GFP (Invitrogen, GF28R,
1:1000), rabbit anti-GFP (Abcam, AB290, 1:2000), chicken anti-GFP
(Abcam, AB13970, 1:2000), mouse anti-Ki67 (BD Biosciences PharMin-
gen, 556003, 1:500), mouse anti-Satb2 (Abcam, AB51502, 1:400), mouse
anti-�III-tubulin (Covance, MMS-435P-250, 1:2000), rabbit anti-�III-
tubulin (Covance, PRB-435P, 1:2000), rabbit anti-Pax6 (Covance, PRB-
278P, 1:1000), mouse anti-Pax6 (Millipore MAB5552, 1:1000), rabbit
anti-Sox2 (Cell Signaling Technology, 3728, 1:1000), goat anti-Sox2
(Santa Cruz Biotechnology, sc17320, 1:500), rabbit anti-Tbr2 (Abcam,
AB23345, 1:500), mouse anti-Dcp1 (Abnova, H00055802-M06, 1:2000),
rabbit anti-ERK1/2 (Santa Cruz Biotechnology, SC93, 1:10,000), mouse
anti-Flag (Origene, TA50011-100, 1:1000), rabbit anti-Nanos1 (Abcam,
AB83417, 1:1000), rabbit anti-Smaug2 (Sigma, HPA016800-100UL,
1:1000). The Alexa488-, Alexa555-, and Alexa647-conjugated secondary

antibodies were obtained from Invitrogen. HRP-conjugated goat anti-
mouse or anti-rabbit secondary antibodies were purchased from Boehr-
inger Mannheim, and HRP-conjugated chicken anti-goat secondary
antibody was obtained from Millipore.

Coimmunoprecipitations. Freshly dissected E12-E13 murine cortices
were lysed with Gentle Lysis Buffer containing 25 mM Tris-HCl, pH 7.4,
2 mM EDTA, 1 mM EGTA, 10 mM NaCl, 0.5% Triton X-100, and 10%
glycerol supplemented with the Complete Protease Inhibitor Tablets
(Roche Applied Science) and 1 mM PMSF. Total protein concentration
was determined with the Protein Quantitation kit (Abcam). Lysates were
first precleared by incubating with Protein A/G magnetic beads (Milli-
pore) for 1–2 h at 4°C, followed by incubation for 3 h with rabbit anti-
Smaug2 or normal rabbit IgG (Santa Cruz Biotechnology) at 4°C, and a
1 h incubation with protein A/G magnetic beads at 4°C. Immunoprecipi-
tates were washed three times with Gentle Lysis Buffer, boiled in 2�
sample buffer with 1 mM DTT for 3 min, and analyzed with SDS-PAGE as
described previously (Yang et al., 2014). Alternatively, freshly dissected
E12-E13 murine cortices were dissociated and plated as described earlier
and maintained in culture for 3 d, after which immunoprecipitation was
performed as described above. The same procedure was followed for
4E-T immunoprecipitation; normal mouse IgG was used as control
(Santa Cruz Biotechnology).

RNA immunoprecipitation. Freshly dissected E12-E13 cortices were
homogenized in Brain Extraction Buffer (Vessey et al., 2012) containing
25 mM HEPES, pH 7.3, 150 mM KCl, 8% glycerol, and 0.1% NP-40
supplemented with Complete Protease Inhibitor Tablets (Roche Applied
Science), 1 mM PMSF, and RiboLock RNase Inhibitor (2 �l/ml, Thermo
Scientific). A total of 1 mg of protein extract was precleared with 40 �l of
50% protein-A/G Sepharose beads (Sigma) for 1 h at 4°C; 2 �g of Smaug2
antibody or 4E-T antibody or 2 �g of the relevant nonspecific IgG was
added to the precleared lysates and incubated at 4°C with rocking for 2–3
h. Antibody-bound protein was isolated by adding 40 �l of 50% protein-
A/G Sepharose beads for 1 h at 4°C. Following 3 washes with Brain
Extraction Buffer, mRNA was isolated with Trizol reagent following the
instructions of the manufacturer.

RT-PCR. mRNA from E12-E13 cortices or from RNA immunopre-
cipitation was isolated using the Trizol reagent (Invitrogen). cDNA was
generated using the First Strand cDNA Synthesis Kit (Thermo Scientific)
following the manufacturer’s protocol and used for PCR. The annealing
temperature of all primers was �60°C and amplified products were be-
tween 100 and 300 nt. All reactions were subjected to 35 cycles and
products resolved on 2% agarose gels. Products were verified by sequence
analysis. The primers used for RT-PCR were as follows: smaug2, forward
5�-CGAGGAGAACATCACCAGTTACC-3� and reverse 5�-CGGAGGAG
TTTCAGCACTTGCT-3� (OriGene); smaug1, forward 5�-TGCGCTCTT
CTCGCAGATGACT-3� and reverse 5�-CCCTTTCCAAAGACTTCAGG
AGG-3� (OriGene); gapdh, forward 5�-GGGTGTGAACCACGAGA
AATA-3� and reverse 5�-CTGTGGTCATGAGCCCTTC-3� (PrimerBank,
Spandidos et al., 2010); nanos1 primer1, forward 5�-GTGTGTGTTT
TGCCGGAAC-3� and reverse 5�-CTAGCGCAGCTTCTTGCTG-3�, na-
nos1 primer2, forward 5�-GGAGCTTCAGGTGTGTGTGTT-3� and re-
verse 5�-CTAGCGCAGCTTCTTGCTG-3�; nanos2, forward 5�-ACCCT
GGATGTCTGCCTACCAT-3� and reverse 5�-CACATAGTGCCTCAGG
ATGGGA-3� (Origene); and nanos3, forward 5�-TCTGCAGGCAAAAA
GCTGACCC-3� and reverse 5�-GGGCTTCCTGCCACTTTTGGAA-3�
(Origene). For qRT-PCR, 10 �l PCR mixture containing FastStart DNA
Master SYBR Green I (Roche Molecular Biochemicals) was prepared
according to the manufacturer’s instructions and loaded on to a 96 mul-
tiwell plate. The CFX96 thermocycler (Bio-Rad) was used with a protocol
involving an initial activation cycle (2 min, 95°C), 45 cycles of denatur-
ation (10 s, 95°C), annealing (20 s, 60°C), and elongation (20 s, 72°C). A
single fluorescence reading was acquired at the end of each elongation
step. A melting curve analysis cycle was performed after the PCR ampli-
fication. The primers used in qRT-PCR were nanos1, forward 5�- CT
ACACCACACACATCCTCAAGG-3� and reverse 5�- GCACTTTGGAGA
GCGGGCAATA-3� (OriGene); and nanos2, and nanos3 (OriGene, same
as above). All primers for qRT-PCR were validated in accordance with
MIQE guidelines (Bustin et al., 2009).

4

(Figure legend continued.) constructs and a control shRNA (con) or one of four different
Smaug2 shRNAs (sh1, sh2, sh3, and sh4). Cells were transfected with the expression construct
alone as a positive control (oe). Blots were reprobed with ERK1/2. J, Images of cultured precur-
sors cotransfected with a nuclear EGFP construct and a control shRNA (top) or Smaug2 shRNA #2
(bottom, shSmg2), and immunostained 3 d later for Smaug2 (red) and EGFP (green). Arrows
and arrowheads indicate EGFP-positive, Smaug2 positive cells and EGFP-positive, Smaug2-
negative cells, respectively. Scale bar, 10 �m. K, Quantification of transfected precursors as
shown in J transfected with Smaug2 shRNA1 or shRNA2 (sh1 or sh2) and analyzed for their
relative levels of immunodetectable Smaug2. ***p � 0.001. n � 3 experiments. K,
Statistics were performed with ANOVA and Tukey’s post hoc multiple comparisons test.
Error bars indicate SEM.
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Figure 2. Smaug2 knockdown in culture and in vivo increases neurogenesis and depletes cycling precursors. A–E, Cultured cortical precursors were cotransfected with a nuclear EGFP construct
and a control shRNA (con) or one of two Smaug2 shRNAs (sh1 and sh2), and analyzed by immunostaining 3 d later. A, Images of precursors transfected with Smaug2 shRNA #1 and immunostained
for EGFP (green) and Pax6, Ki67, or �III-tubulin (all red). Arrows and arrowheads indicate EGFP-positive, marker-positive cells and EGFP-positive, marker-negative cells, respectively. Scale bar, 10
�m. B–D, Quantification of cultures as in A for the percentage of EGFP-positive cells expressing Pax6 (B), Ki67 (C), or �III-tubulin (D). *p � 0.05. **p � 0.01. n � 3 experiments. E, Quantification
of condensed nuclei to assess cell death in cultures as in A. F, G, Cultured precursors were cotransfected with a nuclear EGFP construct and a control shRNA (con) or Smaug2 shRNA #2 (shSmg2) with
or without an expression vector encoding an shRNA-resistant human Smaug2 (resc). Three days later, cultures were immunostained and quantified for the percentage of EGFP-positive cells
expressing Pax6 (F) or �III-tubulin (G). *p � 0.05. **p � 0.01. n � 3 experiments. H–M, E13/E14 murine cortices were coelectroporated with a nuclear EGFP construct together with control (con)
or Smaug2 shRNA #2 (shSmg2), and coronal sections were analyzed 3 d later at E16/E17. H, Confocal images of electroporated cortices immunostained for EGFP (green). v, Ventricle. Scale bar, 30
�m. I, Quantification of sections as in H for the percentage of EGFP-positive cells located in the different cortical regions. *p � 0.05. n � 3 embryos each, at least 3 sections per embryo. J, Confocal
images of the VZ/SVZ of electroporated sections immunostained for EGFP (green) and Pax6, the intermediate progenitor marker Tbr2, or the neuronal marker Satb2 (all red). Arrows indicate
double-labeled cells. Arrowheads indicate EGFP-positive, marker-negative cells. Scale bar, 10 �m. K–M, Quantification of sections as in J for the percentage of EGFP-positive cells expressing Pax6
(K), Tbr2 (L), or Satb2 (M). *p�0.05. n�3 embryos each, at least 3 sections per embryo. B–G, Statistics were performed with ANOVA and Tukey’s post hoc multiple comparisons test. I–M, Statistics
were performed with Student’s t test. Error bars indicate SEM.
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Statistics. All data are expressed as the mean 	 SEM. Statistic analysis
was performed with a two-tailed Student’s t test or, where relevant,
ANOVA with Tukey’s post hoc multiple comparisons test unless other-
wise indicated.

Results
Smaug2 is expressed in embryonic cortical precursors
during development
To ask whether Smaug is expressed in neural precursor cells, we
focused upon embryonic murine cortical radial glial precursors

during the neurogenic period from embryonic day 12 (E12) until
birth. RT-PCR analysis showed that the mRNAs encoding the mam-
malian Smaug homologs Smaug1 and Smaug2 were expressed in the
embryonic cortex over this time period (Fig. 1A). Western blots
confirmed that Smaug2 protein was also readily detectable (Fig. 1B).
However, Smaug1 protein was almost absent at these early stages
and was instead expressed in the adult cortex (Fig. 1C).

To determine whether Smaug2 was expressed in embryonic
neural precursors and/or neurons, we examined E12.5 cortical

Figure 3. Smaug2 overexpression in vitro and in vivo is sufficient to enhance cortical precursor self-renewal. A–C, Cultured E12.5 precursors were cotransfected with a nuclear EGFP construct and
control (con) or murine Smaug2 (Smg2-OE) expression vectors, and analyzed by immunostaining 3 d later. A, Images of transfected precursors immunostained for EGFP (green) and Ki67 or
�III-tubulin (both red). Arrows and arrowheads indicate EGFP-positive, marker-positive cells and EGFP-positive, marker-negative cells, respectively. Scale bar, 10 �m. B, C, Quantification of cultures
as in A for the percentage of EGFP-positive cells expressing Ki67 (B) or �III-tubulin (C). **p � 0.01. n � 3 experiments. D, Cortical precursor cultures were cotransfected with the piggybac EGFP
labeling system plus control (con) or murine Smaug2 (Smg-OE) expression vectors. Cultures were immunostained for EGFP 3 d later and clone size was scored. *p � 0.05. n � 3 experiments. E–J,
E13/E14 murine cortices were coelectroporated with a nuclear EGFP construct and control (con) or mouse Smaug2 (Smg2-OE) expression vectors and coronal cortical sections were analyzed 3 d later
at E16/E17. E, Confocal images of electroporated sections immunostained for EGFP (green). v, Ventricle. Scale bar, 30 �m. F, Quantification of sections similar to those in E for the percentage of
EGFP-positive cells located in the different cortical regions. *p � 0.05. ns, Nonsignificant. n � 3 embryos each, at least 3 sections per embryo. G, Confocal images of the VZ/SVZ (two top rows) or
CP (bottom row) of electroporated sections immunostained for EGFP (green) and Pax6, Tbr2, or Satb2 (all red). Arrows indicate double-labeled cells. Arrowheads indicate EGFP-positive, marker-
negative cells. v, Ventricle. Scale bar, 10 �m. H–J, Quantification of sections as in G for the percentage of EGFP-positive cells that were positive for Pax6 (H), Tbr2 (I), or Satb2 (J). *p � 0.05. **p �
0.01. ***p � 0.001. n � 3 embryos each, at least 3 sections per embryo. Statistics were performed with Student’s t test. Error bars indicate SEM.
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Figure 4. nanos1 mRNA is a Smaug2 target in embryonic cortical precursors. A, RT-PCR for nanos1, nanos2, and nanos3 mRNAs in murine cortices from E11 to birth (P0). nanos1 mRNA expression
was detected using two different primer sets. PCR products were sequenced to confirm specificity.�ve, Sample with known expression of target mRNA and used as a positive control for the reaction;
-ve, sample generated in the absence of reverse transcriptase. B, Schematic of SREs in the nanos1 mRNA transcript. Yellow arrow labeled CDS represents the protein-coding region. C, Western blot
analysis for Nanos1 in E11.5 to 2-month-old cortices. The blot was reprobed for ERK1/2 as a loading control. D, Western blot of HEK-293T cells transfected with a Flag-tagged mouse Smaug2 construct
and immunoprecipitated with anti-Smaug2 or with control nonspecific rabbit IgG, probed with antibodies for Smaug2. As a control, 10% of the input homogenate was loaded. E, Western blot (top)
of E12.5 cortical lysates immunoprecipitated with the same Smaug2 antibody as in D or with control, nonspecific rabbit IgG and probed with anti-Smaug2. As a positive control, 10% of the input
homogenate was loaded. Similar immunoprecipitates were generated in parallel, mRNA was extracted, and the samples were analyzed for nanos1, nanos2, and nanos3 mRNAs using RT-PCR (second
to bottom panels). F, Confocal images of FISH for nanos1 (left), nanos2 (center), and nanos3 (right) mRNAs (black granules) in coronal sections of the E12.5 cortex. v, Ventricle. Scale bar, 10 �m. G,
Higher-magnification confocal images of the VZ/SVZ of an E13.5 cortical section showing FISH for nanos1 mRNA (red) and immunostaining for Smaug2 (green). Top, Merge. Boxed regions are shown
at higher magnification in the right panels, which also show colocalization of Smaug2 and nanos1 mRNA on the z-axis (XZ and YZ), as indicated by the hatched (Figure legend continues.)
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cultures, which are comprised of proliferating cortical precursors
that generate neurons in vitro. Smaug2 immunoreactivity was
present in cycling precursors that were positive for the prolifera-
tion marker Ki67, and in newborn neurons expressing �III-
tubulin (Fig. 1D). In both cell types, Smaug2 was expressed in a
punctate cytoplasmic fashion, consistent with localization in
granule-like structures. Immunostaining of E12.5 embryonic
cortical sections showed a similar pattern; Smaug2 was detectable
in most cells in the precursor regions of the cortex, the VZ/SVZ,
and in the CP, which contains newborn neurons (Fig. 1E).
Double-labeling for the radial precursor marker Pax6 or the neu-
ral precursor markers Sox2 and nestin confirmed the presence of
punctate Smaug2-positive granule-like structures in precursors
in vivo (Fig. 1F,G). FISH confirmed that smaug2 mRNA was
expressed in Smaug2-immunoreactive precursors in the VZ and
SVZ (Fig. 1H).

Smaug2 regulates the genesis of cortical neurons
To understand the function of Smaug2 during cortical develop-
ment, we performed acute knockdown experiments with shRNAs
targeted to Smaug2. Initially, we tested the efficacy and specificity
of these Smaug2 shRNAs by cotransfecting them into HEK-293T
cells together with an expression vector for either mouse Smaug2
or mouse Smaug1. Western blot analysis 1 d later showed that the
Smaug2 shRNAs efficiently knocked down Smaug2 expression
but did not affect expression of Smaug1 (Fig. 1I). We showed that
these shRNAs were equally effective in precursors by cotransfect-
ing them into cultured E12.5 cortical precursors together with a
nuclear EGFP plasmid. Immunostaining 3 d later showed that the
Smaug2 shRNAs, but not a control shRNA, caused a robust de-
crease in the proportion of EGFP-positive cells expressing detect-
able Smaug2 (Fig. 1 J,K).

We used these Smaug2 shRNAs to ask about a potential bio-
logical role for Smaug2, initially in cultured cortical precursors.
E12.5 cortical cultures were cotransfected with one of the two
Smaug2 shRNAs and a nuclear EGFP plasmid, and immuno-
stained 3 d later for Pax6, Ki67, or �III-tubulin (Fig. 2A). This
analysis showed that the proportion of EGFP-positive and Pax6-
positive proliferating precursors was significantly reduced by
Smaug2 knockdown (Fig. 2B,C) while at the same time the pro-
portion of EGFP-positive newborn neurons increased (Fig. 2D).
These changes were not due to cell death because the proportion
of cells with condensed, apoptotic nuclei was statistically similar
between control and Smaug2 knockdown at days 1, 2 (p 
 0.05
for all comparisons), and 3 (Fig. 2E) after transfection.

These data indicate that, in culture, Smaug2 maintains the
neural precursor state and prevents neuronal differentiation. To
ensure the specificity of these shRNA-dependent phenotypes, we

performed rescue experiments using a human Smaug2 construct
that did not contain the sequences targeted by the shRNAs. We
transfected cultured precursors with EGFP and Smaug2 shRNA
with or without the human Smaug2 expression vector. Quantifi-
cation of Pax6-positive precursors and �III-tubulin-positive
newborn neurons 3 d later showed that coincident expression of
human Smaug2 rescued both the decrease in precursors and the
increase in neurons caused by Smaug2 knockdown (Fig. 2F,G).

To ask whether Smaug2 was important for embryonic cortical
development in vivo, we next used in utero electroporation to
cotransfect E13/E14 cortical radial precursors that line the lateral
ventricles with Smaug2 shRNA #2 and a nuclear EGFP expression
plasmid. These transfected precursors generate neurons either
directly or indirectly (the latter via intermediate progenitor tran-
sit amplifying cells), and the newborn neurons then migrate from
the VZ/SVZ through the intermediate zone (IZ) to the CP. Three
days after electroporation, coronal sections through the embry-
onic cortex were analyzed by immunostaining for EGFP (Fig.
2H). This analysis demonstrated that Smaug2 knockdown al-
tered the location of transfected cells; fewer EGFP-positive cells
were located in the VZ/SVZ and the CP, with coincidentally more
in the IZ (Fig. 2I). We asked about the cellular basis of these
alterations by immunostaining similar sections for EGFP and the
radial precursor marker Pax6, the intermediate progenitor
marker Tbr2, or the neuronal marker Satb2 (Fig. 2J). We chose
Satb2 because our previous work showed that 
90% of neurons
born from cortical precursors over this timeframe express this
marker (Tsui et al., 2013). Quantification demonstrated a signif-
icant decrease in the proportion of EGFP-positive, Pax6-positive
precursors following Smaug2 knockdown (Fig. 2 J,K) with a co-
incident increase in Tbr2-positive intermediate progenitors and
Satb2-positive neurons (Fig. 2 J,L,M). Thus, as seen in culture,
Smaug2 is required in vivo to maintain Pax6-positive precursors
and to prevent their differentiation into neurons.

Smaug2 is sufficient to maintain cortical precursors
The preceding data indicate that Smaug2 is necessary to promote
Pax6-positive cortical precursor maintenance. To ask whether it
is also sufficient, we overexpressed Smaug2. Initially, we per-
formed this experiment in culture by cotransfecting E12.5 corti-
cal precursors with a nuclear EGFP plasmid together with a
murine Smaug2 expression construct. Immunostaining 3 d later
demonstrated that Smaug2 overexpression increased the propor-
tion of EGFP-positive, Ki67-positive proliferating precursors,
and decreased the proportion of EGFP-positive, �III-tubulin-
positive newborn neurons (Fig. 3A–C). These data indicate that
in culture Smaug2 is sufficient to promote precursor mainte-
nance. To confirm this conclusion, we performed clonal analysis
using the piggybac (PB) transposon system, which indelibly
marks precursors and their progeny (Gallagher et al., 2013; Tsui
et al., 2013). E12.5 cortical precursors were cotransfected at low
efficiency with Smaug2 or control expression vectors, together
with plasmids encoding PB transposase and a PB EGFP reporter.
Three days later, cultures were immunostained for EGFP.
Smaug2 overexpression significantly increased the number of
multicellular clones (Fig. 3D).

To ask whether Smaug2 was also sufficient to promote pre-
cursor maintenance in vivo, we electroporated E13/E14 cortices
with an EGFP plasmid and the Smaug2 expression construct, and
analyzed coronal cortical sections 3 d later. Overexpression of
Smaug2 caused a significant increase in the proportion of EGFP-
positive cells in the VZ/SVZ (Fig. 3E,F). Immunostaining dem-
onstrated that this increase in electroporated cells in the VZ/SVZ

4

(Figure legend continued.) white lines. Scale bar, 10 �m. H, Confocal images of the E12.5
cortex showing FISH for nanos1 mRNA (magenta) and immunostaining for Smaug2 (green). The
VZ/SVZ is divided into five bins of identical width, as denoted by the hatched white lines, and
boxed regions within some of these bins are shown at higher magnification in the right panels.
Arrows indicate foci with colocalized nanos1 mRNA and Smaug2. Arrowheads indicate foci with
only nanos1 mRNA. v, Ventricle. Scale bar, 10 �m. I, J, Quantification of sections similar to that
shown in H for the distribution of total nanos1 mRNA-positive foci (I) and the relative propor-
tion of nanos1 mRNA-positive foci that colocalize with Smaug2 in each bin (J). *p � 0.05.
**p � 0.01. ***p � 0.001. n � 3. K, L, Quantification of sections similar to those shown in H
for the proportion of nanos1, nanos2, or nanos3 mRNA foci that colocalize with Smaug2 across
the entire E12.5 VZ/SVZ (K) or only in Bin1 (L), the apical-most region of the VZ. *p � 0.05.
***p � 0.001. n � 3. Statistics were performed with ANOVA and Tukey’s post hoc multiple
comparisons test. Error bars indicate SEM.
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Figure 5. Nanos1 is necessary and sufficient to promote neurogenesis in vivo. A, Western blots of HEK-293T cell lysates cotransfected with murine Nanos1 or Flag-tagged murine Nanos2 or
Nanos3 expression constructs and a control shRNA (Con) or a Nanos1 shRNA (shNos1) and probed with anti-Nanos1 or anti-Flag, as indicated. The blots were reprobed with ERK1/2 as a loading
control. B–H, E13/E14 murine cortices were coelectroporated with a nuclear EGFP construct, and either a control (con) or Nanos1 shRNA (shNos1) and coronal sections were analyzed 3 d later at
E16/E17. B, Images of electroporated sections immunostained for EGFP (green). v, Ventricle. Scale bar, 10 �m. C, Quantification of sections similar to those in B for the percentage of EGFP-positive
cells located in the different cortical regions. **p � 0.01. n � 3 embryos each, at least 3 sections per embryo. D, Confocal micrographs of the VZ/SVZ (three top rows) or CP (bottom row) of
electroporated sections immunostained for EGFP (green) and Pax6, Ki67, Tbr2, or Satb2 (all red). Arrows indicate double-labeled cells. v, Ventricle. Scale bar, 10 �m. E–H, Quantification of sections
similar to those in D for the percentage of EGFP-positive cells that expressed Pax6 (E), Ki67 (F), Tbr2 (G), or Satb2 (H). **p � 0.01. ***p � 0.001. n � 3 embryos each, at least 3 sections per embryo.
I–K, E13/E14 cortices were coelectroporated with a nuclear EGFP construct and a control (con) or Nanos1 shRNA (shNos1) 	 an shRNA-resistant human Nanos1 expression vector (resc) and coronal
sections were analyzed 3 d later at E16/E17. I, Images of electroporated sections immunostained for EGFP (green). v, Ventricle. Scale bar, 10 �m. J, K, Sections similar to those in I were
immunostained for EGFP and Pax6 or Satb2 and the proportion of EGFP-positive cells that were also positive for the marker was quantified. **p � 0.01. (Figure legend continues.)
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was due to an increase in EGFP-positive, Pax6-positive precur-
sors (Fig. 3G,H). The increase in precursors occurred at the ex-
pense of differentiation because there was a coincident decrease
in EGFP-positive, Tbr2-positive intermediate progenitors and
Satb2-positive neurons (Fig. 3G, I, J). Thus, Smaug2 is sufficient
to maintain Pax6-positive precursors and to repress their differ-
entiation into neurons.

The mRNA encoding Nanos1, but not Nanos2 or Nanos3, is a
target of Smaug2 in the embryonic cortex
In Drosophila, Smaug mediates its embryonic function, in part,
by binding and repressing the translation of nanos mRNA, which
itself encodes a repressive RNA-binding protein. In mammals,
there are three Nanos homologs, Nanos1, Nanos2, and Nanos3
(Jaruzelska et al., 2003; Tsuda et al., 2003; Lolicato et al., 2008),
and RT-PCR analysis showed that mRNAs encoding all three of
them were expressed in the embryonic cortex from E11 to birth
(Fig. 4A). We asked whether any of these nanos mRNAs might be
Smaug2 binding targets by searching for potential SREs using the
consensus loop sequence of CNGGN(0 –3) flanked by nucleotides
that have the potential to form a loop on a 4 nt nonspecific stem
(Aviv et al., 2003, 2006). These analyses showed that nanos1
mRNA contained five potential SREs (Fig. 4B) with the following
sequences: #1, cguccgggggcg starting at base 71; #2, gggcccgggccc
starting at base 472; #3, acggccgggugcugu starting at base 911; #4,
gcuccaggucugagu starting at base 3029; and #5, ggcacagguugugcu
starting at base 3755. In contrast, neither nanos2 nor nanos3
mRNAs contained SREs. A similar result was obtained when
we applied a computational approach that includes a ther-
modynamic-based calculation of the likelihood that an SRE will
fold properly, to generate an SRE score for a transcript (Chen et
al., 2014a). nanos1 mRNA had an SRE score of 88, similar to the
scores for Drosophila Smaug’s two best-characterized target mR-
NAs hsp83 and nanos, which have SRE scores of 70 and 80, re-
spectively. In contrast, nanos2 and nanos3 had SRE scores of 1.9
and 22, respectively.

We therefore focused on nanos1 mRNA as a potential Smaug2
binding target. Western blot analysis showed that Nanos1 pro-
tein, like its mRNA, was expressed in the embryonic cortex from
E11.5 through to adulthood (Fig. 4C). We asked whether nanos1
mRNA copurified with Smaug2 in the embryonic cortex. Ini-
tially, we confirmed that the Smaug2 antibody was able to immu-
noprecipitate FLAG-tagged overexpressed Smaug2 from
transfected HEK-293T cells (Fig. 4D). We then used this antibody
to immunoprecipitate Smaug2 from the embryonic cortex at
E12.5 (Fig. 4E). RT-PCR analysis showed that nanos1 mRNA was

present in the Smaug2 immunoprecipitates, but not in control
immunoprecipitates (Fig. 4E). In addition, as predicted, neither
nanos2 nor nanos3 mRNAs were present in the Smaug2 immu-
noprecipitates (Fig. 4E).

These data indicate that nanos1 mRNA, but not nanos2 or
nanos3 mRNAs, is associated with Smaug2 in the embryonic cor-
tex. To determine whether this occurs in precursors, we per-
formed histological analyses, comparing nanos1, nanos2, and
nanos3 mRNAs. FISH demonstrated that all three mRNAs were
expressed throughout the E12.5 cortex (Fig. 4F). To ask whether
nanos1 mRNA and Smaug2 colocalized during this period of de-
velopment, we combined FISH with immunocytochemistry for
Smaug2. This analysis showed that nanos1 mRNA partially colo-
calized with Smaug2-positive foci (Fig. 4G). This localization was
not exclusive; Smaug2 was present in many granules that did not
contain nanos1 mRNA, and the converse was also true, with na-
nos1 mRNA present in granules that did not contain Smaug2. We
confirmed this colocalization with Z-stack analysis (Fig. 4G).

Next, we quantified the nanos1 mRNA/Smaug2 foci in the
VZ/SVZ of E12.5 cortical sections (Fig. 4H–J); 34 	 2% of nanos1
mRNA foci colocalized with Smaug2. These complexes were not,
however, evenly distributed across the VZ/SVZ. Of all of the na-
nos1 mRNA-positive foci, the highest proportion was found in
the basal-most region of the SVZ, at the border of the newly
formed cortical plate (Fig. 4H, I; Bin 5). In contrast, the highest
percentage of nanos1 mRNA-positive foci that were colocalized
with Smaug2 was in the apical-most part of the VZ (Fig. 4H, J; Bin
1). In this region, which is predominantly composed of radial
precursors, almost 60% of nanos1 mRNA foci were colocalized
with Smaug2 (Fig. 4J). Thus, nanos1 mRNA is physically associ-
ated with and colocalizes with Smaug2, particularly in apical pre-
cursor cells.

As a control for the specificity of this analysis, we performed
similar studies for nanos2 and nanos3 mRNAs, quantifying the
proportion of mRNA-positive foci that colocalized with Smaug2
in E12.5 cortical sections. While �35% of total nanos1 mRNA
foci were colocalized with Smaug2, this was decreased to �15%
for nanos2 and nanos3 mRNAs (Fig. 4K). Moreover, when only
the apical-most radial precursor region of the VZ was considered
(Bin 1), �60% of nanos1 mRNA foci versus 15%–20% of nanos2
and nanos3 mRNA foci were colocalized with Smaug2 (Fig. 4L).

Nanos1 promotes the genesis of neurons from cortical
precursors
These findings define a nanos1 mRNA/Smaug2 complex in em-
bryonic cortical precursors. We therefore next asked about a po-
tential biological role for Nanos1 in cortical development. To do
this, we generated a Nanos1 shRNA and verified that it knocked
down Nanos1 but not Nanos2 or Nanos3 when cotransfected
with the relevant expression constructs into HEK-293T cells (Fig.
5A). We then used this shRNA to assess a functional role for
Nanos1 by electroporating it into the E13/E14 embryonic cortex.
Analysis of coronal cortical sections 3 d after electroporation
demonstrated that Nanos1 knockdown resulted in an accumula-
tion of transfected EGFP-positive cells in the VZ/SVZ, and fewer
cells in the CP (Fig. 5B,C). Consistent with this increase in EGFP-
positive cells in the precursor zones, immunostaining demon-
strated an increase in transfected Pax6-positive and Ki67-positive
cortical precursors following Nanos1 knockdown (Fig. 5D–F). At
the same time, EGFP-positive, Tbr2-positive intermediate pro-
genitors and Satb2-positive neurons were decreased by Nanos1
knockdown (Fig. 5D,G,H). To verify the specificity of these phe-
notypes, we performed rescue experiments with a human Nanos1

4

(Figure legend continued.) ***p � 0.001. n � 3 embryos each, at least 3 sections per em-
bryo. L–R, E13/E14 cortices were coelectroporated with a nuclear EGFP construct and either a
control (con) or murine Nanos1 (Nos1-OE) expression vector, and coronal sections were ana-
lyzed 3 d later at E16/E17. L, Images of electroporated sections immunostained for EGFP
(green). v, Ventricle. Scale bar, 10 �m. M, Quantification of sections as in L for the percentage of
EGFP-positive cells located in the different cortical regions. *p � 0.05. ns, Nonsignificant. n �
3 embryos each, at least 3 sections per embryo. N, Confocal images of the VZ/SVZ (top three
rows) or CP (bottom row) of electroporated sections similar to those in L immunostained for
EGFP (green) and Pax6, Ki67, Tbr2, or Satb2 (all red). Arrows indicate double-labeled cells.
Arrowheads indicate EGFP-positive, marker-negative cells. v, Ventricle. Scale bar, 10 �m. O–R,
Quantification of sections as in N for the percentage of EGFP-positive cells that were also posi-
tive for Pax6 (O), Ki67 (P), Tbr2 (Q), or Satb2 (R). *p � 0.05. **p � 0.01. ***p � 0.001. n �
3 embryos each, at least 3 sections per embryo. J, K, Statistics were performed with ANOVA and
Tukey’s post hoc multiple comparisons test. All other panels, Statistics were performed with
Student’s t test. Error bars indicate SEM.
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expression vector that was resistant to the shRNA. Analysis 3 d
later showed that coincident expression of Nanos1 rescued the
perturbations in location of EGFP-positive cells observed follow-
ing Nanos1 knockdown (Fig. 5I), as well as the increase in Pax6-
positive precursors and decrease in Satb2-positive neurons (Fig.
5 J,K), thereby confirming the specificity of the knockdown
phenotypes.

These data indicate that Nanos1 normally functions to pro-
mote the genesis of neurons from precursors. We therefore asked
whether ectopic expression of Nanos1 was sufficient to increase
neurogenesis. We coelectroporated plasmids encoding murine
Nanos1 and nuclear-localized EGFP into the E13/E14 cortex and
analyzed coronal sections 3 d later. Immunostaining showed that
EGFP-positive cells were mislocalized following Nanos1 overex-
pression, with a significant decrease in transfected cells in the
VZ/SVZ (Fig. 5L,M). This loss of transfected cells in the precur-
sor zones was due to a decrease in Ki67-positive, Pax6-positive
precursors and a coincident increase in Tbr2-positive intermedi-
ate progenitors and Satb2-positive transfected neurons (Fig.
5N–R). Thus, Nanos1 depletion and overexpression result in re-
ciprocal phenotypes: loss of Nanos1 results in increased apical
precursors and fewer neurons, whereas overexpression of Na-
nos1 results in fewer apical precursors and more neurons.

Smaug2 and nanos1 mRNA are present in RNP granules
containing the repressors Dcp1 and 4E-T
These data are consistent with the hypothesis that Smaug2 and
Nanos1 mediate opposing functions during the precursor to neu-
ron transition, and that Smaug2 maintains cortical precursors in
a stem cell state, perhaps by associating with nanos1 mRNA. In
this regard, we (Yang et al., 2014) recently identified a repressive
P-body-like RNA granule in embryonic cortical precursors in-
volving the eIF4E-binding protein 4E-T, which is distantly re-
lated to Drosophila Cup, an eIF4E-binding protein that interacts
with Smaug and contributes to Smaug-mediated translational
repression (Nelson et al., 2004). We therefore asked whether the
Smaug2/nanos1 mRNA complex might be associated with the
4E-T repression complex. Initially, we asked whether Smaug2
was associated with 4E-T in the embryonic cortex. We immuno-
precipitated endogenous Smaug2 from cultured cortical precur-
sors and found that 4E-T coimmunoprecipitated with Smaug2
(Fig. 6A). This association was confirmed by immunoprecipitat-
ing 4E-T and showing coimmunoprecipitation of Smaug2 (Fig.
6B). We further assessed association between these two proteins
using two additional approaches. First, we immunostained cul-
tured cortical precursors. As we previously reported (Yang et al.,
2014), much of the 4E-T immunoreactivity was present in fairly
large, punctate cytoplasmic granules (Fig. 6C). Many of these
particles were also positive for Smaug2, although much of the
Smaug2 was also present in smaller cytoplasmic puncta (Fig. 6C).
Second, we used the PLA, which is based upon antibodies binding
to protein targets that are within 30 – 40 nm of each other
(Weibrecht et al., 2010). This analysis showed that Smaug2 and
4E-T interacted in multiple bright cytoplasmic puncta in cortical
precursors (Fig. 6D). No or very few puncta were observed when
we performed similar experiments with antibodies for 4E-T or
Smaug2 and proteins, such as Tbr2, Neuropeptide Y, and Pax6
(data not shown).

We previously showed that these large 4E-T-positive granules
in cortical precursors contained other P-body proteins (Yang et
al., 2014). Double-label immunostaining showed that Smaug2
was indeed colocalized with another P-body protein, Dcp1, in
large foci (Fig. 6E). Moreover, PLA with antibodies for Dcp1 and

Smaug2 showed multiple bright cytoplasmic foci (Fig. 6F), con-
sistent with this colocalization.

These data are consistent with the idea that Smaug2 is associ-
ated, in part, with 4E-T-containing, P-body-like repressive gran-
ules in cortical precursors. We therefore asked whether nanos1
mRNA was also present in these granules. Immunoprecipitation
of 4E-T from the E12.5 cortex followed by qRT-PCR demon-
strated that nanos1 mRNA was enriched in 4E-T immunoprecipi-
tates relative to controls (Fig. 6G,H). We then asked whether
nanos1 mRNA, Smaug2, and 4E-T were all colocalized, perform-
ing FISH and immunostaining on cultured cortical precursors.
This analysis showed that almost 70% of nanos1 mRNA was co-
localized with 4E-T in large, P-body-like granules (Fig. 6 I, J).
Approximately 45% of these also contained Smaug2 protein, and
almost all of the Smaug2/nanos1 mRNA complexes were also
associated with 4E-T (Fig. 6 I, J). In contrast, only �20% of na-
nos1 mRNA was not associated with either protein.

We also asked whether nanos1 mRNA was colocalized with
4E-T in vivo, performing FISH and immunostaining on E12.5
cortical sections (Fig. 6K). For comparison, we performed simi-
lar studies with nanos2 and nanos3 mRNAs. Approximately 40%
of nanos1 mRNA foci colocalized with 4E-T in the VZ/SVZ (Fig.
6L,M). These complexes were not, however, evenly distributed,
and the highest percentage, �55%, were in the apical-most part
of the VZ (Fig. 6L,N; Bin 1). In contrast, many fewer nanos2 and
nanos3 mRNA foci were colocalized with 4E-T in the entire VZ/
SVZ (Fig. 6M) or in the apical-most region of the VZ (Bin 1;
Fig. 6N).

Enhanced neurogenesis following Smaug2 knockdown is
caused by derepression of nanos1 mRNA translation
Together, these data suggest that Smaug2 binds and represses
nanos1 mRNA in cortical apical precursors and that disruption of
this complex might promote neurogenesis by causing aberrant
Nanos1 translation. To test this hypothesis, we in utero electro-
porated E13/E14 cortices with Smaug2 shRNA and nuclear
EGFP, and immunostained cortices 3 d later for Nanos1 protein.
In control cortices, Nanos1 immunoreactivity was most robust in
the CP in newborn neurons (Fig. 7A), although some scattered
positive cells with cytoplasmic staining were also observed in the
VZ/SVZ. Quantification showed that only �10% of EGFP-
positive control cells expressed detectable Nanos1 3 d after elec-
troporation (Fig. 7B,C). In contrast, knockdown of Smaug2
increased the proportion of EGFP-positive, Nanos1-positive cells
to almost 30% (Fig. 7B,C), consistent with derepression of na-
nos1 mRNA.

We performed similar experiments knocking down 4E-T in
the E13/E14 cortex with an shRNA that we previously character-
ized (Yang et al., 2014), and then analyzing Nanos1 protein-
positive cells 2 d later. This analysis showed that the proportion of
EGFP-positive cells expressing detectable Nanos1 doubled fol-
lowing 4E-T knockdown (Fig. 7D,E). These findings are consis-
tent with the idea that a Smaug2/4E-T complex represses nanos1
mRNA translation in apical precursors.

Finally, we asked whether the enhanced neurogenesis ob-
served following Smaug2 knockdown might be due to this aber-
rant derepression of Nanos1 translation. To do this, we
electroporated E13/E14 cortices with nuclear EGFP and Smaug2
shRNA, either with or without Nanos1 shRNA. Analysis 3 d later
demonstrated that knockdown of Nanos1 substantially rescued
the aberrant distribution of EGFP-positive cells that occurred
following Smaug2 knockdown (Fig. 7F,G) while also rescuing
the decrease in Pax6-positive precursors and the increase in
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Figure 6. Smaug2 and nanos1 mRNA are associated with 4E-T in a P-Body-like granule in Pax6-positive apical precursors. A, Western blot analysis for Smaug2 (Smg2) and 4E-T in lysates of E12.5
cortical precursors cultured for 3 d and immunoprecipitated with anti-Smaug2 or with control, nonspecific rabbit IgG. As a positive control, 10% of the input homogenate was loaded. B, Western blot
analysis for Smaug2 and 4E-T in lysates of E12.5 cortical precursors cultured for 3 d and immunoprecipitated with anti-4E-T or with control, nonspecific mouse IgG. As a positive control, 10% of the
input homogenate was loaded. C, Confocal images of E12.5 cortical precursors cultured for 3 d and immunostained for Smaug2 (green) and 4E-T (magenta). Cultures were also counterstained with
Hoechst (blue). Top, Boxed areas are shown at higher magnification in the bottom panels. Arrows indicate granules that are positive for both Smaug2 and 4E-T. Scale bar, 5 �m. D, Confocal images
of E12.5 3 d cortical precursor cultures after the PLA with Smaug2 and 4E-T antibodies. Cultures were also counterstained with Hoechst (blue). Left, Boxed areas are shown at higher magnification
to the right. Scale bar, 10 �m. E, Confocal images of E12.5 cortical precursors cultured for 3 d and immunostained for Smaug2 (red) and Dcp1 (green). Cultures were also counterstained with Hoechst
(blue). Top, Boxed areas are shown at higher magnification in the bottom panels. Arrows indicate granules that are double labeled for Smaug2 and Dcp1. Scale bar, 10 �m. F, Confocal images of
cortical precursor cultures after PLA with Smaug2 and Dcp1 antibodies. Cultures were also counterstained with Hoechst (blue). Left, Boxed areas are shown at higher magnification on the right.
Scale bar, 10 �m. G, RT-PCR analysis for nanos1 mRNA in 4E-T immunoprecipitates (4E-T IP) from the E12.5 cortex. As a control, similar lysates were (Figure legend continues.)
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Satb2-positive neurons (Fig. 7H, I). These results are consistent
with a rescue of the Smaug2 knockdown phenotype by knocking
down Nanos1, although we cannot rule out the possibility that
nanos1 knockdown is genetically dominant with regard to cellu-
lar phenotype. Together, these findings support a model where
Smaug2-mediated translational repression regulates expression
of Nanos1 (Fig. 7J) and, in doing so, ensures appropriate gener-
ation of neurons during cortical development.

Discussion
The mechanisms regulating genesis of appropriate numbers and
types of neurons are a key issue in mammalian development.
While transcriptional mechanisms determining neurogenesis
have been well studied (Miller and Gauthier, 2007; Imayoshi and
Kageyama, 2014), little is known about post-transcriptional reg-
ulatory mechanisms. Here, we identify a key role for translational
repression, showing that two RNA-binding proteins, Smaug2
and Nanos1, regulate the balance of self-renewal versus differen-
tiation of embryonic neural precursors and, in doing so, deter-
mine the timing and numbers of neurons that are generated. We
show that these two repressive proteins do this by functioning in
opposition, with Smaug2 maintaining the precursor state and
inhibiting differentiation, and Nanos1 promoting differentiation
and depleting precursors. Moreover, we show that these antago-
nistic activities are coordinated, with Smaug2 associating with
and silencing nanos1 mRNA, potentially by localizing it to
P-body-like granules in association with the translational repres-
sor 4E-T.

Based upon these findings, we propose a translational repres-
sion “switch” model for the precursor to neuron transition. In
this model, developing neural precursors are transcriptionally
primed to generate neurons, but Smaug2 and 4E-T-dependent
mRNA repression/silencing maintains them in a stem cell state.
In this model, extrinsic proneurogenic cues would disrupt these
repressive complexes, thereby releasing the relevant mRNAs and
allowing for rapid, precise, and coordinated translation of pro-
teins that promote neurogenesis. This environmentally driven
dissociation of Smaug2 repressive complexes would also dere-
press nanos1 mRNA, and the newly translated Nanos1 would
then act to repress mRNAs associated with and necessary for the
stem cell state. Thus, the RNA-binding proteins Smaug2 and

Nanos1 act as a “switch”: when Smaug2 is active or “turned on,”
this keeps Nanos1 “turned off,” thereby maintaining translation
of precursor proteins and silencing neuronal translation. How-
ever, when Smaug2 is turned off, this turns Nanos1 on, allowing
it to silence translation of precursor proteins. Coincident with
this Nanos1-dependent silencing of the precursor state, other
derepressed proteins, such as the neurogenic bHLHs (Yang et al.,
2014), would promote establishment of a neuronal phenotype.

One attractive feature of this model is that it would ensure that
cells did not become “confused” by adopting a neuronal pheno-
type while at the same time maintaining features of cycling pre-
cursors. Thus, adoption of one phenotype would coincide with
repression of the other. A second key feature of this model is that
it involves transcriptional “priming” of precursors, which would
allow for phenotypic preprogramming of different neuronal phe-
notypes because these mRNAs could be sequestered by Smaug2/
4E-T complexes until the appropriate developmental time point.
Support for this translational repression switch model comes
from our data showing that (1) Smaug2 was necessary and suffi-
cient to maintain neural precursors in a stem cell state; (2) Na-
nos1 was necessary and sufficient to promote neurogenesis and
deplete precursors; (3) nanos1 mRNA was highly colocalized with
Smaug2 and 4E-T; (4) knockdown of Smaug2 or 4E-T caused
aberrant Nanos1 expression, presumably because of complex dis-
ruption; and (5) coincident Nanos1 knockdown largely rescued
the increase in neurogenesis and loss of Pax6-positive precursors
caused by Smaug2 knockdown. Further support for this model
comes from our recent work showing that 4E-T, which does not
itself bind mRNAs, is necessary to maintain radial precursors in a
stem cell state, and that when it is knocked down, this derepresses
translation of the proneurogenic bHLHs Neurogenin1, Neuroge-
nin2, and NeuroD1 (Yang et al., 2014).

How does Smaug2 silence nanos1 mRNA and its other poten-
tial target mRNAs? In Drosophila, Smaug silences its bound
mRNAs in several ways. First, it associates with the eIF4E-binding
protein Cup, which prevents eIF4E from interacting with its
binding partner eIF4G and, in so doing, inhibits recruitment of
the 40S subunit of the ribosome to the bound mRNA (Nelson et
al., 2004). Second, Smaug can recruit Argonaute 1 to a target
mRNA in an miRNA-independent fashion to repress translation
(Pinder and Smibert, 2013a,b). Finally, Smaug can recruit the
CCR4-NOT deadenylase complex, leading to mRNA deadenyla-
tion and destabilization (Semotok et al., 2005, 2008; Zaessinger et
al., 2006). Our data do not distinguish these different potential
mechanisms with regard to developing radial precursors. We
have, however, shown that almost all of the nanos1 mRNA that is
associated with Smaug2 in Pax6-positive precursors is also colo-
calized with 4E-T, which is distantly related to the Drosophila
Cup. These large 4E-T-containing granules also contain Dcp1,
eIF4E, Rck, and Lsm1 (shown in Yang et al., 2014) and thus
resemble the P-bodies that are seen in other cells (Dostie et al.,
2000; Ferraiuolo et al., 2005). Thus, P-body-like, 4E-T-
containing granules are a major site for the Smaug2/nanos1
mRNA complex and likely for many other repressive complexes
in radial precursors. This localization does not, however, allow us
to distinguish Smaug2-mediated mRNA repression versus deg-
radation because both processes are thought to occur in P-bodies
(Balagopal and Parker, 2009). Interestingly, this localization is
distinct from that seen in Drosophila embryos, where Smaug is
found in foci that appear to be distinct from P-bodies (Zaessinger
et al., 2006). Moreover, one of the few studies on Smaug in mam-
mals shows that in adult hippocampal neurons Smaug1 is local-
ized in foci that lack Dcp1 (Baez and Boccaccio, 2005; Baez et al.,

4

(Figure legend continued.) immunoprecipitated with a control, nonspecific mouse IgG (IgG).
H, qRT-PCR analysis for nanos1 mRNA enrichment in multiple independent 4E-T immunopre-
cipitates from the E12.5 cortex, in comparison with control IgG immunoprecipitates. I, Confocal
images of E12.5 cortical precursors cultured for 3 d and analyzed by FISH for nanos1 mRNA (red
or magenta) and immunostaining for 4E-T or Smaug2 (both green). Cultures were also coun-
terstained with Hoechst (blue). Arrows and arrowheads indicate nanos1 mRNA-positive foci
that are or are not positive for the relevant protein, respectively. Scale bar, 5 �m. J, Quantifi-
cation of cultures as in I for the percentage of total nanos1 mRNA-positive foci that also colo-
calized with Smaug2 (Smg2) or 4E-T alone, or with both together. *p � 0.05. **p � 0.01.
***p � 0.01. n � 3. K, Confocal images of the E12.5 cortical VZ immunostained with 4E-T
(green) and subjected to FISH (magenta) with a nanos1 mRNA probe shown at low magnifica-
tion (left) and high magnification (right). Cell nuclei were counterstained with Hoechst (blue).
Bottom, Merge. Left, Boxed regions are shown at high magnification to the right. Arrows indi-
cate foci positive for both nanos1 mRNA and 4E-T. Arrowheads indicate nanos1 mRNA foci that
are negative for 4E-T. v, Ventricle. Scale bar, 10 �m. L, Quantification of sections similar to that
shown in K for the relative proportion of nanos1 mRNA-positive foci that colocalized with 4E-T
in each bin of the VZ/SVZ, as defined in Figure 4H. **p � 0.01. n � 3. M, N, Quantification of
sections similar to those shown in K for the proportion of nanos1, nanos2, or nanos3 mRNA foci
that colocalized with Smaug2 across the entire E12.5 VZ/SVZ (M) or only in Bin1 (N), the apical-
most region of the VZ. *p � 0.05. n � 3. Statistics were performed with ANOVA and Tukey’s
post hoc multiple comparisons test. Error bars indicate SEM.
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2011). Thus, it appears that Smaug proteins can associate with
different granules in different cell types.

While we have focused here on a function for Smaug2 in apical
precursors, our data have shown that it is also expressed in new-
born cortical neurons. Moreover, Smaug2 knockdown caused

enhanced genesis of neurons, but these neurons did not reach the
cortical plate. While there are a number of potential explanations
for this neuronal mislocalization, these data might indicate that
Smaug2 plays an important role in migration of newborn neu-
rons. In this regard, while a function for Smaug2 in the adult

Figure 7. Knockdown of Smaug2 or 4E-T causes aberrant Nanos1 expression, and this is responsible for the Smaug2 knockdown-mediated increase in neurogenesis. A, Nanos1 immunoreactivity
in a coronal section of the E16/E17 cortex. v, Ventricle. Scale bar, 10 �m. B, Confocal images of cells at the border of the SVZ and the IZ of E16/E17 murine cortices that were coelectroporated 3 d earlier
with a nuclear EGFP construct and control (con) or Smaug2 (shSmg2) shRNAs. Sections were immunostained for EGFP (green) and Nanos1 (red). Arrows and arrowheads indicate EGFP-positive cells
that do or do not express Nanos1, respectively. Scale bar, 10 �m. C, Quantification of the proportion of EGFP-positive cells expressing detectable Nanos1 in sections similar to those in B. ***p �
0.001. n � 3 embryos each, at least 3 sections per embryo. D, Confocal images of cells at the border of the SVZ and the IZ of E15/E16 murine cortices that were coelectroporated 2 d earlier with a
nuclear EGFP construct and control (con) or 4E-T (sh4ET) shRNAs. Sections were immunostained for EGFP (green) and Nanos1 (red). Arrows and arrowheads indicate EGFP-positive cells that do or do
not express Nanos1, respectively. Scale bar, 10 �m. E, Quantification of the proportion of EGFP-positive cells expressing detectable Nanos1 in sections similar to those in D. *p �0.05. n �3 embryos
each, at least 3 sections per embryo. F–I, E13/E14 cortices were coelectroporated with a nuclear EGFP construct and control (con) or Smaug2 shRNA (shSmg2)	Nanos1 shRNA (shNos1), and coronal
cortical sections were analyzed 3 d later at E16/E17. F, Images of electroporated sections immunostained for EGFP (green). v, Ventricle. Scale bar, 10 �m. G, Quantification of sections similar to those
in F for the percentage of EGFP-positive cells located in the different cortical regions. *p � 0.05. **p � 0.01. ns, Nonsignificant. n � 3 embryos each, at least 3 sections per embryo. H, I,
Quantification of EGFP-positive, marker-positive cells in sections as in F immunostained for EGFP and either Pax6 (H) or Satb2 (I). *p � 0.05. **p � 0.01. n � 3 embryos each, at least 3 sections
per embryo. J, Schematic showing the proposed repressive complex involving Smg2, 4E-T, Dcp1, and nanos1 mRNA (top). When the complex is disrupted, either by environmental signals or by
knockdown of complex components such as Smaug2, this causes aberrant translation of Nanos1, thereby promoting neurogenesis (bottom). G–I, Statistics were performed with ANOVA and Tukey’s
post hoc multiple comparisons test. Other panels, Statistics were performed with Student’s t test. Error bars indicate SEM.
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brain has not been described, previous work has shown that the
related family member Smaug1 forms mRNA-silencing foci that
reversibly release their associated mRNAs upon specific synaptic
activation by NMDA in dendrites of hippocampal neurons (Baez
and Boccaccio, 2005; Baez et al., 2011). In addition, mutation of
Smaug1 causes a lean phenotype in mice, likely due to deregula-
tion of the mTOR pathway (Chen et al., 2014b) consistent with
the recent finding that Drosophila Smaug regulates a large set of
metabolic transcripts (Chen et al., 2014a). Thus, mammalian
Smaug 1 and 2 are likely to play diverse roles in multiple cell types,
in part dependent upon the constellation of target mRNAs that
are expressed in each case.

One key remaining issue involves the molecular mecha-
nism(s) responsible for the proneurogenic effects of Nanos1. In
Drosophila, Nanos associates with two other RNA-binding pro-
teins, Pumilio and Brain tumor (Loedige et al., 2014). This com-
plex binds to and represses target mRNAs, a function that is
essential for germ cell development (Hayashi et al., 2004; Lai and
King, 2013). This role as a translational repressor in germ cells is
conserved in vertebrates, including mice, where there are three
family members, Nanos1, Nanos2, and Nanos3 (Jaruzelska et al.,
2003; Tsuda et al., 2003; Lolicato et al., 2008). We therefore pro-
pose that Nanos1 regulates neurogenesis by associating with and
repressing mRNAs associated with the neural precursor state.
What then are the relevant Nanos1 target mRNAs in newborn
neurons? In Drosophila and Xenopus, Nanos associates with
Pumilio to repress cyclin B mRNA and to thereby lock cells out of
the cell cycle (Nakahata et al., 2001; Kadyrova et al., 2007). This
repression might be equally essential for newborn neurons,
which, unlike their precursor parents, are postmitotic. Another
potential target is Sox2. In murine germ cells, Nanos2 has been
shown to associate with sox2 mRNA (Saba et al., 2014), and Sox2
is a key stem cell gene in cortical radial precursors (Julian et al.,
2013). Thus, we propose that Nanos1-mediated translational re-
pression of mRNAs encoding proteins, such as Cyclin B and
Sox2, represses their previous precursor identity in newborn
neurons, thereby allowing them to fully establish a neuronal
phenotype.

In conclusion, our findings identify an essential role for trans-
lational repression in the neural precursor to neuron transition.
The bimodal translational regulation we identify here may pro-
vide a widespread mechanism for ensuring that newborn prog-
eny completely adopt their differentiated phenotype during
development.
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