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The upper layers (lI-IV) are the most prominent distinguishing
feature of mammalian neocortex compared with avian or reptilian
dorsal cortex, and are vastly expanded in primates. Although the
time-dependent embryonic generation of upper-layer cells is geneti-
cally instructed within their parental progenitors, mechanisms
governing cell-intrinsic fate transitions remain obscure. POU-home-
odomain transcription factors Pou3f3 and Pou3f2 (Brn1 and Brn2)
are known to label postmitotic upper-layer cells, and are redun-
dantly required for their production. We find that the onset of
Pou3f3/2 expression actually occurs in ventricular zone (VZ) pro-
genitors, and that Pou3f3/2 subsequently label neural progeny
switching from deep-layer Ctip2™ identity to Sath2* upper-layer
fate as they migrate to proper superficial positions. By using an
Engrailed dominant-negative repressor, we show that sustained
neurogenesis after the deep- to upper-layer transition requires the
proneual action of Pou3fs in VZ progenitors. Conversely, single-gene
overexpression of any Pou3f in early neural progenitors is sufficient
to specify the precocious birth of Sath2™ daughter neurons that
extend axons to the contralateral hemisphere, as well as exhibit
robust pia-directed migration that is characteristic of upper-layer
cells. Finally, we demonstrate that Pou3fs influence multiple stages
of neurogenesis by suppressing Notch effector Hes5, and promoting
the expression of proneural transcription factors Thr2 and Thr1.
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Introduction

The assembly of a 6-layered mammalian neocortex during de-
velopment requires the production of neurons of the correct
subtype in a tightly coordinated process, temporally and
spatially (Caviness et al. 2009). It is well understood that in all
mammals, including primates, deep-layer cells arise first and
migrate first, whereas cells of the superficial layers are born
and migrate later (Angevine and Sidman 1961; Rakic 1974).
Furthermore, the production of distinct classes of pyramidal
neurons follows a well-defined temporal sequence that is
encoded in the molecular genetic [and perhaps epigenetic
(Fasano et al. 2009; Okano and Temple 2009; Sanosaka et al.
2009)] makeup of their progenitor neural stem cells (Shen
et al. 2006). However, the specific means that effect intrinsic
fate transitions within the progenitor populations remain
obscure. These progenitors reside along the ventricular
surface, a long distance from the final positions of their
daughter neurons, in the cortical plate (CP). As a result,
migrating neurons, especially newborn pyramidal cells of the
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upper layers, are guided by radial glia (RG) fibers that span
the entire cerebral wall (Rakic 1972).

The cortical upper layers, which are unique to Class Mam-
malia, probably underlie the enhanced cognitive abilities of
mammals because they form connections between and within
cortical areas (Marin-Padilla 1992; Hill and Walsh 2005). Com-
pared with carnivorans and especially with rodents, the ex-
pansion of cortical surface in primates, including human,
occurs concomitantly with expansion of the supragranular
layers (II-IID (Hutsler et al. 2005). In humans, disturbances in
the function of layers II and III have a broad spectrum that
include cognitive disorders such as schizophrenia (Rajkowska
et al. 1998). Additionally, failed neural migration and resulting
heterotopias predominantly affect upper-layer cells (Ferland
et al. 2009), and are a common etiology in epilepsy (Guerrini
et al. 2008).

POU-homebox-domain-containing octamer-binding tran-
scription factors Pou3f3/Brnl and the very closely related
Pou3f2/Brn2 have long been markers for upper-layer projec-
tion neurons (Hagino-Yamagishi et al. 1997) in cortex, but
have been implicated in diverse functions such as cortical
neural migration (McEvilly et al. 2002), upper-layer pro-
duction (Sugitani et al. 2002), and neurogenesis (Castro et al.
20006). The first analysis of Brn1/2 knockout cortex demon-
strated that Brnl and Brn2 redundantly regulate key determi-
nants for the radial migration of postmitotic neurons, and
purported that their loss results in cortex laminar inversion
(McEvilly et al. 2002). A later study showed that Brnl/2 was
necessary for migration of Er81% layer V cells, and for the
actual production of layer II-IV cells (Sugitani et al. 2002);
however, the mechanisms carrying out the latter process have
remained elusive.

In this study, we have addressed this key issue by exam-
ining neurogenesis with respect to the spatiotemporal onset
of Brnl/2 expression in mouse dorsal telencephalon. By
using in utero electroporation, we have conducted precisely
timed genetic manipulations of Brnl/2 in vivo to show
when and how Pou3f factors are required for upper-layer
neural specification and migration. Furthermore, we investi-
gated the consequences of Brnl, Brn2, and Pou3f1/Oct6/
Tst1l/SCIP misexpression during development of the deep
cortical layers to identify potential genetic effector pathways
in their function as upper-layer neural determinants. In
doing so, we concretely show that neural molecular iden-
tity, much of which is obtained postmitotically (Fishell and
Hanashima 2008), has its roots in the function of molecules
whose expression is governed spatio-temporally in the par-
ental stem cells.



Materials and Methods

DNA Constructs

The coding sequences for Brnl, Brn2, Oct6, Hesl, Hes5, Heso0,
NeuroD2, Ngn, Pax6, and Satb2 were amplified by PCR from E14.5
mouse embryo dorsal telencephalon cDNA with primers containg
flanking Notl sites (or EcoRI for Hes5), and cloned into the Notl site
(or EcoRI for Hes5) of pCAGEN (Matsuda and Cepko 2004).
pUbC-NICD was generated by subcloning the mouse Notchl intra-
cellular domain with 6X myc tag (Kopan et al. 1994) into a customized
vector based on pUB-EGFP (Matsuda and Cepko 2004). pIRES2-Tbhr2
was generated by cloning the mouse Tbr2 coding sequence into
pIRES2 (Clontech). pEGFP-dnMAML (Maillard et al. 2006) and
PCAG-Brn2-DBD-EnR(“Brn2-EnR”) (Kim et al. 2008) have been des-
cribed. pCAG-EnR(“EnR”) was made by digesting pCAG-Brn2-
DBD-EnR at the EcoRI and Agel sites, and ligating the pre-annealed
primers AATTCTGAGCCGCCACCATG and CCGGCATGGTGGCGGCT
CAG into the intervening region. pCAG-Brnl-DBD-EnR was con-
structed similarly to pCAG-EnR, except a fragment containing Brnl
DNA-binding domains analogous to those found in Brn2-DBD-EnR
was ligated. pCAG-TagBFP_V5_NLS(“V5” or “Electroporated Nuclei”)
contains the TagBFP coding sequence (Evrogen) with a C-terminal V5
epitope tag (“GKPIPNPLLGLDST”) followed by a 3x NLS
(“DPKKKRKV”; dervied from the SV40 large T-antigen) cloned into
pCAGEN. All electroporation experiments were carried out with DNA
solution containing the following: 400 ng/uL pCAG-green fluorescent
protein (Kwan et al. 2008), 800 ng/uL pEGFP-F (Clontech), 400 ng/uL
pCAG-TagBFP_V5_NLS, and either 1.5 ug/uL (for Pou3f overexpres-
sion) or 1.3 pug/uL (for EnR) target DNA. Combination electroporations
were performed with the EnR plasmid fixed at 1.3 pg/uL, with the
other plasmid at the indicated ratio. Owing to an established ~95%
cotransfection yield with 2 electroporated plasmids (Ramos et al.
2006), a small fraction of V5" or GFP" electroporated cells will not
exhibit exogenous gene-driven phenotypic changes, and vice versa.

Mice and Electroporation

Experiments and handling procedures were performed with per-
mission and in compliance with the Institutional Animal Care and Use
Committee (JACUC). Timed pregnant female CD-1 mice were pur-
chased from Charles Rivers Laboratories and housed at the Yale
animal care facility. In utero electroporation has been described pre-
viously (Gal et al. 2006); briefly, DNA solution was injected into em-
bryonic telencephalic vesicles in utero via glass micropipetes, and 5
50 ms square fixed-potential pulses (ElectroSquarePorator ECM 830:
BTX, Holliston, MA, United States of America) were administered by
tweezertrodes (Fisher Scientific). The pulse potential was adjusted to
maximize in utero electroporation yield, and varied from 23V(E11.5)
to 42V(E13.5). Reproducibility was demonstrated in the phenotypic
evaluation of at least 3 brains (at E14.5, E15.5, or P0) for every exper-
imental condition, while quantifications utilized 2 or more brains
with matching electroporations for each condition. Postnatal electro-
poration has been described previously (Boutin et al. 2008; Chesler
et al. 2008); briefly, DNA solution was injected into the lateral ventri-
cles of mixed sex anesthetized PO mouse pups via glass micropipetes,
and 135V electric pulses administered as per the above, except that
tweezertrodes were coated with electrode gel (Parker Laboratories).
For confirmation, we examined at least 6 postnatal brains for each
condition that were electroporated in 2 or more distinct experimental
trials. All anesthesia and postoperative care was administered in
accordance with directives of the Yale IACUC.

Non-Human Primate Husbandry

Female rhesus monkeys were housed with a male for 3 days. Preg-
nancy was confirmed by ELISA testing of blood mCG levels at 12 and
18 days post-copulation. Rhesus macaque embryos (7 =3) were ob-
tained by cesarean section. Rhesus macaque surgeries and post-
operative care for mothers was coordinated with the Yale Veterinary
clinical services. All procedures were approved by the Yale IACUC.

Cell Cultures, Transfection, and Lysis

Mouse neuroblastoma 2A (N2a) cells were cultured in Dulbecco’s
D-MEM/F12 medium containing 9% fetal bovine serum (Invitrogen).
Transfections were performed on 6-well plates at 80% confluency for
immunoblotting (IB), or 12-well plates containing 50000 cells for
luciferase assays. 500 ng or 1 ug total DNA was incubated for 30 min
(room temperature) in 40 or 80 uL Opti-MEM with 1 or 2 uL Dharma-
fect Duo reagent (Thermo Scientific) for luciferase or IB, respectively;
following this incubation, the mixture was added to 300 or 900 uL
serum-free medium in each well. Transfections for luciferase assays
were with mixed with precise equimolar quantities of any DNA con-
structs used for side-by-side comparison. After 24 h, cells were
washed in phosphate-buffered saline. For 1B, cells were immediately
scraped and lysed in radioimmunoprecipitation assay buffer (Cell Sig-
naling) containing protease (Roche) and phosphatase (Sigma) inhibi-
tor cocktails. Insoluble material was pelleted at 10k rpm for 10 min
on a laboratory microcentrifuge, and total protein content of the
supernatant was read using the Bradford assay.

Western and Luciferase Analysis

For immunoblot analysis, proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and then electrophoreti-
cally transferred to polyvinylidene fluoride membranes. Membranes
were immunoblotted with anti-Myc (Cell Signaling 9B11, 1:1000),
anti-GFP (abcam ab290, 1:2500), anti-glyceraldehyde 3-phosphate
dehydrogenase (Millipore MAB374, 1:2000), anti-Satb2 (abcam
ab51502, 1:200), anti-Tbr2 (abcam ab23345 1:1000), or anti-Brn2
(sc-6029, 1:400) overnight, and subsequently washed and incubated
with goat anti-mouse (Biorad), goat anti-rabbit (Biorad), or donkey
anti-goat (Jackon Immunoresearch) horseradish peroxidase conju-
gates. Exposure of enhanced chemiluminescence (General Electric
Healthcare Life Sciences)-treated membranes allowed visualization of
protein. Luciferase assays were performed using the Dual-Luciferase
Reporter Assay System (Promega) and cotransfection of pRL-SV40
(Promega) with firefly luciferase reporters; PBS-washed cells were
lysed and prepared according to manufacturer protocol. Samples were
read on a TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA,
USA), with all conditions biologically quadruplicated for statistical
analysis. All luciferase reporter plasmids were constructed according
to depicted schemes by replacing the SV40 promoter in
pGL3-Promoter (Promega) with the appropriate PCR-amplified mouse
regulatory regions (with the exception that the Satb2-Enhancer repor-
ters retain the minimal promoter). pGV-B-Hes1/5-Luciferase reporter
plasmids have been described (Nishimura et al. 1998).

Tissue Preparation and Staining

PO brains or whole embryo heads were immersion-fixed in 4% paraf-
ormaldehyde (PFA) for 4-8 h, cryoprotected to 30% sucrose via serial
solutions, frozen, and sectioned on a cryostat (20 pm coronal sections;
Leica Microsystems). To enhance the staining of nuclear markers, sec-
tions were incubated for 20 min in target retrieval solution at 95°C
(DAKO Cytomation) prior to labeling. Postnatal brains were
immersion-fixed overnight in 4% PFA and sectioned on a vibratome
(80 um coronal sections; Leica Microsystems). For immunolabeling,
sections were incubated in primary antibodies in 5% normal donkey
serum and 0.4% TX-100 overnight at 4°C (or room temperature for
anti-Ngn2 or anti-CDP labeling). After 2 brief rinses in PBS, sections
were incubated for 2 h at room temperature in PBS with fluorophore-
conjugated secondary antibodies raised in donkey hosts (Jackon Im-
munoresearch, 1:500). Following 2 brief rinses in PBS, sections were
mounted in 2.5% polyvinyl alcohol with diazabicyclooctane (PVA-
DABCO) (Evans et al. 2004). The following primary antibodies were
used: Brn2 (Santa Cruz Biotechnology, goat, 1:250), Satb2 (abcam,
mouse, 1:400), Ctip2 (abcam, rat, 1:500), Tbr2 (abcam, rabbit, 1:400),
Tbrl (Millipore, chicken, 1:2000), Tbrl (abcam, rabbit, 1:1000), V5
(abcam, chicken, 1:200), GFP (abcam, chicken, 1:2000), Pax6 (Milli-
pore, rabbit, 1:2000), Cuxl (“CDP,” Santra Cruz Biotechnology,
rabbit, 1:50), Ngn2 (Santa Cruz Biotechnology, goat, 1:33), Sox2
(Santa Cruz Biotechnology, goat, 1:250).
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Imaging and Quantification

Immunostained specimens were imaged with a Carl Zeiss AxioCam
MRm coupled to Axioplan 2 or Axioimager Z2 epifluorescence
microscopes (Carl Zeiss Microimaging, Thornwood, NY, United States
of America) in Carl Zeiss ApoTome optical sectioning mode. We also
utilized a Carl Zeiss LSM 510 Meta laser scanning confocal micro-
scope, and a Coherent Chameleon Ultra laser (Coherent Laser Group,
Santa Clara, CA, United States of America) coupled to an AxioObser-
ver. Image processing was performed using Carl Zeiss Axiovision
software and gimp 2.6 (http:/www.gimp.org). Quantification of
images was performed automatically by a custom-written, unbiased
algorithm that measured the overlap of 2 color channels (i.e. red and
blue) with a third channel (i.e. green). In brief, the program con-
ducted a weak gaussian blur and gamma reduction on the third
channel to eliminate image noise. The intensity of the third channel
was then used as a weight for the amount of the other 2 colors on an
individual pixel basis, which was then reported for each image in a
spreadsheet. At least 5 images representing rostral, caudal, medial,
and lateral regions were used to comprise each data point. Binning
was performed with the same approach, except that red or blue
colored boxes were drawn (with guidance from DAPI or laminar
markers) in superposition of the GFP (green) channel such that per-
pixel overlap with defined red-blue combinations reflected the pos-
ition of the labeling. All statistical computations were performed with
OpenOffice (http://openoffice.org) or R(http://www.r-project.org);
1- or 2-factor analysis of variance (ANOVA) was employed where ap-
propriate (usually by § sign), but all P-values shown in figures reflect
2-tailed unpaired #-test results, except those provided with contin-
gency tables, which reflect significance assessment by Fisher’s exact
test.

Results

Spatiotemporal Control of Neuronal Subtype Progression
in Cortex is Identifiable by Brnl/2 Expression

It is well known that spatiotemporal gradients of neurogen-
esis govern the time-dependent formation of cortical layers
in all studied mammals (Sidman and Rakic 1973; Sanderson
and Weller 1990; Machon et al. 2007; Bayatti, Moss, et al.
2008; Bayatti, Sarma, et al. 2008), such that the onset of
neurogenesis begins in a rostrolateral position and sweeps
caudomedially; thus, the lateral cortex produces neurons
earlier than medial cortex. Pax6 levels increase in the same
rostrolateral-to-caudomedial gradient, exactly in lockstep
with the appearance of Ngn2" and Tbr2" committed neural
precursors (Machon et al. 2007). However, Pax6 eventually
encompasses the entire cortical ventricular zone (VZ). Fate
transitions that direct the production of progressively later-
born neuronal subtypes within a progenitor lineage begin
their first iteration in lateral cortex of the mouse around
E11. Cortical upper-layer (II-IV) cells are eventually speci-
fied laterally around E12, but medial regions experience
parallel transitions about 1 day or 2 thenceforth (Takahashi
et al. 1999).

Using a Brn2 antibody that recognizes both Brnl and Brn2
(Yamanaka et al. 2010), we examined the molecular distri-
bution of Brn1/2 in the cortex from early through late cortico-
genesis (Fig. 1, Supplementary Figs 1 and 2). Fascinatingly,
they are expressed in neural progenitors in a similar gradient
as above, and their expression also spreads across the entire
cortical lateral-to-medial axis during the course of neurogen-
esis (Fig. 1). The spatiotemporal onset of Brnl/2 expression
lags behind that of Pax6 (Fig. 1B,B"), and therefore could cor-
relate with mid-to-late neurogenic changes. Moreover, the
Tbr2* intermediate progenitor (INP) population is
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heterogeneous with respect to Brnl/2 expression; at E12.5,
only the lateral-most INPs are Brn1/2*. However, by E14.5 the
medial expansion of Brn1/2 also incorporates this INP popu-
lation (Fig. 14, A4").

At mid-corticogenesis in the mouse, Satb2 confers upper-
layer identity, and is initially present in cells that project in-
tracerebrally (Alcamo et al. 2008; Britanova et al. 2008;
Chen et al. 2008). Conversely, Ctip2 labels all deep layer
cells during embryogenesis, but is slowly restricted to a sub-
population of layer V corticospinal motor neurons (Kwan
et al. 2008). In surveying Ctip2 and Satb2, we find that the
developing mouse neocortex switches from the production
of Ctip2" deep-layer neurons to Satb2* upper layer-neurons
in a lateral-to-medial graded fashion (Fig. 1D,D'”). This
process occurs in the mouse between E13 and E15, and
parallels the lateral-to-medial graded onset of neurogenesis
of 2 days prior. Interestingly, Brnl/2 protein only accumu-
lates to sufficient levels to be inherited by neural progeny
starting at mid-neurogenesis, subsequently labeling cells
switching from Ctip2 expression to Satb2 in the intermedi-
ate zone (IZ) as they migrate to the upper layers of the CP
(Fig. 1D,D'"). Brnl/2 is excluded from Ctip2* deep-layer
cells and their parent progenitors, although a small popu-
lation of post-migratory layer V cells appears to express
Brnl/2 after E15.5 (Supplementary Fig. 2). Thus, the onset
and course of Brnl/2 expression is timed to be in precise
concordance with the specification and differentiation of
upper-layer cells.

To examine primate neurogenesis with a specific focus on
upper-layer cell birth and differentiation, we investigated
Brn1/2 localization in rhesus monkey embryos. At E70, which
is around the time of mid-corticogenesis, Pax6" cells of the
VZ and OSVZ also expressed Brnl/2 (Fig. 1E)—similar to the
VZ in mouse at E14.5. However, many Pax6" cells, especially
those in the OSVZ, remained Brnl/2 negative (Fig. 1E}), and
we are unsure about the nature of this OSVZ-specific hetero-
geneity at present. Nonetheless, presumptive Brnl/2* cells
migrating out of the proliferative zones and into the IZ sub-
sequently express Satb2 (Fig. 1F), similar to migrating
neurons at mid-corticogenesis in the mouse. In the rhesus CP
at E70 and E92 (Fig. 1G,H), Brnl/2 prospective upper-layer
cells are predominantly Ctip2,, and many are seen in the
deep-layers with elongated nuclei characteristic of radially
migrating cells (Fig. 1H} and Supplementary Fig. 3L). These
migrating Brn1/2* cells were also Satb2 positive (Fig. 1/,K) as
expected.

Nevertheless, the primate CP exhibits Satb2 expression
throughout layers II-VI from E70 to E92, unlike the rodent
CP at equivalent stages. A comparative analysis (Supplemen-
tary Fig. 3) suggests that this may be due to post-migratory
cellular maturation, which occurs within a time window that
is exceeded by the long course of neurogenesis in primates
(50 days+), but not by the rapid birth of cells belonging to
the different layers in the mouse (~5 days). Consistent with
this notion, a subset of layer VI Tbrl® cells in the mouse
also expresses Satb2—by around PO (Supplementary
Fig. 3)), but not during embryogenesiss. Furthermore, Ctip2
labeling alone cannot distinguish the cells of layers V and
VI at E14.5 in the mouse, whereas such a distinction is
obvious by the size and intensity of Ctip2 nuclear staining
of the primate cortex at E70, a semi-equivalent age (Sup-
plementary Fig. 3C vs. D).

Dominguez et al.
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Figure 1. The wild-type developing neocortex switches from producing deep-layer to upper-layer neurons in a lateral-to-medial graded fashion, which parallels the expression of
Bn1/2. (A and A’) Thr2™" (red) intermediate neural progenitors (INPs) are a heterogeneous population, in that they colabel with Bm1/2 (green) only in the lateral-most region of
cortex at E12.5 (A), this boundary indicated by arrowhead. The medial spread of Brn1/2 (boundary indicated by arrows) in the VZ after E12.5 correlates with Bm1/2 persistence
in INPs at E14.5 (4’). (B and B’) The lateral-to-medial induction of Brn1/2 (green) expression (arrows) parallels that of Pax6 (red) from E12.5 (B) to E14.5 (B’); however, Brn1/2
expression appears to lag slightly behind that of Pax6. (C) At E15.5, Bm1/2 (green) labels cells in all phases of differentiation; however, its persistence in postmitotic neurons
correlates with Satb2 (blue) upper-layer cells and not Ctip2 (red) deep-layer cells. One caveat to this rule is that a population of prospective Ctip2* layer V cells initiates weak
Brn1/2 expression in postmigratory positions. Scale bar, 50 um. (0 and 0’) Time-course for the onset of Bm1/2 (green) expression, and its correlation with Satb2™ (blue)
migrating upper-layer neurons and not Ctip2* (red) deep-layer residents. B 1/2 sweeps across the entire lateral-to-mediate axis between E12.5 (D), E13.5 (0'), and E14.5 (D),
and is stably expressed throughout by E15.5 (D'”). Arrowheads in (D’ and D’”) indicate the medial boundary of the Bm1/2*/Satb2™ population in the 1Z, which manifests itself
in the CP with a lagging medial boundary (demarcated by arrows). The delay between these moving fronts probably correlates with the time required for the Brn1/2*/Satb2 ™
cells to migrate to subpial inside-out positions in the CP (E) Proliferative compartment along the parietal ventricular surface in rhesus at E70. While the VZ proper(t) appears to
be largely Pax6 (red)-Bm1/2 (green) double™, the OSVZ(f) is heterogeneous with respect to the cellular expression of those markers. (F) Bm1/2 (green) cells presumably
migrating out of the proliferative zone(Pax6, red) express Sath2 (blue) as they approach the parietal CP (G and H) Monkey parietal CP at E70 (G) and E92 (H) exhibiting deep-layer
Ctip2 (red) expression and upper-layer Br1/2 (green) expression. (J and K) Monkey parietal CP at E70 (J) and E92 (K) exhibiting colabeling of the vast majority (see t) of Bm1/2
(green) cells with Sath2 (red), whereas many Brn1/2~ cells throughout the CP express Satb2 at this time. (L) Brn1/2 (green), Ctip2 (red), and Satb2 (blue) labeling in parietal CP
at E120, demonstrating upper-layer expression of Brn1/2. Similar to earlier time points, layer Il cells near layer | form a dense band and are strongly Brn1/2 positive; these cells
are likely the most recent pyramidal cells to have reached the CP as their size and density reveal their relative immaturity.

Early Overexpression of Pou3f Transcription Factors
Promotes Aberrant Fate Switching to Upper-Layer
Neuron Identities
To determine whether Brnl/2 has a role in the switch to
upper-layer neuronal identities, we overexpressed them by in
utero electroporation in early developing cortex, when predo-
minantly layer VI and V cells are specified. Overexpression of
either Brnl or Brn2 at both E11.5 and E12.5 effected substan-
tial changes in the types of cells (Fig. 24-D) produced. We
examined Cux1l and Ctip2 expression at PO, which are nor-
mally associated with layers II-IV and layer V corticospinal
tract neural identities, respectively. Compared with control
electroporations, Brn1/2 caused a marked increase in the
number of Cux1? cells (Fig. 2C0), and a concomitant decrease
in Ctip2+ cells (Fig. 2D) was seen at PO.

To visualize this effect in action, we conducted small unilat-
eral medial electroporations of Brn1/2 at E12.5 and examined

them at E14.5 (Fig. 2E,F"). At E14.5, the medial cortex has yet
to undergo the switch to producing upper-layer cells, and is
normally devoid of Satb2* cells in the 1Z and CP (Fig. 2E,F,
right side). However, in Brn1/2 electroporations, Satb2" nuclei
were seen in electroporated cells (Fig. 2E,F). Dorsolateral elec-
troporations demonstrated the same result (Fig. 2G,H) that
Satb2 is positively regulated by Brnl/2. Interestingly, Brn1/2
electroporated cells did not express Satb2 until they had
reached the 1Z (Fig. 2H), indicating that there may be other
determinants in Satb2 up-regulation. Forced co-expression
with Sox11, a known transcriptional co-regulator with Brn2
(Tanaka et al. 2004) that is present only in postmitotic neurons
of the IZ and CP (Ayoub et al. 2011), did not affect the kinetics
of Satb2 induction by Brn2 (data not shown).

Neural identity also determines the type of axonal projec-
tions made. Upper-layer cells make Satb2-dependent commis-
sural projections (Alcamo et al. 2008; Britanova et al. 2008),
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Figure 2. Overexpression of Bmn1/2 in early cortex development is sufficient to
specify the birth of Satb2™ neurons that are normally bormn later. (A and B”)
Electroporations at E11.5 (4 and A”) or E12.5 (B and B”) to force the expression of
Brn1 (A’ and B’), Brn2 (A” and B”), or EGFP alone (A and B) were compared at PO
and labeled for Cux1 (blue) and Ctip2 (red). Fewer V5*/Ctip2* nuclei and far greater
numbers of V5*/Cux1™ nuclei were seen at PO. (C and D) Quantifications of the
overlap of V5" nuclei and laminar markers Cux1 (C) and Ctip2 (D) at PO in these
electroporations reflect these substantial molecular genetic changes. Data from EGFP
electroporations at E13.5 is used as a reference to depict the normal cell output
during the time that Satb2™ or Cux1™ upper-layer cells are normally specified. §
denotes 1-factor ANOVA P < 0.02. Two-factor ANOVAs were also performed for Ctip2
and Cux1 labeling results, with age of electroporation and construct electroporated as
independent variables; both factors demonstrated significant (P < 0.03) contributions.
(£ and F”) Small unilateral medial electroporation of Brn2 at E12.5, fixed at E14.5.
10x magnification imaging of both cortical hemispheres at E14.5 (E” and £)
demonstrates that Satb2 ™ (red) nuclei are normally absent in the medial CP (on the
right, unelectroporated side) hemisphere, but sporadic Satb2™ cells are present on
the left electroporated side. Higher-magnification optical sectioning (F” and F) reveals
a near complete overlap of these Satb2® nuclei with V5" (green) nuclei of
electroporated cells. Normally, Ctip2* (blue) cells are still being born at time in this
position (right side). (G and H”) Intermediate positions and larger electroporations of
Bm2 at E12.5 reveal the same at E14.5; normally, Ctip2 " (blue) deep-layer cells are
the first progeny of E12.5 electroporations (G” and G); however, overexpression of
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whereas deep-layer cells project subcortically via the internal
capsule in a manner that is complexly regulated by Tbrl,
FezF2, and Ctip2 (Chen et al. 2005, 2008; Molyneaux et al.
2005; Bedogni et al. 2010; Han et al. 2011; McKenna et al.
2011). Because control electroporations at E11.5 drive GFP
expression in deep-layer neural progeny, prominent
GFP-labeled axons are seen in the internal capsule at PO
(Fig. 2J,J). Consistent with their role in promoting upper-layer
neurogenesis, electroporations of Brnl or Brn2 exhibit a near
absence of GFP" axons in the internal capsule at PO, yet GFP*
callosal projections persist (Fig. 2K,K").

We also noticed that compared with E11.5 or E12.5 control
electroporations, cells overexpressing Brnl or Brn2 within the
CP migrated into more superficial positions (Fig. 3B,B"). When
we constructed laminar bins and quantified the position of
GFP in either case, we found a significant increase in Brn1/2-
transfected cells residing in layers II-IV with a coordinate
decrease in cells located in layer VI and the SP (Fig. 34). In elec-
troporations conducted at E12.5, we observed many Brnl/2-
transfected neurons obtaining very superficial positions just
beneath or within layer I (Fig. 3C") by PO; this was exceptionally
unusual in control electroporations (Fig. 3C). Such findings are
consistent with a model whereby cells endowed with an upper-
layer genetic program can attain upper-layer positions despite
being born prematurely (Frantz and McConnell 1996).

Still, a very small fraction Brnl/2-transfected neurons,
especially the ones exhibiting the highest transgene
expression, remained in deeper positions (Fig. 3C"}) or failed
to migrate altogether (Fig. 44,4"). These cells were notable
because they were overwhelmingly Satb2™ (Fig. 3C'D),
whereas the much larger Satb2* proportion of nonetheless
more weakly transfected cells were chiefly seen in layers II-IV
(Fig. 3C"1). On the whole, our data points to a substantial role
for Brnl/2, and possibly Satb2, in directing an upper-layer
migration process. Moreover, there were regional differences
in the effects of Brnl/2 overexpression, such that caudal
regions appeared more sensitive to the pro-migratory pheno-
type (Supplementary Fig. 4B’ vs. A’). We observed the
migration of numerous transfected cells into layer I caudally
at PO (Fig. 3D).

A third Pou3f, Oct6 (Pou3f1/Tst1/SCIP), is expressed during
embryonic cortex development in a distribution very similar to
that of Brn1/2 (Jones et al. 2009). To determine whether the
above effects are specific to Brnl and Brn2, we performed
similar electroporations with Oct6. Although greater numbers
of pCAG-Oct6-electroporated neurons failed to migrate out of
the progenitor zones such as the highest-expressing
pPCAG-Brnl/2 cells (Supplementary Fig. 5G-)), those that did
reach the CP by PO were comparably skewed toward upper-
layer molecular identities (Supplementary Fig. 54-D) and pos-
itions (Supplementary Fig. 5E'.F). Interestingly, Oct6 exhibits
much stronger transcriptional activity than Brnl and Brn2

B2 (H” and H) causes a switching of these cells to Satb2™ upper-layer fate. (J and
K’) Electroporation of EGFP in cortex at E11.5 strongly labels cells of deep laminar
positions (arrows in J and J’) in coronal sections that project subcortically via the
internal capsule (arrowheads in J and J’). However, overexpression of Bm2 (K and K’)
by electroporation at E11.5 does not render this palisade of GFP in layer VI and the
subplate. Furthermore, very few electroporated cells extend axons into the internal
capsule (arrowheads, insets in K and K’), although numerous axons were seen
traversing the corpus callosum and anterior commissure (asterisk in K’) toward the
contralateral cortex.
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Figure 3. Bm1/2 overexpression confers cell-autonomous pial-directed neural migration to superficial positions. (4) Quantification of the position of GFP labeling at PO in
electroporations of B2 versus EGFP performed at E11.5. (B and B’) As shown in (4), Brn2-electroporated cells had a strong preference for superficial laminar positions (B’)
compared with EGFP-only electroporated cells (B); this came at the expense of layer VI and subplate positioning. (C and C’) Similar electroporations, although performed at E12.5
with Bm1, result in a gross change in laminar position at PO. Most GFP ™ (green) cells in EGFP electroporations at E12.5 (C) assume positions predominantly within layer V and VI.
Forced expression of Bm2 at E12.5 (C’) results in the layer Il/lll-targeted migration of GFP* (green)/Satb2 ™ (red) cells at PO, many reaching positions just beneath layer 1(C’1).
Dashed boxes in (C’) indicate regions of interest enlarged in T and . Some of the highest Brn1-expressing cells remained in the deep layers (C'f); oddly, these cells labeled very
strongly with Brn2 antibody (blue), and were Sath2". Scale bar in (C’$), 5 um. (D) In the caudal cortex, Br1/2-mediated superficially targeted migration was so robust that many
Brn1-electroporated GFP™* (green) electroporated cells were seen in layer | at PO; those cells were immunolabeled, and were positive for Bm2 (blue) and Satb? (red).
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Figure 4. Brn1/2 are proneural genes that are required for neurogenesis in cortex at E13.5. (A and B) Besides prematurely instructing upper-layer identity and migration, Brn1/2
electroporations at E12.5 promoted neural differentiation at the expense of progenitor maintenance, seen at PO. Some of the strongest-expressing Brm1 (A) or Bm2
(A")-electroporated cells remained in the VZ or SVZ at PO, presumably due to precocious differentiation. Almost no Sox2™ (blue) progenitors remained in either Brn1 or Bm2
electroporation (insets), compared with electroporation of EGFP alone (A”). Tbr1 (red), which weakly labels a subpopulation of SVZ cells at PO, strongly labeled many of the
neurons remaining in the VZ with Brn1/2 electroporation. A quantification of these findings in PO brains electroporated at E12.5 is shown in (B) 8 denotes 1-factor ANOVA P <
0.01. (C and F) When compared with control EnR electroporations performed at E13.5 and examined at E15.5 (C” and C), Bm2-EnR (D" and D) electroporations exhibited fewer
GFP ™" (green)/Tbr2* (red) intermediate neural precursors, and fewer GFP* migrating neurons. This was apparently due to the blockade of early step in neural differentiation by
Brn2-EnR; quantifications of electroporated cells demonstrated less Ngn2 and Thbr2 labeling (£), and an increase in the proportion of GFP remaining in the VZ(F). (G and M)
Impaired neural differentiation by Brn2-EnR electroporation at E13.5 persisted to PO (G’), whereas EnR electroporation alone (G) resulted in normal cortical development. Weak
forced Satb2 expression was partially able to rescue defects associated with Brn2-EnR (G”), whereas weak forced dnMAML expression was nearly sufficient to overcome
impairment of the initial step in neural differentiation by Brn2-EnR (G”’). Numerous Pax6™ (blue) or Ctip2* (red) cells were noted in subcortical white-matter positions at PO in
Bmn2-EnR electroporations at E13.5 (H); similar cells experienced a failure in migration and/or differentiation in dnMAML-rescued Br2-EnR electroporations (H'); these cells were
largely negative for Sox2 (J and J') and Brn2 (K and K’) in either case. Quantifications in several sections from each electroporation condition are shown in (L and M: overlap of
GFP(green) with Ctip2 (red) or Pax6 (blue)) in (L), while the proportional location of GFP labeling is shown in (M). 8 denotes 1-factor ANOVA P < 0.001. Pairwise t-test P-values
for (L and M) are provided, along with replicate charts, in Supplementary Fig. 6C"-0’, respectively. UL = upper layer and DL = deep layer.

Cerebral Cortex November 2013, V23 N 11 2637


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhs252/-/DC1

across all reporters studied (Supplementary Fig. 50,7'), con-
firming that this precocious differentiation within the VZ could
be gene-dosage-related. Correspondingly, prior studies have
demonstrated that while Brn1, Brn2, and Oct6 exhibit congru-
ent DNA-binding specificities, Oct6 has a more robust transacti-
vation domain than Brn1 (Schreiber et al. 1997).

But if Oct6 is more transcriptionally powerful than Brn1/2,
why are Brnl/2 double-knockouts sufficient to abrogate
upper-layer neurogenesis? Quantitative measures of different
mRNA species derived from RNA-seq data from E14.5 embryo-
nic cortex (Ayoub et al. 2011) revealed that Oct6 is the most
weakly expressed of the 3 (Supplementary Fig. 5P). Combin-
ing the luciferase reporter and in vivo expression data, we
were able to estimate the relative transcriptional contributions
of each Pou3f gene to neurogenesis at E14.5; Oct6 makes up
less than 20% of this weighted total (Supplementary Fig. 5U").

Transcriptional Impairment of Brnl/2 Inbibits
Neurogenesis and Migration Within a Specific Temporal
Window

As stated above, the VZs of Brnl/2-electroporated brains de-
monstrate a handful of very highly-expressing transfected
cells that appear to differentiate into neurons in situ, without
migrating at all (Fig. 44,4"). Because such a finding is charac-
teristic of precocious differentiation, possibly incited by a loss
in Notch signaling (Hashimoto-Torii et al. 2008), we sought to
determine if any progenitors remained in these electropora-
tions by P0O. With control electroporations at E12.5, asym-
metric division results in progenitor maintenance (Fig. 44",B)
side-by-side with neuron production. Interestingly, we could
barely find any Brn1/2- or Oct6-electroporated cells that were
Sox2" (Fig. 4A4,B, Supplementary Fig. 5)), or that possessed
the characteristic shape of RG or other VZ-resident progeni-
tors. Instead, the neuron-like cells in the VZs of Brnl/2- or
Oct6-electroporated brains expressed high levels of Tbrl
(Fig. 4A4,B, Supplementary Fig. 5K), a characteristic marker
for differentiating neurons (Englund et al. 2005) that is ex-
pressed in all pyramidal cells in the cortex at PO (though layer
VI cells exhibit the highest expression). In summary, these
data suggest that the Pou3fs are genuine proneural transcrip-
tion factors (Castro et al. 20006).

Because Brn1/2 knockout cortices exhibit little, if any, pro-
duction of upper layer cells (Sugitani et al. 2002), we next
asked whether their proneural activity was a key determinant
in upper-layer neurogenesis. Brnl and Brn2 proteins bind
similar DNA sequences (Friedrich et al. 2005); the amino-acid
sequence of their DNA-binding domains is identical except
for a N — S substitution in the homeobox and a T — S substi-
tution in the linker region. Thus, we used a construct contain-
ing the DNA-binding domains of Brn2 fused to an Engrailed
repressor domain (EnR) (Kim et al. 2008) to ablate Brnl/2-
mediated transcriptional activation.

We initially electroporated Brn2-EnR at E13.5, a time when
upper-layer cells are specified in dorsolateral cortex. Within
48-h after electroporation, major differences were seen
between Brn2-EnR and EnR alone (Fig. 4C-F). Specifically,
Brn2-EnR prevented the departure of cells from the VZ, with
very few reaching the CP (Fig. 4D vs. C,F). Instead, the GFP*
cells in Brn2-EnR electroporations exhibited columnar,
bipolar, and RG shapes characteristic of progenitors, with few
expressing Tbr2 (Fig. 4D). Quantifications demonstrated that
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Brn2-EnR impaired neurogenesis at an early step (Fig. 4E), as
it resulted in the tandem reduction of Ngn2 and Tbr2. We
used a cleaved Caspase-3 antibody to investigate the possi-
bility that apoptosis may also be involved in this reduction of
neurogenesis; cell death events were sporadic, but did not
appear to be more heavily associated with Brn2-EnR (data not
shown).

By PO, consequences of the neurogenic blockade by
Brn2-EnR starting at E13.5 were very apparent; instead of pro-
ducing GFP* neurons as normal (Fig. 4G), Brn2-EnR expressing
cells remained in the VZ as Pax6" progenitors (Fig. 4G',L,M).
The effect was only partially mitigated by low-concentration
pCAG-Satb2 co-expression with Brn2-EnR (Fig. 4G” and LAM).
On the other hand, co-electroporation with low-concentration
PEGFP-dnMAML (which ablates Notch-directed transcription)
led to a substantial, but incomplete, rescue of neurogenesis, as
evidenced by fewer GFP" cells in the VZ (Fig. 4G'” and L,M),
and fewer Pax6" cells, compared with EnR alone.

Many of the neurons generated were arrested in the
17Z/white matter (WM) at PO in both Brn2-EnR and dnMAML
rescue conditions; some expressed high levels of Pax6
(Fig. 4H,H"), but were otherwise Sox2~ (Fig. 4/,/)) and Brn2~
(Fig. 4K). Others expressed Ctip2 (Fig. 4H,H'). The 1Z/WM-
arrested cells that expressed Pax6 but not Sox2 could be
undergoing a failed sequence of neural differentiation,
because Pax6 is known to be negatively regulated by the
induction of neurogenesis (Kawaguchi et al. 2004; Bel-Vialar
et al. 2007). Although dnMAML restored the initial step of
neurogenesis in Brn2-EnR electroporations, cells were im-
paired at subsequent stages of differentiation, as evidenced
by excessive numbers of Tbr2"/Ngn2* cells near the SVZ at
PO, and of Tbr1*/NeuroD1" cells within the 1Z/WM (Sup-
plementary Fig. 7).

Overall, there were slight regional biases in these effects; we
found that Brn2-EnR had its strongest phenotype in more
rostral regions of cortex, whereas caudal regions seemed to be
less susceptible to its anti-migratory effects (data not shown).
Spatiotemporal differences in neurogenesis, as a consequence
of spatiotemporal molecular disparities, likely underlie these
findings.

Thus, we wanted to know if impairment of Brn1/2-directed
transcription could prevent neurogenesis in dorsal telence-
phalon at other times. We electroporated Brn2-EnR at E12.5, a
time when predominantly layer V and IV cells are specified,
and examined brains at P0O. Similar to electroporations at
E13.5, Brn2-EnR prevented neurogenesis and migration
(Fig. 54,B), increasing the number of Pax6*/VZ-resident cells;
however, blockade of the initial step of neurogenesis was far
less severe. When we plotted differences in GFP location at
PO between Brn2-EnR and EnR control electroporations per-
formed at E13.5 versus E12.5, we found that VZ retention,
vis-a-vis neurogenesis impairment, was nearly 3-fold (Fig. 5C)
more severe at E13.5 than at E12.5, whereas migration of cells
to the upper layers of CP was equally hindered.

Additionally, postnatal genesis of olfactory bulb (OB) inter-
neurons was not impaired by Brn2-EnR (Fig. 5D-F"). We con-
ducted electroporations of Brn2-EnR or EnR in PO pups,
finding GFP* neurons both in OB (Fig. 5D,D’) and the rostral
migratory stream (RMS, Fig. S5FF) at PG. Although the
Brn2-EnR electroporations appeared weaker in GFP fluor-
escence intensity than controls, we could not detect any gross
differences in the appearance of GFP* cells in the postnatal
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Figure 5. Brn1/2 is required for neurogenesis specifically at the time of the births of
upper-layer projection neurons. (4 and B) PO sections electroporated at E12.5 with
either EnR (4) or Brn2-EnR (4’), stained with Ctip2 (red), Pax6 (blue), and GFP
(green). Brn2-EnR has an inhibitory effect on neurogenesis and migration; however,
the impairment of neurogenesis at E12.5 is not as strong as Brn2-EnR overexpression
performed at E13.5. The proportional location of GFP labeling in E12.5 EnR and
Brn2-EnR electroporations is shown (B). (C) Comparison in E12.5 and E13.5
electroporations (examined at PO) of the Bm2-EnR over EnR quotient (i.e. fold
change) of GFP proportional labeling for any compartment. This chart demonstrates a
much stronger impairment in the VZ departure of Bm2-EnR electroporated cells at
E13.5 than at E12.5. (D and G’) Brn2-EnR or EnR was electroporated at PO and
examined at PB; postnatal genesis of VZ/SVZ olfactory bulb interneurons is
unimpaired by Brn2-EnR. Although Brn2-EnR electroporations appeared weaker than
EnR electroporations (D and D’), GFP* radial glia endfeet were observed on the
cortical surface (* and insets in D and 0') in both cases, and GFP™ cells were seen
in OB (arrows in D and [’). Coronal cross-sections of either OB or rostral cortex
demonstrated the presence of GFP™ prospective neurons in OB (£ and £/) and in the
rostral migratory stream (F and F’) in either case. Furthermore, the VZ/SVZ did not
appear different in Bm2-EnR versus EnR electroporations; GFP(green) labeled both
Pax6' (arrowheads in G and G’) and Pax6™ (arrows in G and G') astrocyte-like cells.
UL = upper layer and DL = deep layer.

SVZ (Fig. 5G,G’). In summary, these findings suggest that
Brnl/2 has a concrete role in neurogenesis, but primarily
during the time that upper-layer projection neurons are speci-
fied and born.

Finally, we devised a Brnl-EnR construct similar to
Brn2-EnR to determine whether any functionality could be
attributable to differences between the protein DNA-binding
domains. E13.5 electroporation of Brnl-EnR generated a
similar, albeit slightly weaker phenotype to that of Brn2-EnR,
when brains were examined at PO (Supplementary Fig. 5L',L):
It resulted in a parallel failure of transfected cells to

downregulate Pax6 expression, although did not appear to
impact radial migration as severely (Supplementary Fig. 5M,
N). More importantly, however, the effect of Brnl-EnR was
substantially more pronounced when electroporations were
performed at E13.5 than at E12.5 (data not shown). Thus,
although some subtle disparities in in vivo DNA binding may
exist between Brnl and Brn2, they seem to share an overlap-
ping function in directing upper-layer neurogenesis.

Pou3fs Promote Neurogenesis by Upregulating Other
Proneural Genes, as Well as by Diminisbing
Notch-Directed Transcription of Hes5

All data gathered henceforth have suggested that the Pou3f
factors are true proneural genes capable of biasing progenitor
cells toward a neural fate at the expense of progenitor main-
tenance. To uncover potential pathways involved in this
process, we examined their ability to influence both the
program of neural differentiation and Notch signaling. In pro-
genitors, if Notch signaling is low, Ngn1/2 becomes highly
active, setting off a well-programmed cascade of differen-
tiation (Kawaguchi et al. 2004; Englund et al. 2005; Sessa
et al. 2008; Sansom et al. 2009). The core of this cascade
(Ngn2 — Thr2 — NeuroD — Tbrl) is conserved in the differen-
tiation of all glutamatergic cortical neurons.

To this end, we designed luciferase reporters for Ngn2 and
Tbr2 following published findings (Fig. 64,B). We observed
that Brn2 overexpression in N2a cells elicited the endogenous
expression of Tbr2 (Fig. 6C,D,H), but not Ngn2 (Fig. GE-G).
On the other hand, Pax6 overexpression in N2a cells caused
endogenous Ngn2, but not Tbr2, expression (Fig. GOE,F,H).
Nonetheless, Brnl/2 drove positive transcriptional activity
from both Ngn2 and Tbr2 reporter plasmids that was in-
creased by cotransfection of combinations of factors (Fig. 6I,)).
We also found considerable in vitro and in vivo evidence of
Pou3f regulation of Thrl, a downstream target in the cortical
neurogenic program (Fig. 7). Furthermore, we identified regu-
latory sequences at the Satb2 locus, and have determined that
octamer-binding transcription factors (such as Pou3f factors)
likely contribute to the regulation of Satb2 (Supplementary
Results and Supplementary Fig. 8)—all Pou3f factors tested
induce Satb2 in vivo (Supplementary Figs. 8E-H and 5F) and
in vitro (Supplementary Fig. 50 and 84-C). Taken together,
these results imply that Pou3fs are important facilitators of
differentiation at multiple distinct steps in the neurogenic
cascade.

At the start of neurogenesis, Notch and RBPJ/x signaling
control self-renewal via induction of the widely studied hairy/
enhancer-of-split (Hes) genes (Ohtsuka et al. 1999). Hes1/5
negatively regulates transcription of neurogenesis-promoting
genes Neurogenins (Ngn) 1 and 2, thereby effecting progeni-
tor maintenance and inhibiting neurogenesis (Imayoshi et al.
2008; Shimojo et al. 2008; Ochiai et al. 2009). We studied the
effects of Brn2 expression on Hesl and Hes5 reporters,
finding that its presence strongly inhibited Hes5 (Fig. 8E), but
had minimal effect on Hesl (Fig. 8D). Cotransfection of the
proneural bHLH factor Hes6, but not Ngn2, followed a similar
trend (Fig. 8D,E); we thus examined Hes6 more closely. The
Pou3fs drove positive Hes6 reporter activity, although forced
expression of Ngn2 or a Pou3f in combination with Ngn2
showed higher reporter induction (Fig. 8F). Lastly, we found
that Brn2-EnR transfection substantially increased the ability
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demonstrates similar findings (H). (/ and J) Ngn2 and Tbr2 reporter activity showns
strong activation by Brn1/2 alone and in combination with known upstream proneural
regulators. All luciferase values were normalized to the transfection condition
generating the maximal activity.

of NICD to activate either the Hesl or Hes5 reporter
(Fig. 8G), corroborating our earlier in vivo findings (Fig. 4
and Supplementary Fig. 7). Because the Brn2-EnR construct
contains only the Brn2 DNA-binding domains and a repressor
domain, this positive transcriptional influence on Hesl and
Hes5 is probably due to the suppression of a Notch transcrip-
tional repressor such as Hes6.

Discussion

We show, using a plethora of in vivo and in vitro molecular
tools, that Brnl/2 (and to a lesser extent, Oct6) is a crucial
regulator of the transition from early- to mid-neurogenesis in
developing mouse cortex. The beginning of their expression
correlates with the progression of neurogenic laminar fates in
progenitors, and they persist in a manner that is coincidental
with a change in the identity of the progeny neurons.
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Our studies reveal that in the absence of Brn1/2 transcrip-
tion, the production of upper-layer cells is strongly reduced;
this correlates well with knockout animals, which exhibit a
near absence of these cells altogether (Sugitani et al. 2002).
The necessity for Brnl/2 in neurogenesis increases 3-fold
between E12.5 and E13.5, coincident with the increase
in Brnl/2’s own expression in dorsal telencephalic VZ—
progenitors express Brnl/2 just in time to meet the require-
ment for it in subsequent neuron production. Starting at
E13.5, the presence or absence of other factor(s) could have a
role in prompting the requirement for the Pou3f TFs in neuro-
genesis, and/or in inducing their expression. Indeed, the up-
stream regulation of Pou3f genes might be very revealing;
future work can identify whether such factors as Pax6, TIx
(Schuurmans et al. 2004), Hes1/5 (Imayoshi et al. 2008), or
others contribute to these functions. Intriguingly, many cells
rescued from Brn2-EnR expression at E13.5 with dnMAML are
largely unable to complete neural differentiation and migrate
fully into the CP. Thus, Brnl/2 is not only necessary for the
initiation of neural commitment after this time via, but also
for subsequent steps in neurogenic differentiation.

Our results firmly agree with prior Brn1/2 knockout analy-
sis in demonstrating that Brn1/2 is essential for producing
cortical neurons of the upper layers. However, our results
reach beyond current knowledge in several critical ways. We
have harnessed the power of in utero electroporation to
conduct knockout studies in only a subset of cells in a tem-
porally controllable manner. When Brnl/2-directed transcrip-
tion is lost, neural differentiation and migration is imperiled at
E12.5, but neurogenesis is lost after E13.5—coincidental with
the births of upper-layer neurons. Furthermore, we show that
Brnl, Brn2, and Oct6 are bona fide proneural transcription
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factors that promote neurogenesis at the expense of progeni-
tor renewal. Misexpression of any of these Pou3fs in early
cortex development is sufficient alone to drive the production
of neurons, a large proportion adopting the migratory and
molecular characteristics of later-born upper-layer cells. Thus,
these Pou3fs are necessary for late-born neurogenesis, but
their presence also confers that upper-layer specification in
molecular identity (Fig. 24-G), axonal projection (Fig. 2/,K),
and migratory behavior (Fig. 3).

Of substantial interest is the Pou3f-directed cell-auton-
omous migration to superficial laminar positions in the CP.
Classical transplantation studies of mid-neurogenic progeni-
tors into earlier brains have shown that the sequence of
neuronal subtype birth is cell-intrinsic, and that older
donor progenitors produce neurons migrating to the upper
layers although they are born concurrently with the deep
layers of the host (Frantz and McConnell 1996). Our data show
that the propensity for upper-layer neurons to migrate into
superficial laminar positions is genetically instructed by
Pou3fs, and is not based solely on the fact that they are nor-
mally born after deeper resident neurons. Knowing that Satb2
is crucial for radial migration (Britanova et al. 2008), and that
it can partially rescue the phenotype associated with
Brn2-EnR, we define a Pou3f — Satb2 pathway that instructs
cell-intrinsic upper-layer specification.

In conclusion, it is thought that the basic Pax6 — Ngn2 —
Tbr2 (Englund et al. 2005) sequence is obeyed as the first step
of differentiation in all cortical pyramidal neurons. We show
that during the birth of prospective upper-layer neurons, the
initial step of this sequence cannot proceed in the absence of
Pou3f-directed transcription. Our work provides a glimpse of
the molecular cellular changes encoding the intrinsic fate tran-
sitions in progenitor cell lineages. Indeed, such transitions
underlie the proper birth sequence of pyramidal neurons that
serve to generate a vast neural diversity in cortex (Shen et al.
2000).

Supplementary Material

Supplementary material can be found at:
oxfordjournals.org/.
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