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Signal Transducer and Activator of Transcription-3
Maintains the Stemness of Radial Glia at Mid-Neurogenesis

Seulgi Hong and Mi-Ryoung Song
School of Life Sciences, Biolmaging Research Center and Cell Dynamics Research Center, Gwangju Institute of Science and Technology, Oryong-dong,
Buk-gu, Gwangju 500-712, Republic of Korea

Radial glial cells are stem cell-like populations of glial nature that supply neurons either directly or indirectly via basal progenitors that
give rise to neurons. Here we show that signal transducer and activator of transcription-3 (STAT3) signaling, a cytokine signaling
mediated by Janus tyrosine kinase (Jak), is active during neurogenesis in radial glia (RG) but not in basal progenitors. Enhanced STAT3
signaling in cortical progenitors caused more RG to persist rather than become neurons. Targeted deletion or RNAi-mediated knock-
down of Stat3 resulted in fewer radial glial cells and more basal progenitors and led to premature neurogenesis. The neuronal populations
affected in Stat3 mutant mice were the late-born neurons that constitute the upper cortical layers rather than early-born neurons, thus
supporting the view that the role of STAT3 at mid-neurogenesis is layer specific. Analysis of dividing RG revealed that STAT3 selectively
increased the proportion of dividing RG, whereas downregulation of STAT3 reduced the proportion. Consistent with this, STAT3 activity
in dividing RG was associated frequently with vertical cleavage. Pair-cell analysis showed that elevated STAT3 activity correlated with
symmetric division of RG, producing more RG, whereas elimination of STAT3 generated more neurogenic cells. Together, our results
suggest that STAT3 maintains the stemness of RG and inhibits their transition to basal progenitors at mid-neurogenesis, so probably

preserving a pool of RG for later neurogenesis or gliogenesis.
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Introduction

Radial glial cells are widespread and unique precursor cells in the
developing central nervous system that were once thought to
merely support migrating newborn neurons as structural scaf-
folds. Initially, a thin layer of neuroepithelial cells comprising the
ventricular zone (VZ) undergoes symmetric divisions to expand
a pool of neural stem cells. At the onset of neurogenesis, at ap-
proximately embryonic day 9 (E9) and E10 in mice, the transition
from neuroepithelium to RG occurs, revealed by the appearance
of distinctively long radial fibers that span the entire width of the
cortex (Gotz and Huttner, 2005). RG mostly undergo asymmet-
ric divisions to self-renew and generate intermediate progenitor
cells (IPCs), transient amplifying cells that give rise to neurons.
IPCs in the VZ are also called short neural precursors, distinct
from the IPCs in the subventricular zone (SVZ; Gal et al., 2006).
Both neuroepithelium and RG sequentially supply a diverse rep-
ertoire of neurons and glia that constitute the entire brain. Early
progenitors tend to produce lower-layer neurons, whereas late
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progenitors generate upper-layer neurons, creating a cortical
lamination in an inside-out manner. At the end of neurogenesis,
RG cease to generate neurons and transform into astrocytes or
provide glial progenitors (Gotz and Huttner, 2005; Kriegstein
and Alvarez-Buylla, 2009). Thus, neuroepithelium and RG con-
tribute complementary components of cortical development: the
initial expansion of the neuroepithelium dictates overall brain
size, whereas the later propagation of RG establishes the balance
between layer-specific neurons and glia (Gotz and Huttner, 2005;
Kriegstein and Alvarez-Buylla, 2009; Pinto et al., 2009).

We hypothesized that STAT3, a cytokine signaling that is im-
portant in gliogenesis in perinatal brains, played a key role in
early progenitors (Levy and Darnell, 2002). STAT3 and leukemia
inhibitory factor (LIF), a cytokine that activates STAT3 and
maintains neural stem cells, are present during the neurogenic
periods of brain development, especially in the VZ in which pro-
genitors reside (Kamakura et al., 2004; He et al., 2005; Yoshi-
matsu et al.,, 2006). Also, LIF is used widely to propagate
embryonic stem cells and neural stem cells that maintain their
pluripotency (Shimazaki et al., 2001; Pitman et al., 2004). In
agreement with this, a reduction of dividing progenitors was re-
ported in mice that lacked the cytokine receptors that initiate the
Jak-STAT3 pathway (Shimazaki et al., 2001; Hatta et al., 2002;
Gregg and Weiss, 2005; Bauer and Patterson, 2006; Gallagher et
al,, 2013).

We here describe a novel role of STAT3 as a major determi-
nant of the generation and maintenance of radial glial cells. We
show that STATS3 is expressed in RG at the onset of initial neuro-
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genesis and enriched in dividing RG destined to become upper-
layer neurons but not in neurogenic basal progenitors. Enhanced
STATS3 activity combined with exposure to LIF resulted in the
persistence of more RG, whereas absence of STAT3 resulted in a
reduction of RG and premature neurogenesis, mainly producing
upper-layer neurons. In agreement with this, we found that
STAT3 promoted the symmetric division of RG so increasing the
overall proliferating population. Together, our findings show
that STAT3 is essential for assigning and maintaining RG iden-
tity, which is critical for maintaining a balance between neuro-
genesis and gliogenesis.

Materials and Methods

Mouse lines. The production of Stat3 floxed mice was described previ-
ously (Takeda etal., 1997). Stat3":nestin::Cre double-mutant mice were
obtained by crossing a male Stat3"*;nestin::Cre mouse and a female
Stat3"" mouse. The day of vaginal plug formation was designated E0.5.
Littermates of Stat3"*or Stat3"" genotypes and no Cre were used as
controls, unless indicated otherwise. Animals were housed in specific
pathogen-free barrier facilities and used in accordance with protocols
approved by the Animal Care and Ethics Committees of the Gwangju
Institute of Science and Technology.

Immunoblotting. For Western blot assays, mouse embryonic brains
were harvested and samples were processed for immunoblotting as de-
scribed previously (Kang and Song, 2010). Antibodies used were as fol-
lows: rabbit anti-Stat3 (New England Biolabs), rabbit anti-Statl (Santa
Cruz Biotechnology), mouse anti-GFAP (Sigma), rabbit anti-Sox2 (Mil-
lipore), and mouse anti-B-tubulin (Sigma). Secondary goat anti-mouse
or anti-rabbit I[gG-HRP antibodies (Santa Cruz Biotechnology) were used.
Pierce ECL Western Blotting Substrate (Pierce) was used for detection.

Immunohistochemistry and in situ hybridization. Embryos were fixed
in 4% paraformaldehyde (PFA) for immunohistochemistry. Transverse
sections of 12 um thickness or primary cells grown on glass coverslips
were incubated with primary antibodies. The following antibodies were
used: rabbit, mouse, or chick anti-GFP (Invitrogen, Abcam), mouse anti-
RC2 (Developmental Studies Hybridoma Bank), mouse anti-vimentin
(Developmental Studies Hybridoma Bank), mouse anti-Nestin (BD
Pharmingen), rabbit anti-Tujl (Covance), rabbit anti-doublecortin
(DCX; Cell Signaling Technology), rabbit anti-Pax6 (Covance), mouse
and rabbit anti-Sox2 (Abcam, Millipore), rabbit anti-Cux1 (Santa Cruz
Biotechnology), rabbit anti-Ngn2 (Dr. M. Greenberg, Harvard Medical
School, Boston, MA), rabbit anti-Tbr2 (Abcam), rabbit anti-Tbrl (Ab-
cam), rat anti-Ctip2 (Abcam), and mouse anti-y-tubulin (Sigma).
Fluorophore-conjugated species-specific secondary antibodies were
used as recommended (The Jackson Laboratory and Invitrogen). To de-
tect STAT3, we used anti-Stat3 antibody (catalog #4904; Cell Signaling
Technology), which detects both phosphorylated and nonphosphory-
lated STAT3, along with autoclaved antigen retrieval (121°C in 0.01 M
tri-sodium citrate buffer, pH 6.0) and a TSA kit (Invitrogen), as de-
scribed previously (Kang et al., 2013). For in situ hybridization, trans-
verse sections were hybridized with digoxigenin-labeled probes specific
for Stat3 that were amplified from mouse embryonic cDNA using an
Advantage cDNA PCR kit (Clontech).

DNA constructs and in utero electroporation. Timed pregnant mice
were ethically anesthetized with isoflurane combined with oxygen/nitric
oxide. DNAs were injected into the lateral ventricles of embryos and
electroporated using a squared wave electroporator (BTX; for E13.5 em-
bryos, 5 pulses, 30 V, 50 ms, 950 ms intervals; for E11.5 embryos, 3 pulses,
30 V, 50 ms, 950 ms intervals). To construct short-hairpin RNA
(shRNA)-expressing vectors, oligonucleotides targeting the coding
sequence and their complementary sequences were inserted into
PCAG mir-30 plasmid. The targeting sequences for Stat3 were as
follows: Stat3 shRNA 551 (5'-CATGCAGGATCTGAATGGAAAC-
3') and Stat3 shRNA 551 scrambled (5'-GAACCTGAGATATGCG
ACAAGT-3"). To generate a STAT3-responsive SBS8-H2BdGFP
reporter, eight repeats of the STAT3 binding element of the GFAP pro-
moter (TTCCGAGAA, —1518 to —1510 for mouse) were subcloned into
pCS2-miniCMV-H2BdGFP, containing the minimal CMV promoter
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and destabilized nuclear GFP (dGFP) with nuclear localization signal
H2B (Takizawa et al., 2001). CMV-H2BdGFP was made by fusing the
full-length CMV promoter and dGFP. The Stat3 CA (contains A662C,
N664 C mutations) plasmid was generated by site-directed mutagenesis
using primer pairs reported in previous studies (Bromberg et al., 1999;
Hong and Song, 2014).

P19 cell cultures. P19 cells were grown with 1 uM retinoic acid (Sigma)
to induce embryonic bodies, and ciliary neurotrophic factor (CNTF; 50
ng/ml), a ligand that activates the JAK-STAT signaling pathway, was
applied for an additional 3 d. Cells were dissociated with 0.25% trypsin-
EDTA (Invitrogen) and replated. Each set of cells was harvested after 2 or
4 days in vitro (DIV), immunostained for brain lipid-binding protein
(BLBP), and expressed in RG during development using rabbit anti-
BLBP (Abcam) antibody.

Neurosphere cultures. Cortical cells dissected from E13.5 mouse em-
bryos were dissociated into single-cell suspensions. Primary cells were
plated at low density in DMEM/F-12 (Sigma) supplemented with FGF-2
(20 ng/ml; R&D Systems), EGF (20 ng/ml; R&D Systems), and B27 (In-
vitrogen). CNTF (50 ng/ml; R&D Systems) or LIF (50 ng/ml; Millipore)
was added at 3 d after from the start of incubation. For differentiation,
neurospheres were dissociated at 7 DIV and plated on poly-p-lysine-
coated coverslips in DMEM/F-12 supplemented with 2 ng/ml FGF-2, 2
ng/ml EGF, 2% heat-inactivated horse serum, and B27.

Ex vivo slice culture. Cortices were isolated from E13.5 mouse em-
bryos. Brains were injected with CAG-based plasmid DNA using micro-
capillary pipettes with aspirator tube assemblies (Sigma). The electrodes
were placed next to the brains and electroporated ex utero using a squared
wave electroporator (BTX; 5 pulses, 30 V, 50 ms, 950 ms interval). Elec-
troporated cortices were embedded in 3% agarose gel and sectioned
coronally at 300 wm thickness using a vibratome (Ted Pella). Brain slices
were placed onto membrane inserts (Corning) and incubated with slice
culture medium (basal medium eagle, complete HBSS, 20 mm D-glucose,
1 mm r-glutamine, and 1% penicillin/streptomycin). After 2 d, brain
slices were fixed with 4% PFA and underwent immunohistochemistry
procedures. To immunostain the slices with anti-DCX and Tuj1 antibod-
ies, fixed slices were cryoprotected with 20% sucrose in PBS and embed-
ded in OCT compound (CellPath Labs). Transverse sections of 16 um
thickness of cortical slices underwent immunohistochemistry proce-
dures (Zhao et al., 2008). Cells were imaged with an FV1000 confocal
microscope to test colocalization.

BrdU and ethynyl deoxyuridine incorporation assay. For cell-cycle anal-
ysis, mice were electroporated at E13.5 or E11.5, and ethynyl deoxyuri-
dine (EdU; 50 mg/kg; Life Technologies) was injected intraperitoneally at
E15.5 or E13.5, 48 h after electroporation. Embryos were harvested either
2 h or 1 d thereafter, as indicated. Brain sections were stained with a
Click-iT EdU Imaging kit (Invitrogen). To obtain labeling indices, we
counted the number of EQU “GFP */GFP " cells in areas of 100 X 100
wm? on photographic images. To measure cell-cycle exit and reentry, in
utero electroporation was performed in pregnant mice carrying E13.5
embryos. After 2 d, BrdU (50 mg/kg; Sigma) and EdU (50 mg/kg) were
administered sequentially intraperitoneally 10 h apart. Embryos were
harvested 2 h after EAU injection (Cubelos et al., 2008). BrdU was de-
tected using mouse anti-BrdU (BD Biosciences, Sigma) antibody using
an antigen-retrieval method (0.5N HCI, protease K treatment).

Retroviral infection and pair-cell analysis. For retroviral production,
the pBMN-GFP retroviral expression vector, group-specific antigen
(GAG), and the G-protein of vesicular stomatitis virus plasmid were
transfected into retrovirus-packaging Phoenix ecotrophic cells (Ameri-
can Type Culture Collection). For pair-cell analysis in vivo, we electro-
porated a minimal amount of DNA (10 ng/ul) at E13.5 and harvested
brains at E15.5. We chose regions of the VZ in which labeled cells were at
least 50 wm apart from each other. Serial sections of brains were analyzed
by z-stack confocal microscopy to locate two-cell clones whose cell bod-
ies contacted each other and were located at least 20 wm above the ven-
tricle within the VZ.

Cleavage plane angle analysis. For cleavage plane analysis, E13.5 mouse
embryos were electroporated with CMV-H2BdGFP or SBS8§ —H2BdGFP.
After 24 h, embryo cortices were prepared and processed for immuno-
staining. To label mitotic radial glial cells, we used anti-phospho-
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vimentin (MBL International), y-tubulin (Sigma), and phospho-histone
H3 (PH3; Millipore), a specific marker for condensed chromatin during
mitosis and meiosis. Because of the limited choice of antibodies, we used
the same channels to detect phospho-vimentin and y-tubulin, which
occupy distinct locations (Postiglione et al., 2011; Xie et al., 2013). For
quantification, we considered H2BdGFP, phospho-vimentin, and PH3
triple-positive cells to be dividing RG. The angle of the cleavage plane
between the ventricular surface and equatorial plate of dividing radial
glial cells in anaphase or telophase was measured with NIH Image]
software.

Time-lapse image acquisition. Brain slices were prepared from CMV—
H2BdAGFP or SBS8 —H2BdGFP-electroporated ICR mice. For time-lapse
imaging, acute brain slices (300 wm thick) were placed on glass-
bottomed 35 mm plastic dishes (SPL Life Science) in 5% horse serum
MEM (Invitrogen) at 37°C. The slices were viewed through the 20X
objective lens (UPLSAPO, 0.75 numerical aperture) of an Olympus
FV1000 inverted confocal microscope. Images were collected in 10
z-steps (~10 wm intervals) every 15 min. Divisions of RG were observed
by monitoring H2BdGFP-labeled nuclei. z-series images were recon-
structed with the Olympus FLUOVIEW imaging software.

Quantification analysis. Cells were counted on z-series of cortical slice
images with a 20X objective on a 2X digital zoom using an FV1000
confocal microscope and FLUOVIEW imaging software (Olympus). For
each experiment, at least three brains were quantified from each group,
and three to four images were collected from each brain. Quantification
of cell numbers were performed as follows: for Pax6, Cuxl, Ctip2, and
Tbrl, the number of cells within the columnar regions of 100 wm width
was quantified; for Tbr2 and Ngn2, the one within 2500 wm? area of the
VZ and SVZ were counted. The border between VZ and SVZ was deter-
mined by Pax6 expression. The number of phospho-vimentin *Sox2 *
outer RG (0RG) cells was counted in the entire one hemisphere because
of their limited number. For Cux1/Ctip2/Tbr2 immunostaining images,
two adjacent sections were immunostained with anti-Cux1 and Ctip2
antibodies and with anti-Tbr1 antibody, respectively, because of the lim-
ited choice of primary antibodies. The images of the adjacent sections
were overlaid manually. To exclude RG in the VZ, only Cuxl * neurons
located above the Ctip2 ™ layer were counted (Franco et al., 2012). To
quantify RG in organotypic culture, we only counted cells, within 200 X
200 um? areas, whose cell bodies were in the VZ and that had
GFP "Nestin © processes in the cortical plate (CP). Typically, three
squares were counted in each slice. For SBS8—dGFP labeling, STAT3
overexpression from E13.5 to E17.5 for the EAU and BrdU labeling ex-
periment, cells in a 100 X 100 Mmz area from the ventricular surface or
from the pial surface (localization of GFP or STAT3-overexpressed cells
in the CP) were quantified.

Results

STATS3 is selectively expressed in RG in the neocortex

To see whether STAT3 signaling was active during neurogenesis,
we examined STAT3 expression by Western blotting (Fig. 1A).
STAT?3 was detected in E10.5 and E12.5 mouse brain lysates when
neurogenesis was ongoing. It continued to be present in the
brains of E14.5, E16.5, and E18.5 embryos but at a lower level
(Fig. 1A). This sequence coincided with the expression of the
progenitor markers nestin and Sox2. GFAP, a marker for mature
astrocytes directly induced by STAT3, only began to appear at
E18.5 when gliogenesis began (Bonni et al., 1997; Barnabé-
Heider et al., 2005). Thus, the role of STAT3 may not be limited
to glial differentiation; it may also be involved in aspects of
neurogenesis. In the E10.5 mouse cortex when most cells are
progenitors, STAT3 immunoreactivity was found in the neuro-
epithelium labeled by nestin (Fig. 1B, C). At E14.5, Stat3 mRNA
and protein were restricted to the VZ in which there are radial
glial cells labeled by Sox2 and Pax6, especially on the apical side of
the VZ (Fig. 1D-G). The basal progenitors (or IPCs) labeled by
Tbr2 were found mostly on the basal side of the VZ and SVZ (Fig.
1H). In higher-magnification images, STAT3 expression over-
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lapped with that of nestin and was prominent from the VZ to the
intermediate zone (IZ) but was low in the processes close to the
pial surface (Fig. 11,J) (Yoshimatsu et al., 2006). Thus, STAT3
appears to be located in both the nucleus and cytoplasm of RG,
suggesting the possibility of a dynamic translocation between
nucleus and cytoplasm.

To define the cell types containing STAT3 in more details, we
examined the overlaps between progenitor markers and STAT3,
and a STAT3 reporter introduced by in utero electroporation. In
the E14.5 cortex, only ~30% of Sox2 ™ progenitors expressed
STATS3, consistent with the heterogeneous expression of STAT3
in the VZ (Fig. 1K). We next constructed the SBS8—dGFP,
STATS3 reporter containing eight consecutive copies of the STAT
binding site fused to dGFP, which is believed to reflect STAT
activity in vivo (Takizawa et al., 2001). The selective responsive-
ness of the STAT3 reporter was confirmed in HEK293T cells, in
which GFP expression was induced in response to LIF or when
the STAT3 active form was cotransfected (Fig. 1R-U). When a
ubiquitous CAG promoter-based RFP and the SBS8—GFP re-
porter were coelectroporated, most RFP "GFP ~ cells migrated
toward the CP in which newborn neurons reside, whereas cells
that expressed both RFP and GFP remained in the VZ (Fig. 1Q).
This suggests that STAT3-active cells are more likely to be pro-
genitors. In the VZ, 35% (18 of 52 cells) and 47% (24 of 52 cells)
of RFP " cells expressed both Pax6 and Tbr2, whereas STAT3
reporter-expressing cells mainly expressed Pax6 (88% of GFP
cells, 50 of 57 cells) rather than Tbr2 (19% of GFP cells, 6 of 30
cells; Fig. 1L,N,P). More GFP ™ cells (80%, 37 of 46 cells) ex-
pressed Cuxl, which labels a subset of RG for upper-layer neu-
rons, than did CAG-RFP-expressing cells (33%, 17 of 52 cells;
Franco et al., 2012; Fig. 1 M,P). Thirty-nine percent (13 of 34
cells) of STAT3 reporter-labeled cells expressed Ki67 (a G- to
S-phase marker) compared with 8% (6 of 74 cells) of the CAG-
RFP controls, respectively. This indicates that STAT3 is relatively
enriched in dividing cells (Fig. 10,P,Y). Stat3 protein was not
present in oRG cells, the basal progenitors located in the outer
SVZ (0SVZ) marked by phospho-vimentin (Fig. 1V-X). These
findings indicate that STAT3 is present and active in RG rather
than in basal progenitors (Fig. 1Y).

LIF-STATS3 signaling induces RG identity

To investigate the potential role of STAT3 in RG, we tested the
STATS3 responsiveness of P19 cells, which readily expressed the
radial glial marker BLBP in the presence of STAT3 ligands in vitro
(Fig. 2A—F). Dissociated neurospheres derived from E13.5 mouse
cortical cells also contained an increased number of cells expressing
RC2, nestin, and Sox2 protein but a reduced number of Tuj1-labeled
neurons in the presence of LIF at 1 and 3 DIV (Fig. 2G-P,Q). This
led us to reason that STAT3 activity may induce the RG popula-
tion. We electroporated GFP or the Stat3 plasmid into E13.5
brains ex vivo and incubated the brain slices in organotypic cul-
ture, which permitted better visualization of the morphology of
RG and allowed us to examine the effects of ligands added to the
culture medium (Fig. 3A-T). At 2 DIV, most GFP-expressing cells
were found in the VZ, whereas others were in the IZ and CP (Fig.
3A). At high magnification, the cells in the IZ and CP resembled
typical migrating neurons with leading processes (Fig. 3B). They
expressed the neuronal marker DCX but not nestin, indicating
that they were migrating neurons (Fig. 3C). When LIF was added,
most of the GFP * cell bodies were seen within the VZ, but their
processes spanned the entire width of the cortical wall and
expressed nestin, a hallmark of RG (Fig. 3D, E). When STAT3
was introduced by electroporation, nestin* radial processes
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appeared even without LIF treatment (Fig. 3F,G), and their
presence was further enhanced by LIF (Fig. 3 H,I). Thus, compared
with GFP-electroporated cells in the absence of LIF (5%, 46 of 944),
more cells (29%, 216 of 776) became RG in the presence of LIF and
in the STAT3-electroporated groups (Fig. 3]).

Next, we compared the distribution of GFP-labeled cell bodies
within the cortex in each condition. In the case of dividing pro-
genitors, the cell bodies remain in the VZ; in the case of migrating
newborn postmitotic neurons, the cell bodies should be found in
the IZ/CP. In the GFP-electroporated slices with no LIF treat-
ment, 39% of the GFP-labeled cells (213 of 556 cells) were located
in the VZ/SVZ, whereas 17% reached the CP (96 of 556 cells; Fig.
3K). When LIF was added, more GFP-labeled cells (57%, 202 of
342 cells) remained in the VZ/SVZ, and fewer were found in the
1Z/CP (0.3%, 1 of 342 cells). When STAT3 was introduced, more
cells were found in the VZ regardless of the presence of LIF
(59% in the VZ/SVZ, 226 of 379 cells without LIF; 54% in the
VZ/SVZ, 215 of 409 cells with LIF). Thus, when STAT3 is

<«

(Figure legend continued.) radial processes (X, arrows). ¥, A schematic diagram summarizing the
expression of STAT3 and other markers among progenitors. For simplicity, only asymmetrically
dividing radial glial cells are shown. NE, Neuroepithelium; SNP, short neural precursor; N,
lower-layer neurons; Ny, upper-layer neurons. Error bars represent SEM. *p < 0.05, **p <
0.01, unpaired Student's t test. Scale bars: B, 200 m; €, and (in H) D-H, @, 50 pum; 1,J,10 um;
(in 0) K-0, Vand (in X) W-X, 20 em; (in U) R—U, 100 pum.

active, more cells stay in the VZ. Interestingly, we noted no
obvious production of RG in response to LIF in cultures of
earlier brains (Fig. 3L-0O). We also introduced STAT3 and
Stat3 shRNA into E11.5 cortices using in utero electroporation
and injected EAU before harvest at E13.5. However, STAT3
and Stat3 shRNA did not alter the proportion of dividing cells,
indicating that STAT3 activity is not critical for cell division in
the early progenitors (Fig. 3P-T). Thus, STAT3 mainly acts on
radial glial cells at mid-neurogenesis.

To define the identity of the STAT3-electroporated cells in
vivo, we electroporated GFP or Stat3 at E13.5 in utero and exam-
ined the brains at E17.5. In the control, more GFP-labeled cells
were found in the CP than in the VZ and probably became new-
born neurons (Fig. 3U,V,Y,Z). When Stat3 was introduced, more
cells remained in the VZ and expressed Sox2, and fewer cells were
found in the CP (Fig. 3W-Z2). Thus, STAT3 maintains the iden-
tity of RG.

The apparent increase of RG in response to STAT3 could be
attributable to the production of more RG or more rapid pro-
duction or prolonged maintenance of the same number of RG.
We first monitored the time course of radial fiber formation in
organotypic slice culture (Fig. 4A—P). In the absence of LIF,
most GFP " RG were found at 16-20 h but had disappeared by
26 h. When LIF was applied, the maximum number of RG was
already present at 16 h and persisted until 26 h (Fig. 4Q). Thus,
STATS3 activity allows RG to persist for longer.
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STAT3 is required for maintaining radial glial cells

To see whether STAT3 is required for RG formation, we elimi-
nated or reduced STAT3 using mouse genetics or knockdown
approaches. To avoid the embryonic lethality of Stat3 null mice,
we used Stat3 conditional mutant mice crossed with Nestin—Cre
mice; this selectively removes Stat3 within neural progenitors
(Takeda et al., 1997). To selectively trace radial glial cells in these
animals, we electroporated GFP plasmids into E13.5 Stat3 condi-
tional knock-out (cKO) mice and incubated brain slices in the
presence of CNTF. The GFP-labeled cells in mice heterozygous

for the Stat3 flox allele displayed the characteristics of RG, with
long RG processes and cell bodies in the VZ (Fig. 5A,B). How-
ever, the GFP * cells in slices from the Stat3 cKO mice developed
significantly fewer RG, even in the presence of CNTF (Fig. 5C, D, H).
No significant apoptotic cell death was observed compared with the
control (data not shown). The somata of these cells were mostly
located in the 1Z and expressed an early neuronal marker, Tujl,
indicating that they are immature neurons (Fig. 5E-G).

To further define the nature of Stat3-null cells, we examined
the distribution of progenitors in the Stat3 cKO mice (Fig. 5I-R).
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In the E16.5 Stat3 cKO cortex, the thickness of the VZ was
reduced, whereas the thickness of the SVZ was increased (Fig.
5L]J,N,0,S). The number of Pax6 * cells per unit width of VZ was
reduced accordingly to 70% of the control in the absence of
STATS3 (95 cells in the control, 65 cells in the Stat3 cKO; Fig. 5T).
The number of Ngn2 " or Tbr2 * progenitors per unit area des-
tined to become neurons was higher in the VZ of the Stat3 cKO
mice than in that of the controls (Fig. 5K, L, P, Q,U). The number
of oRG cells marked by phospho-vimentin and Sox2 was un-
changed in the Stat3 cKO (2.86 * 0.46 in control; 1.86 = 0. 46 in
Stat3 cKO; Fig. 5M, R,V). A similar reduction of Pax6 * cells was
also found in brains when Stat3 shRNA was introduced by elec-
troporation (Fig. 5W,X). These results imply that, when STAT3
activity is low, progenitors fail to become RG and instead become
neurogenic IPCs.

Next we tested whether the additional neurons produced in
the absence of STAT3 constitute specific layers of the CP. We
examined laminar formation in E18.5 Stat3 cKO brains, which
were distinguished by expression of Cuxl1 (layers II-1V), Ctip2
(layer V), or Tbr1 (layers II-VI; Hevner et al., 2001; Zimmer et al.,
2004; Arlotta et al., 2005). Lower-layer neurons are born early in
neurogenesis (E10-E12), and upper-layer neurons are born in
mid-neurogenesis (E13—E17; Takahashi etal., 1999; Hevner et al.,
2001; Nieto et al., 2004). The number of Cux1 ¥ neurons in the
upper layer of the brain increased, whereas those in the Ctip2 * or
Tbrl * lower layers were relatively unchanged (Fig. 5Y-GG). We
conclude that, in the absence of STAT3, more upper-layer neu-
rons are produced, whereas the number of neurons in other lay-
ers is not affected.

STAT3 promotes division of RG
To investigate the cell division of radial glial cells in relation to
STAT3, we introduced Stat3 or Stat3 shRNA by electroporation

at E13.5 and analyzed the cells at E15.5 when the electroporated
DNA was fully expressed. Scrambled shRNA coelectroporated
with GFP (referred to as GFP/scrambled) was used as a control.
We injected EAU to label dividing cells at E15.5 and harvested
embryos 2 h later. The EdU labeling index (percentage EdU “GFP */
GFP ™ cells) was ~20% in the GFP/scrambled-electroporated cells,
and this increased to 31% (5 of 16 cells) when Stat3 was overex-
pressed and decreased to 13% (3 of 19 cells) in Stat3 knockdown
conditions (Fig. 6A-G).

To test whether altered STAT3 activity selectively affects par-
ticular cell types, we examined the expression of Pax6 and Tbr2
among the EdU *GFP ™ dividing cells (Fig. 6H-U). Compared
with the GFP/scrambled-electroporated group, Pax6-expressing
cells in the VZ increased when STAT3 was overexpressed (Fig.
6K). The number of cells in the VZ that did not express Tbr2 and
that could be Pax6 * was elevated (Fig. 6R). Thus, when STAT3 is
overexpressed, the proportion of dividing RG rises. Next, we an-
alyzed the proportion of dividing cells in Stat3 knockdown con-
ditions. Compared with the GFP/scrambled-electroporated
group, Pax6-expressing cells in the VZ were reduced and Tbr2 *
cells increased. Measurement of cell-cycle reentry by BrdU/EdU
double labeling at 10 h intervals showed that the proportion of
cells that reentered the cell cycle was greater (1.5-fold) in the
STAT3-overexpressed group than in the control (52 vs 33%)
and reduced (0.5-fold) in the Stat3 knockdown condition (16%;
Fig. 6V). Furthermore, the proportion of phospho-vimentin-
expressing RG, which are mitotically active, increased when
STAT?3 was overexpressed (Fig. 6W—CC). Together, our analysis
suggests that STAT3 augments the number of dividing RG at the
expense of IPC. Conversely, when STAT3 activity is low, dividing
RG decrease and dividing IPCs increase, probably because of a
transition from RG to IPCs.
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STAT3-expressing radial glial cells undergo vertical division. A, Time-lapse stills of vertically dividing single mitotic RG labeled with SBS8 —H2BdGFP in E14.5 mouse cortical slice.

SBS8 —H2BdGFP was electroporated into the brains of E13.5 embryos, and the acute brain slices were made after 24 h. Asterisks indicate two daughter cells after cell division. Dashed line marks the
ventricular surface. B-D, Examples of mitotic RG in fixed mouse brain sections labeled with SBS8 —H2BAGFP (green), phospho-vimentin (pVimentin, red), y-tubulin (red), and PH3 (blue). Each
mitotic radial glial cell showed vertical (B), oblique (C), and horizontal (D) cleavage plane orientations at the ventricular surface. The ventricular surface is marked by the dotted line, and
y-tubulin-labeled centrosomes are marked with asterisks. E, F, Quantification of cleavage plane orientation in CMV—H2BdGFP and SBS8 —H2BdGFP expression conditions (E) and (MV—H2BdGFP
expression in the Stat3 cKO condition (F) (E, n = 76 cells, 5 embryos for CMV—H2BdGFP and n = 62 cells, 8 embryos for SBS8 —H2BdGFP; F, n = 65 cells, 4 embryos for control and n = 90 cells, 5

embryos for Stat3 cK0). Scale bars: 4, (in D) B-D, 10 pum.

STAT3 drives symmetric divisions of RG

One way that STAT3 might increase progenitors is by promoting
symmetric cell division of RG. Because the fate of daughter cells is
correlated with the orientation of the cleavage plane, we mea-
sured this parameter in dividing RG (Chenn and McConnell,
1995). Time-lapse imaging of living slices showed that SBS8-
H2BdGFP-labeled radial glial cells often underwent vertical divi-
sion, and the characteristic interkinetic nuclear movement could
be seen thereafter in their progeny (Fig. 7A). We divided the
angles of the cleavage planes into vertical (60°-90°), oblique (30°-
60°), and horizontal (0°-30°% Fig. 7B-D); if STAT3-active RG
were more prone to divide symmetrically, the proportion of ver-
tical divisions would be increased in cells electroporated with the
STAT3 reporter SBS8—H2BAGFP. We electroporated CMV-
H2BdGFP and the SBS8—H2BdGFP STAT3 reporter in utero at
E13.5 and examined GFP expression in dividing RG in fixed
brains labeled with phospho-vimentin, y-tubulin, and PH3 at
E14.5 (Bultje et al., 2009; Fig. 7E). Vertical division was more
frequent in the SBS8 —H2BdGFP-expressing cells (66%) than in
the CMV-H2BdGFP-expressing cells (37%; Fig. 7E). Conversely,
instances of oblique and horizontal divisions decreased in the
SBS8—-H2BdGFP-positive cells (22% oblique, 12% horizontal)
compared with the control group (42% oblique, 21% horizon-
tal). These results suggest that STAT3-active RG tend to divide
vertically and are thus likely to undergo symmetric divisions and
give rise to progenitors. To test whether STAT3 determines the
orientation of the cleavage plane, we electroporated CMV-
H2BdGFP into Stat3 cKO cortices. Compared with the control

embryos (20% horizontal, 54% vertical), more horizontal (37%)
and lesser vertical (39%) divisions were found in Stat3 cKO em-
bryos (Fig. 7F). Together, these observations suggest that STAT3
activity is associated with vertically dividing radial glial cells.

Next we traced the fate of daughter cells when STAT3 activity
was altered, using markers for progenitors and neurons. We first
conducted pair-cell analysis in vitro. Cre—GFP or GFP retrovirus
was injected into the ventricles of E12.5 Stat3"" brains, and the
brains were harvested at E13.5 for low-density culture. There are
three possible modes of cell division: (1) progenitor—progenitor
(P-P); (2) progenitor—neuron (P-N); and (3) neuron—neuron
(N-N; Fig. 8A—C). The early neuronal marker Tujl was used to
determine the identity of daughter cells at the first cell division.
The proportion of P-P clones was reduced and that of N-N
clones increased after Cre—-GFP injection (Fig. 8D).

To test whether STAT3 also affected the mode of cell division
of RG in vivo, we electroporated a minimal amount of GFP or
Stat3 DNA into E13.5 mouse cortices in utero and harvested
brains at E15.5. The average distance between GFP-labeled cells
was ~50 um, large enough to identify two-cell clones of RG (data
not shown; Bultje et al., 2009). Individual clones whose cell bod-
ies contacted each other and lay in the VZ were confirmed by
z-stack confocal microscopy. Because the fates of daughter cells
indicated by marker expression become obvious several hours
after mitosis, we only examined Pax6 asymmetry in clones lo-
cated 20 wm above the ventricle (Ochiai et al., 2009). The mode of
cell division was determined by Pax6 expression in these cells
(Fig. 8E-J ). When scrambled shRNA was electroporated, 35% of
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the clones underwent symmetric (Pax6 *—Pax6 ™) divisions (8 of
23 clones), and this increased to 70% when STAT3 was overex-
pressed (14 of 20 clones; Fig. 8K). Conversely, downregulation
of STAT3 by shRNA resulted in the appearance of N-N dou-
blets (Pax6 —Pax6 ) not seen in the scrambled or STAT3-
overexpressing groups (Fig. 8K). Together, our observations
suggest that STAT3 activity is associated with symmetric P-P
division and indicate that STAT3-expressing RG tend to undergo
vertical cleavage and symmetric divisions.

Discussion

Over the past several decades, the role of STAT3 in glial differen-
tiation has been studied extensively, but our understanding of its
role in the production of cortical progenitors remains limited.
Here we show that STAT3 is expressed in Pax6 * RG rather than
Tbr2 * basal progenitors and promotes the symmetric division of
RG to maintain their pool size.

Role of STAT3 in RG generating upper-layer neurons
Our detailed spatiotemporal assessment of STAT3 expression
and activity suggests that STAT3 influences a specific lineage of

RG. Only 30% of Sox2 ™ radial glial cells expressed STAT3, and
STATS3 was relatively enriched in dividing RG. The RG with ele-
vated STATS3 activity divided symmetrically, producing two pro-
genitors. Conversely, those with low STAT3 activity failed to
maintain their identity and became prematurely differentiated
upper-layer neurons. Interestingly, only RG at mid-neurogenesis
responded to STAT3 by persisting as RG. The progenitors of lower-
layer (deep) neurons did not respond to STAT3 by forming RG, and
production of deep-layer neurons was normal in Stat3 mutant mice.
IPCs or other recently identified basal progenitors, such as oRG cells
in the oSVZ, did not express STAT3, suggesting that STAT3 does not
directly control these populations (Shitamukai et al., 2011; Wang et
al., 2011). Thus, STATS3 is likely to act selectively on the actively
dividing RG that produce upper-layer neurons.

There is a great similarity between the roles of STAT3 and Cux
factors in cortical development. STAT3 appears to be enriched in
Cuxl-expressing RG (62% of STAT3-active cells; Franco et al,,
2012). Expression of STAT3 is more transient or restricted be-
cause it is enriched on the apical side, in contrast to Cux1 expres-
sion that is sparsely but evenly distributed over the VZ. Second,
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both have been implicated in cell-cycle progression by repressing
cyclin-dependent kinase inhibitors (Coqueret et al., 1998; Fukada
etal., 1998). For instance, Cux2 promotes cell-cycle progression
and mediates cell-cycle exit, leading to neuronal differentiation
in the spinal cord (Tulianella et al., 2008). Third, both STAT3 and
Cuxl1/2 are involved in the formation of upper-layer neurons
because the absence of either gene leads to an expansion of Tbr2 *
IPCs and upper-layer neurons without affecting the birth of
lower-layer neurons (Cubelos et al., 2008). Last, symmetric divi-
sions that generate more RG are prominent among Cux2 * RG
(Franco etal., 2012) or when STAT3 activity was increased in this
study. Together, these findings suggest that STAT3 has a role in
maintaining RG subsets.

Symmetric division of RG induced by STAT3

At the beginning of neurogenesis, symmetric divisions prevail to
expand progenitors, but soon asymmetric divisions arise that
generate neurons and at the same time preserve progenitors.
Time-lapse imaging has suggested that both asymmetric and
symmetric divisions occur in RG with an increasing tendency to
divide asymmetrically as neurogenesis proceeds (Noctor et al.,
2001,2004). In this study, our pair-cell analysis of RG both in vivo
and in vitro suggested that STAT3 promotes symmetric division
so that more radial glial cells persist instead of becoming neurons.
Consistent with this, our time-lapse imaging analysis demon-
strated that vertical divisions are more frequent in STAT?3 active
RG, whereas horizontal divisions are more prevalent when
STATS3 is eliminated. This is similar to what occurs with Cux
factors or Pax6, which drive symmetric divisions (Asami et al.,
2011; Franco et al., 2012). Although it remains to be determined
whether these factors interact to maintain the heterogeneity of
RG subsets or diversify their multipotency, we propose that
STATS3 is one definite molecular determinant that drives radial
glial fate.

Recently, it has been suggested that several structural factors,
such as inheritance of the apical membrane or spindle orienta-
tion, are correlated with the mode of cell division (Zhong and
Chia, 2008). In this study, we found a correlation between STAT3
activity and the orientation of the cleavage plane, with greater
STATS3 activity in vertically dividing cells. Furthermore, STAT3
activity was highest but heterogeneous at the most apical side
within the VZ in which RG undergo mitosis. Although the ulti-
mate fates of daughter cells that have different STAT3 activities
need to be determined, the dynamic distribution of STAT3 is
reminiscent of oscillating notch activity and the asymmetric dis-
tribution of numb protein, a component of the Notch pathway
(Zhong et al., 1996; Shimojo et al., 2008). Interestingly, the oscil-
latory behavior of gene expression in neural progenitors was also
found in several key bHLH transcription factors known to drive
neurogenesis, and STAT3 was also reported to oscillate in certain
conditions in vitro (Yoshiura et al., 2007; Imayoshi et al., 2013).
Although we did not detect any obvious oscillations because of
the technical limitations of our system, it is likely that STAT3
coordinates with other oscillating factors to dictate the ultimate
cell fates of RG.
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