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To understand the cellular and molecular mechanisms regulating cytogenesis within the neocortical
ventricular zone, we examined at high resolution the spatiotemporal expression patterns of Ngn2 and Thr2.
Individually Dil-labeled daughter cells were tracked from their birth in slice cultures and immunostained for
Ngn2 and Tbr2, Both proteins were initially absent from daughter cells during the first 2 h. Ngn2 expression
was then initiated asymmetrically in one of the daughter cells, with a bias towards the apical cell, followed by
a similar pattern of expression for Tbr2, which we found to be a direct target of Ngn2. How this asymmelric

:i;:::::tnc cell division Ngn2 expression is achieved is unclear, but y-secretase inhibition at the birth of daughter cells resulted in
Cortex premature Ngn2 expression, suggesting that Notch signaling in nascent daughter cells suppresses a Ngn2-
Neurogenin2 Tbr2 cascade. Many of the nascent cells exhibited pin-like morphology with a short ventricular process,
Thr2 suggesting periventricular presentation of Notch ligands to these cells.

Notch © 2008 Elsevier Inc. All rights reserved.
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Introduction

Formation of the neocortex relies on the precise balance between
neurogenesis and maintenance of a neural progenitor pool in the
pallial primordium during embryonic development (Takahashi et al.,
1996; Cai et al., 2002). The mechanism of this asymmetric daughter-
cell production by the progenitor population has been extensively
studied, but is still not fully understood (reviewed in Guillemot, 2007;
Doe, 2008: Knoblich, 2008). It has been hypothesized that the
orientation of cell division at the ventricular surface (surface division)
may determine the fate of daughter cells, with divisions whose axes
are perpendicular to the ventricular surface giving rise to a basal
neuron and an apical progenitor cell (Chenn and McConell, 1995;
Zhong et al., 1996; Sanada and Tsai, 2005). However, many
independent studies indicate that the frequency of these vertical
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divisions is very low (Smart, 1973; Landrieu and Goffinet, 1979;
Hayder et al., 2003; Kosodo et al.. 2004; Konno et al., 2008), and recent
cell lincage tracing studies show that neocortical daughter cells
generated from horizontal divisions at the ventricular surface behave
differently from one another (Konno et al., 2008; Noctor et al., 2008),
suggesting that the orientation of division is not the sole determinant
of asymmetry. This raises the possibility that in addition to intrinsic
mechanisms that may function in dividing cells at the surface,
extrinsic mechanisms involving interactions between cells within
the ventricular zone (VZ) (reviewed in Harris and Holts, 1990;
McConnell, 1991; Temple, 1990) may also regulate or modulate cell
fate and asymmetry.

In order to elucidate the intrinsic and extrinsic mechanisms
regulating the asymmetric cell output of progenitor cells, a careful
analysis of the spatiotemporal expression patterns of factors control-
ling cell fate is needed. The bHLH transcription factor Neurogenin2
(Neurog2; also known as Ngn2) plays important roles in neuronal
differentiation of neocortical cells (Nieto er al., 2001 ; Shuurmans et al.,
2004; Shimojo et al., 2008) and migration of cells from the VZ to the
subventricular zone (SVZ) (Miyata et al., 2004; Hand et al., 2005; Ge et
al., 2006; Nguyen et al, 2006). Some VZ-to-SVZ migrating cells
directly go on to become neurons (Noctor et al., 2001, 2004; Ochiai et
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al., 2007), while intermediate or basal progenitors undergo division
within the SVZ to give rise to neuron pairs (Haubensak et al., 2004;
Miyata et al., 2004; Noctor et al.,, 2004, 2008). Tbr2 (T-brain-2, also
known as Eomesodermin [Eomes]) is similarly thought to be involved
in differentiation of cells along the neuronal lineage, based on its
expression pattern in the VZ and SVZ (Englund et al., 2005; Noctor et
al.,, 2008). Indeed, loss of Tbr2 function in mice results in aberrant
specification of intermediate progenitors and neuronal differentiation
(Arnold et al., 2008: Sessa et al., 2008). Moreover, a type of human
neocortical malformation is caused by mutations in this gene (Baala et
al., 2007).

In spite of its well-known role in maintaining the undifferen-
tiated state in telencephalic progenitor cells (reviewed in Gaiano and
Fishell, 2002; Kageyama et al., 2005), Notch activation has not been
extensively examined at high spatiotemporal resolution. Previous
immunohistochemical analysis using an anti-Notch intracellular
domain (anti-NICD) (Tokunaga et al., 2004) or anti-Hes1 (Shimojo
et al, 2008) antibody demonstrated that nuclei with strong Notch
activation are located in the upper half of the mouse neocortical VZ,
away from the ventricular surface. In the retina of the developing
zebrafish and chick, however, Notch is suggested to be active near
the ventricle (Murciano et al, 2002; Del Bene et al., 2008). It is
therefore important to carefully examine the timing and location of
Notch activation relative to the morphology of VZ cells, including
nascent daughter cells generated at the neocortical ventricular
surface.

To track the developmental time course of Ngn2 and Tbr2
expressions in VZ cells, time-lapse observation was performed on
daughter cells of individually Dil-labeled progenitor cells in cultured
neocortical slices, followed by immunostaining for Ngn2 or Tbr2. We
found that Ngn2 protein expression was initiated asymmetrically in
the surface-generated daughter cells as early as 2 h after birth, about
2 h earlier than the onset of Tbr2 expression. Luciferase and ChiIP
assays further revealed that Tbr2 is directly downstream of Ngn2.
Daughter cells expressing Ngn2 or Tbr2 were connected to the
ventricular surface and maintained expression of the two transcrip-
tion factors after detaching from the ventricular surface. Inhibition
of Notch signaling in nascent surface-born daughter cells by
treatment with a <y-seceretase inhibitor strikingly increased the
frequency of Ngn2 expression in daughter cells 2 h after birth.
Activation of Notch was observed not only in the basal VZ, but also
in the periventricular VZ containing nascent daughter cells. These
results suggest that the periventricular area and the initial
morphology of surface-born daughter cells may be important for
the regulation of cell fate choice.

Results

Behavioral asymmetry in a single clone generated at the ventricular
surface

We first examined the morphological changes of daughter cells
generated at the ventricular surface. Fig. 1A (also Supplemental
movies 1 and 2) shows an example of asymmetric division in which
one daughter cell generated at the ventricular surface of the E14
cerebral wall slice moved to the SVZ and gave rise to a pair of neurons
(Hu’, data not shown), while its sister cell divided at the ventricular
surface (referred to as “asymmetric P/P division™). This pattern of
asymmetric P[P division is common in cerebral walls about 200 pm
thick and produces a pin-shaped daughter cell that lacks a radial (pial)
process and moves to the SVZ (Miyata et al., 2004). Consistent with
previous observations (Konno et al., 2008; Miyata et al., 2001, 2004;
Nishizawa et al., 2007; Noctor et al., 2004, 2008; Ochiai et al., 2007),
both the daughter cell that underwent the surface division and the cell
that eventually moved to the SVZ were initially connected to the
ventricular surface.

Timeline of Ngn2 and Tbr2 expressions in surface-born daughter cells

Since the SVZ-directed behavior we observed (Fig. 1A) suggests a
cell fate bias towards the neuronal lineage, we carefully analyzed the
timing of expression of the neurogenic transcription factors Ngn2 and
Tbr2. Ngn2 and Tbr2 showed partially overlapping expression
patterns in the VZ and SVZ of frozen sectioned cerebral walls (Figs.
1D, E), with very little signal detected at the ventricular surface. To
determine whether Ngn2 and Tbr2 proteins are expressed in SVZ-
directed daughter cells, live observation of individually Dil-labeled,
pin-like cells at the ventricular surface was followed by immunostain-
ing for Ngn2 or Tbr2. Ngn2 immunoreactivity was observed in cells
both before (n=6/10, Fig. S1A, B) and after departure from the
ventricular surface (n=3/3, Fig. S1C). Similarly, Tbr2 was detected both
before (n=1/5, Fig. S1D) and after (n=2/2, Figs. 1C, S1E) departure.

To determine the onset of expression for these two factors, we
immunostained daughter cell pairs whose ages were defined by live
imaging from their time of birth (i.e. division of their progenitor cells)
at the ventricular surface (Figs. 2A-H), a method previously
established for dissociated cells (Kawaguchi et al, 2004). Each Dil*
clone was immunostained with anti-Ngn2 or anti-Tbr2 antibody. By
repeating this procedure at different time points following daughter
cell birth, histograms showing the temporal expression profiles for
Ngn2 and Tbr2 proteins were obtained with a time resolution of 1 h
(Fig. 21). We found that neither Ngn2 nor Tbr2 was expressed in
daughter cells immediately after birth, but Ngn2 expression began
about 2 h later and Tbr2 expression followed at the 4-h time point.
Both factors reached an expression plateau at about 50% of total cells
examined. The average distance of nuclei showing the earliest Ngn2
immunoreactivity (2 and 3 h-old daughter cells, n=6) from the
ventricular surface was 20+3 pm, while that of the earliest detected
Tbr2" nuclei (4 and 5 h-old daughter cells, n=5) was 28+9 pum,
consistent with the in vivo data (Figs. 1D, E).

Tbr2 is a direct target of Ngn2

Based on the sequential onset of Ngn2 and Tbr2 expressions (Fig. 21)
and a previous report that Tbr2 is downregulated upon loss of Ngn
(Shuurmans et al., 2004), we carried out a series of experiments to
determine whether Tbr2 is directly downstream of Ngn2. Electropora-
tion of the Ngn2 cDNA into the ganglionic eminence (GE), where both
Ngn2 and Tbr2 are normally absent, resulted in ectopic expression of
Tbr2 protein in 8.9% of transfected cells (n=1340)(Figs. 3A, B), while no
Tbr2* cells were observed in control experiments (n=454 cells). Next,
we performed luciferase assays using the Tbr2 promoter region (Ueno
et al., 2000), which contains twelve E-boxes (Fig. S2A). Forced
expression of Ngn2 in the GE resulted in activation of the Tbr2
promoter, an effect that was inhibited by coexpression of Hes1 (Fig.
3C). Similar experiments with the pallial region also resulted in
activation of the Tbr2 promoter (Fig. S2B). Finally, a chromatin
immunoprecipitation (ChIP) assay demonstrated that Ngn2 binds
directly to the E-boxes of the Tbr2 promoter (Fig. 3D). Taken together,
these results indicate that Ngn2 acts directly upstream of Tbr2.

Expression of Ngn2 and Tbr2 within clones is asymmetric and biased
towards the apical cell

The plateau of Ngn2 and Tbr2 expressions at about 50% of the
total number of cells examined (Fig. 21) indicates an asymmetry in
the daughter cell expression of these transcription factors. This
populational asymmetry could be due to a mixed population of
progenitors producing either pure Ngn2/Tbr2-positive (+/+) or
negative clones (=/=) or a homogenous population of progenitors,
each of which produces one positive and one negative cell (+/-). To
determine which mode of division is preferred in these cells, the
composition of clones containing Ngn2* (>3 h-old clones, n=29) and
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Fig. 1. Behavior and Ngn2 and Tbr2 expressions of neurogenic, intermediate cortical progenitor cells. (A) Formation of a two-cell clone from a single Dil-labeled progenitor cell in an
E14 mouse cerebral wall slice. Time before mitosis (m) of the founder progenitor cell (-4.4 to - 1.8 h), as well as elapsed time from mitosis (0-40.0 h), are indicated. Stills from live
observation are all deconvoluted images taken from Supplemental movies, and the last picture (40.0 h) was taken after fixation and vibratome sectioning of the observed slice. Of the
two daughter cells (a and b) generated at the ventricular surface, cell @ inherited the pial process. Initially, both daughter cells had a ventricular process (open arrowhead). Cell b
retracted its ventricular process by 20.3 h, moved to the SVZ, then divided abventricularly (m, 38.1-38.5 h). Granddaughter cells generated from this abventricular division (red
arrows) were both positive for the neuronal marker Hu (Fig. 51) at 40.0 h (time of fixation). In contrast, daughter cell a, which is similar in shape to its parent cell (though more
elongated to compensate for cerebral wall thickening), retained its ventricular process and exhibited nuclear/somal migration to the ventricular surface, where it subsequently
divided (m. 30.6 h). This asymmetric P/P pattern of division that sends one mitotic daughter cell to the SVZ is typical in midembryonic mouse cerebral walls around 200 pm thick
(Miyata etal., 2004).(B) Schematic diagram showing the distinct developmental trajectories of two daughter cells within a single clone. The question mark indicates the choice point
at which one daughter cell is destined for movement to the SVZ (C) Tbr2 immunoreactivity detected in a VZ cell retracting a ventricular process. A pin-like cell whose ventricular
process was initially thick (0-6.2 h) but later collapsed, and whose soma moved adventricularly (10.9 h), a behavior characteristic of cells about to migrate to the SVZ (Miyata et al,,
2004: Ochiai et al., 2007; see also Fig. S1E for a cell that has completely retracted its ventricular process). This “de-epithelialized” cell was Thr2" at 10.9 h. (D) An E14 mouse cerebral
wall section double immunostained with anti-Ngn2 (magenta) and anti-Tbr2 (green) antibody. Note the presence of double positive cells (white). Around 67% of total Ngn2” cells
counted (n=275) were Tbr2", while about 40% of the total Thr2” cells counted (n=454) were Ngn2". (E) Histogram summarizing results of Ngn2 or Tbr2 immunostaining coupled with
propidium iodide (P1) staining. The proportion of the total nuclei that were positive for Ngn2 (magenta) or Tbr2 (green) was counted in each of the bins (10 pm increments from the
ventricular surface). Scaling along the ventricular-pial axis is common in D and E.

Tbr2" cells (all clones, n=24) was evaluated (Fig. 2]). The majority of
the examined clones were found to be +/- (66% for Ngn2 and 88% for
Tbr2). The spatial relationship between the positive and negative
cells in each of the +/- clones (n=19 for Ngn2 and n=22 for Tbr2)
was further analyzed. The daughter cell whose nucleus was closer to
the ventricular surface (the “apical daughter”) more frequently
expressed these transcription factors (74% for Ngn2 and 68% for
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Tbr2) than its sister cell (the “basal daughter”; 26% for Ngn2 and 32%
for Tbr2) (Fig. 2K).

As shown earlier (Figs. 1A and 2D), surface-born daughter cells that
did not inherit a pial process from the parent cell and thus adopted a
pin-like morphology generally slower in their movement towards the
pial side (abventricular movement) than bipolar (radial glial-like)
daughter cells that inherited a pial process (Miyata et al., 2001; 2004).
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Fig. 3. Ngn2 directly upregulates Thr2 expression. (A) Ectopic expression of Ngn2 in the E13 ganglionic eminence (GE) by electroporation (EP) to test whether it induces Thr2
expression. Note that both proteins are normally absent from the GE.(B) 24 h after EP with CLIG-Ngn2, 8.9% (n=1340) of GFP" cells in the GE were also Thr2", whereas all GFP” GE cells
were Thr2-negative when electroporated with a control vector (CLIG, n=454). (C) EP-based luciferase assay using VZ cells of the GE. Ngn2, but not Hes1 or Ngn2 +Hesl, significantly
induced luciferase activation. Similar results were obtained using VZ cells of the pallium (Fig. $4B). (D) Chromatin immunoprecipitation (ChiP) assay showing in vivo binding of the
Ngn2 protein to the Thr2 promoter. Inmunoprecipitate prepared using anti-Ngn2 antibody was subjected to PCR using primers flanking the E-boxes (red lines) of the Tbr2 promoter.

The initial morphology of daughter cells that subsequently moved to and Ogawa, 2007). Although these cells tended to be observed in a

the SVZ and divided to generate neurons was frequently pin-like in
regions of the E14 cerebral wall with a thickness of approximately
200 pm (Fig. 1A; Miyata et al., 2004). Our observation that Ngn2 and
Tbr2 are expressed in the apical and not the basal daughter cells in
200 pm thick cerebral wall regions (Fig. 2K) is consistent with the
model that the Ngn2-Tbr2 cascade plays a role in allocating one of the
daughter cells born in the VZ of this cerebral wall region to the SVZ
and to a neuronal lineage.

We also observed that neuron pairs were produced by cells that
initially had radial glial morphology, but subsequently underwent a
bipolar-to-unipolar transition upon losing their ventricular connec-
tion and moved to the SVZ (Figs. S54A, B) (Miyata et al., 2001; Miyata

thinner (140 pm) and less developmentally advanced region of the
cerebral wall (Miyata et al., 2004), they were also present in slightly
thicker areas (Fig. $4), consistent with detection of Ngn2 expression in
some of the basal daughters (Fig. 2K).

Asymmetric Ngn2 initiation precedes p27 expression

To identify candidate factors that might induce asymmetric Ngn2
expression within clones, we first focused on the cell cycle inhibitor
p27, which has been shown to stabilize Ngn2. The loss of p27 leads to a
reduction in Ngn2-positive VZ/SVZ cells (Nguyen et al., 2006), and
treatment of the telencephalon with cell cycle inhibitors promotes

Fig. 2. Expression of Ngn2 or Tbr2 protein in age-tracked daug

hter cells. {(A—-H) Expression of Ngn2 (A-D, green) or Tbr2 (E-H, green) in two-cell clones generatc

>d at the ventricular

surface of cultured cerebral wall slices. Time-lapse imaging from mitosis of a Dil-labeled founder progenitor cell until various time points up to about 9 h was performed, followed by
vibratome sectioning of slices and immunostaining of daughter cells. To ensure viability of M-phase cells and the production of healthy daughter cells, cells were usually imaged only
once or twice during M-phase, and the time from birth of each daughter cell (i.e. division of its parent cell) was estimated by defining anaphase (B) and cytokinesis (H) as time zero
(t=0). Metaphase, which could be identified by the existence of a Dil-negative “metaphase plate” within a round soma (E, F), was observed 15-20 min before time zero, and prophase/
prometaphase cells, whose somata were more elliptical (A, C, D, G), were abserved 30-50 min before time zero. The total M-phase durationin slice cultures was usua ly about 1-1.2 h,
with anaphase lasting only about 10 min (Miyata et al., 2001). Given these technical and biological consideratons, daughter cell ages were esimated with a resolution of 1 h and
grouped into nine categories ( 140 cells for Ngn2 immunostaining and 114 cells for Tbr2 immunostaining). (1) Histogram showing age-dependent expression of Ngn2 or Tbr2 proteins
Each column represents the proportion of daughter cells that were positive for Ngn2 (magenta) or Tbr2 (green) at each age. (J) Summary of the composition of clones that contained
e cell(s). (K) Spatial dissection of clones in which Ngn2 or Tbr2 was asymmetrically expressed. Both Ngn2 and Tbr2 were seen more frequently in the apical daughte

IMMuUNopos Ly
cell than in the basal daughter cell
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neuronal differentiation (Calegari and Huttner, 2003). To determine
whether p27 expression precedes Ngn2 expression, we carried out
anti-p27 immunofluorescence using a monoclonal antibody whose
specificity was confirmed using p27-/- mice (Nagahama et al., 2001).
Double immunostaining of frozen sections revealed that some Ngn2*
cells were also p27" (Figs. S4A, E), but double positive cells were all
within the SVZ or upper VZ, not in the periventricular area (lower VZ)
where Ngn2 expression begins, confirming a previous report
(Kawaguchi et al., 2004; Nguyen et al, 2006). Ngn2" cells in the
periventricular area were instead positive for cyclinD1 (Figs. 54A, F)
and Ki67 (Figs. S4A, C. D), markers of cycling cells. These data indicate
that p27 does not initiate Ngn2 expression in VZ cells.

Short-term pharmacological inhibition of Notch signaling results in
premature Ngn2 expression in nascent daughter cells

To determine what controls the onset of Ngn2 protein expression
2 h after daughter cell birth, we next focused on Notch signaling.
A compound E

treatment
————l

19h

Dil Ngn2
0

Ngn2(+); Ngn2(+)

ventric U\af surface

Fig. 4. Notch signaling prevents the youngest daughter cells from prematurely expressing Ngn2 in the periventricular area. (A, B
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Previous immunohistochemical analysis using an anti-Notch intracel-
lular domain (anti-NICD) (Tokunaga et al., 2004) or anti-Hes 1 (Shimojo
et al., 2008) antibody demonstrated that nuclei with strong Notch
activation were located in the upper half of the VZ, with a distribution
pattern complementary to thatof Ngn2 protein. However, it is possible
that Notch signaling is weakly activated at an earlier stage in the lower
VZ, where Ngn2 expression is not observed or only gradually initiated.

To determine whether loss of Notch signaling affects the timing of
Ngn2 expression in nascent daughter cells, slices containing daughter cell
clones were treated with compound E (CpdE), a y-secretase inhibitor
(Zhao et al, 2005). We first identified Dil-labeled M-phase cells and
added CpdE to the culture, fixed the CpdE-treated slice 2 or 3 h later, and
examined whether Dil-labeled daughter cells were Ngn2 immunoreac-
tive (Figs. 4A, B). If the frequency of Ngn2 expression in 2 or 3 h-old
daughter cells exposed to CpdE from their birth were similar to that of
control daughter cells, Notch signaling would not be likely to play an
important role during this time on expression of Ngn2 in nascent
daughter cells. If, however, the frequency of Ngn2 expression significantly

B

i

| ~2hr ~3hr |

inhibitor

% of the total
time-lapse
monitored
nascent
daughter cells
that were
Ngn2-positive

D

compound E-
sensitive

3h~

Short-term pharmacological treatment of cerebral

wall slices with a y-secretase inhibitor (compound E}) resulted in more frequent and earlier Ngn2 expression in the time-lapse monitored nascent daughter cells. Compound E (5 uM)
or DMSO (0.05%) was added to slice cultures shortly after division of a Dil-labeled progenitor cell was observed at the ventricular surface (time 0 in the left panel of A). Slices were
fixed after about 2 or 3 h and further processed for Ngn2 immunostaining (A, right). Age determination was more precise than in the histogram in Fig. 2 as a result of more frequent
time-lapse observation during the M phase. At both 2 and 3 h, the percentage of the total monitored daughter cells that was positive for Ngn2 was significantly greater in the
compound E-treated group than in the DMSO-treated group (B, p<0.001, chi-square test). (C) Immunoreactivity for the Notch1 intracellular domain (N1ICD) (green) was intense in
the basal half of the VZ of E14 cerebral walls, but was also weakly detected in the apical part of the VZ. NT1ICD immunoreactivity did not overlap with Ngn2 immunoreactivity
{magenta). (D) Schematic diagram showing the relationship between cellular morphology, the expression of N1ICD, the expression of Ngn2, and the results of the compound E
experiments. Somata of the nascent daughter cells (RG-like daughter cell a and short pin-like daughter cell b} reside in the periventricular area, where a moderate level of N1ICD
immunoreactivity is detected (C). Note that although this panel summarizes the effects of short-term pharmacological treatment (yellow double-headed arrow), VZ cells older than
3 h are also sensitive to compound E treatment (see Fig. S5A).
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increased, this would demonstrate that Notch signaling functions during
this early time window. Strikingly, the CpdE-treated nascent daughter
cells were positive for Ngn2 much more frequently than the control
DMSO0-treated cells (50% in CpdE vs. 5% in DMSO at 2 h and 68% in CpdE
vs. 28% in DMSO at 3 h, both p<0.001 by chi-square test).

In 2 h-old CpdE-treated daughter cells, the average distance of
Ngn2” nuclei (n=16) from the ventricular surface was 18+ 11 pm, with
seven nuclei observed within 10 pm from the surface. Longer CpdE
treatment further increased the number of Ngn2” cells (3-12 h), and
later the number of Tbr2” cells (12-24 h), throughout the VZ (Fig. S5A).
We next assessed the intraclonal asymmetry of Ngn2 in the CpdE-
treated clones (11 clones at 2 h-old and 18 clones at 3 h-old). Clonesin
which both daughter cells were Ngn2* were more frequently found
(45% [5/11] at 2 h and 53% [9/17] at 3 h) than in DMSO-treated 3 h-old
clones (29%, n=7 clones). In the remaining CpdE-treated clones that
had only one Ngn2* daughter cell (6 clones at 2 h-old and 9 clones at
3 h-old), the frequency of Ngn2 expression was almost equal between
the basal and apical nuclei (50% vs. 50% [n=6 nuclei] at 2 h and 44% vs,
56% [n=9 nuclei] at 3 h), whereas it was higher in the apical nuclei
(80%) of control DMSO-treated asymmetric clones (n=5 clones),
similar to what was observed in asymmetric clones that did not
receive pharmacological treatment (Fig. 2J).

To confirm Notch activation in nascent daughter cells, we
visualized the distribution of the intracellular domain of Notchl
(N1ICD) using an immunohistochemical method with improved
sensitivity (Del Monte et al,, 2007). Consistent with previous reports
(Tokunaga et al., 2004), N1ICD immunoreactivity was intense in the
upper portion of the VZ, while Ngn2" nuclei were N1ICD-negative (Fig.
4C). N1ICD immunoreactivity was also detected at low levels in the
periventricular area, where very few, if any, Ngn2* cells were
observed. Notably, N1ICD immunoreactivity was considerably
reduced by CpdE treatment for 2 h and it was completely lost by
CpdE treatment for 3 h (Fig. S5B). Taken together, these results suggest
that Notch activation during the initial phase of life in surface-born
daughter cells may prevent the initiation of the Ngn2-Tbr2 cascade
that would otherwise commit them to the neuronal lineage.

Discussion

By immunostaining neocortical daughter cell pairs that were
individually labeled and time-lapse monitored from their birth in 3D
cultured slices, we were able to obtain an expression timeline for the
neurogenic transcription factors Ngn2 and Tbr2. We have demon-
strated that within 2 h after birth, both factors are absent from
daughter cells, but Ngn2 expression is soon thereafter initiated in an
intraclonally asymmetric pattern, followed by a similar pattern of Tbr2
expression 2 h later. We showed that Ngn2 directly activates the Tbr2
promoter, and that Notch signaling is activated in nascent daughter
cells to prevent the initiation of the Ngn2-Tbr2 cascade. This is the first
examination of the inter- and intracellular molecular events during
the earliest stages of daughter cell development.

Our time-lapse observation of the behavior of daughter cells
generated at the ventricular surface (Fig. 1A) raises the question of
why cells that eventually move to the SVZ to undergo mitosis or
neuronal differentiation are initially connected to the ventricular
surface. The present study suggests that the initial surface-connected
morphology is important for nascent daughter cells to receive Notch
ligands presented in the periventricular area. Nascent daughter cells
connected to the ventricular surface either resemble radial glia (RG)
reflecting their inheritance of a pial process or have a short pin-like
morphology due to lack of an inherited pial process (Fig. 1A;
schematically illustrated in Fig. 4D). Not only RG-like cells but also
short pin-like cells were sensitive to 'y-secretase inhibition, resulting
in premature and more frequent expression of Ngn2 (Figs. 4A, B).
Moreover, N1ICD was detected in the periventricular area (Fig. 4C).
Consistent with this data, recent immunohistochemical examinations

on the expression of Delta-like-1 in mouse cerebral walls have
suggested that it is expressed periventricularly, not in the basal (pial)
domain containing fully differentiated neurons (Yoshimatsu et al,
2006; Kawaguchi et al. 2008; Nakatani et al., unpublished).
Furthermore, studies focusing on the subtype of progenitor cells
have recently demonstrated that the intermediate/basal progenitors
immediately after commitment to the neuronal lineage express Delta
within the VZ (Kawaguchi et al, 2008; Yoon et al, 2008). Ngn2
expression starts in surface-born cells that are still connected to the
ventricular surface (Figs. 2, 4, S1) and Ngn2 directly induces Delta
expression (Castro et al., 2006), suggesting that the initial attachment
of VZ cells to the ventricle is important for the presentation of Delta in
the periventricular area. Taken together, the initial possession of an
apical process by almost all surface-born daughter cells may ensure
the Notch-based maintenance of a self-renewing and proliferating
population to avoid premature depletion of progenitors during early
and mid stages of neocortical neurogenesis.

How the intraclonally asymmetric Ngn2 expression occurs is still
unclear. Our experiments have shown that soon after birth, daughter
cells treated with a 'y-secretase inhibitor prematurely express Ngn2.
This responsiveness of daughter cells can be interpreted in two
different ways. Itis possible that daughter cells 2 h-old and younger are
completely neutral and are not biased towards expressing Ngn2 or
towards the neuronal lineage. Alternatively, they might be biased
towards the neuronal lineage but not irrevocably determined. One
intriguing possibility is that pair-generated daughter cells differen-
tially activate Notch signaling depending on their morphology. It is
possible that a greater amount of Delta is presented to the RG-like
daughter cells than to the much shorter pin-like cells, leading to
stronger activation of Notch signaling and asymmetric fate choices.
This model of cell fate regulation through morphology-dependent,
differential Delta-Notch interaction is consistent with the observa-
tions that apical daughter cells are more frequently Ngn2* than basal
cells (Fig. 2]) and that pin-like cells move to the SVZ for abventricular
mitosis more frequently than RG-like cells in cerebral walls about
200 pm thick (Miyata et al., 2004). It is also consistent with a recent
suggestion by Konno et al. (2008) that the basal compartment of a
daughter cell may be important for its progenitor fate choice, However,
other mechanisms might also exist, because the opposite pattern of
intraclonal asymmetry (i.e. asymmetric Ngn2 expression by the basal
daughter cell {(Fig. 53) and migration of RG-like cells to the SVZ (Miyata
et al,, 2001, 2004; Miyata and Ogawa, 2007)) have also been observed.
We also do not exclude the possibility that cell fate biasing events may
initiate before the birth of daughter cells, i.e. within M-phase cells.

Unfortunately, it has not been possible so far for us to directly assess
whether the degree of Notch activation is asymmetric in a single clone
less than 2 h old due to technical difficulties in simultaneously
detecting Dil and N1ICD. Live monitoring of Notch activity in 3D tissues
with single cell resolution using GFP-derivatives under the regulation
of Hes promoters (Koyama et al., 2005; Ohtsuka et al., 2006) or a CBF1-
responsive element (Mizutani et al, 2007) would be very fruitful,
Recently, live luciferase assays using monolayer cultured neocortical
cells showed that cells that have not yet committed to the neuronal
lineage activate the Hes1 and Ngn2 promoters in inverse oscillatory
patterns, and that Ngn2-luciferase signal ceased to oscillate and
became persistent upon neuronal lineage commitment (Shimojo et al.,
2008). It would be interesting to examine how such oscillatory
patterns of expression relate to the timeline of Ngn2 and Thr2 that
we obtained from immunostaining in situ.

Experimental methods
Slice culture

Dil-labeled slices prepared from the dorsal region of E14 cerebral
walls were cultured in collagen gel, as previously described (Miyata
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et al., 2001, 2004). To follow “pin-like” cells that were connected
only to the ventricular surface, a suspension of extremely fine Dil
crystals (<5 pm in diameter) in DMEM/F12 (Saito et al., 2003) was
injected into lateral ventricles, followed by slice preparation. In
CpdE-treatment experiments (Fig. 4), time-lapse images were
obtained at shorter time intervals than used for the expression
timeline (Fig. 2), for more accurate staging of daughter cells. Detailed
information for the imaging is available in the Supplemental
methods,

Immunohistochemistry

Frozen sections of cerebral walls and vibratome or frozen sections
prepared from cultured slices were immunostained with the
following antibodies: Ki67 (mouse 1gG, Novocastra), cyclinD1 {rabbit,
Lab Vision), p27 (mouse IgG, Transduction laboratories), BrdU
(mouse IgG, Sigma), GFP (rabbit, MBL), Ngn2 (mouse IgG, gift from
Dr. David Anderson [Lo et al., 2002]; rabbit, gift from Dr. Masato
Nakafuku [Mizuguchi et al., 2001]), Tbr2 (rabbit, gift from Dr. Robert
Hevner), Pax6 (rabbit, Covance), and N1ICD (rabbit, Cell Signaling).
For anti-N1ICD immunostaining, frozen sections were pre-treated
with citrate buffer (at 105 °C for 5 min) and signal was enhanced
using a tyramide signal amplification kit (TSA-Plus Fluorescein
System, Perkin Elmer) as previously described (Del Monte et al.,
2007). Immunostaining of Dil-labeled slices was performed as
previously described (Miyata et al., 2001). Briefly, slices were fixed
in 4% paraformaldehyde for 15 min at room temperature, vibratome
sectioned (50 pm), and treated with antibodies (4 °C, 8-10 h), and
subjected to confocal microscopy. For the histograms in Figs. 1E and
4A, values obtained from three independent E14 embryos were
averaged (>500 VZ/SVZ cells were counted in each section of the
dorsal region of the cerebral wall).

Electroporation

E13 cerebral hemispheres were electroporated with pCS2-myc-
Ngn2 (gift from Dr. Jacqueline E. Lee), pCLIG-Ngn2, pCLIG-Math3 (gift
from Dr. Ryoichiro Kageyama), using a CUY21E electroporator {Neppa
gene, Japan), and slices of hemispheres containing the lateral or caudal
ganglionic eminence were cultured as described above.

Luciferase assay

E13 cerebral walls (pallial region or ganglionic eminence region)
were electroporated with pGV-DBH-Tbr2 (containing a firefly lucifer-
ase gene under the Tbr2 promoter, gift from Dr. Tetsuya Taga), pCS2-
Ngn2, and pCMV-Renilla, dissociated into single cells, then cultured
for 24 h in 24-well plates coated with poly-L-ornithine (Sigma) and
fibronectin (Invitrogen). Cell lysates were made using the Dual-
Luciferase Assay system (Promega) and transferred to 96-well plates.
Luciferase activity of each lysate was measured in triplicate by a
luminometer (Luminoskan Ascent Type 392, Labsystems). Firefly
luciferase activity was normalized relative to the activity of Renilla
luciferase,

Chromatin immunoprecipitation (ChiP) assay

Immunoprecipitation was carried out using an anti-Ngn2 antibody
(gift from Dr. David Anderson. Lo et al., 2002). Detailed information is
available in the Supplemental methods.
Pharmacology

For experiments to block Notch activity, we used compound E

(CpdE; Calbiochem, 5 uM), which is known to inhibit y-secretase at a
much lower dose than DAPT (Zhao et al., 2005).
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Neural stem/progenitor cells (NSCs/NPCs) give rise to neurons, astro-
cytes, and oligodendrocytes. It has become apparent that intracellular
epigenetic modification incuding DNA methylation, in concert with
extracellular cues such as cytokine signaling, is deeply involved in fate
specification of NSCs/NPCs by defining cell-type specific gene expres-
sion. However, it is still unclear how differentiated neural cells retain
their specific attributes by repressing cellular properties characteristic
of other lineages. In previous work we have shown that methyl-CpG
binding protein transcriptional repressors (MBDs), which are ex-
pressed predominantly in neurons in the central nervous system,
inhibit astrocyte-specific gene expression by binding to highly meth-
ylated regions of their target genes. Here we report that oligoden-
drocytes, which do not express MBDs, can transdifferentiate into
astrocytes both in vitro (cytokine stimulation) and in vivo (ischemic
injury) through the activation of the JAK/STAT signaling pathway.
These findings suggest that differentiation plasticity in neural cells is
regulated by cell-intrinsic epigenetic mechanisms in collaboration
with ambient cell-extrinsic cues.

glia | JAKISTAT

he mammalian cerebral cortex originates from neural stem/

neural progenitor cells (NSCs/NPCs), which self-renew and
give rise to the three major brain cell types: neurons, astrocytes, and
oligodendrocytes (1). The fate of NSCs/NPCs in the developing
brain is believed to be determined by external cues that involve
various types of cytokines and internal cellular programs (2, 3).

Among the three NSC/NPC progenies, astrocyte differentiation
from NSCs/NPCs is largely dependent on the activation of the Janus
kinase (JAK)/signal transducer and activator of transcription
(STAT) pathway (4, 5). Impairment of astrocyte differentiation in
gene knockout mice lacking leukemia inhibitory factor (LIF) (6),
LIF receptor B(7), gp130 (8), and STAT3 (9) strongly suggests that
the JAK-STAT signaling pathway plays a critical role for astroglio-
genesis in the developing central nervous system (CNS).

Cell-intrinsic programs regulating fate determination of NSCs/
NPCs include epigenetic modifications such as chromatin remod-
eling and DNA methylation. The cytosine residue in CpG dinucle-
otides of vertebrate genomes is a well-known target for DNA
methylation, leading to suppression of methylated genes. Estab-
lishment of the proper gene methylation patterns is essential for
inactivation of the X-chromosome, genomic imprinting, and normal
development. Consistently, abnormalities in DNA methylation are
associated with tumorigenesis (10) and with several neurological
disorders including Rett (RTT), immunodeficiency-centromeric
instability-facial anomalies (ICF), fragile-X, and o-thalassemia
mental retardation (ATRX) syndromes (11).

Mechanistically, DNA methylation is considered to elicit its
effects by interfering with binding of transcriptional factors to their
cognate recognition sequences (12) or by creating a binding site for
members of a transcriptional repressor family, the methyl-CpG
binding proteins (MBDs), that recognize methylated CpG se-
quences (13).

18012-18017 | PNAS | November 18,2008 | vol. 105 | no.46

During development, NSCs/NPCs change their differentiation
potential via alternation of epigenetic modification. In early neu-
rogenic period, the fetal NSCs/NPCs are unable to generate
astrocytes even when stimulated with known astrocyte-inducing
cytokines such as LIF, which activate the JAK/STAT pathway, due
to DNA hypermethylation in the promoter regions of astrocytic
genes (14, 15). The promoter regions become demethylated as
gestation proceeds, conferring astrocyte differentiation potential to
NSCs/NPCs in response to astrocyte-inducing cytokines. After CNS
development is complete, differentiated cells may still be exposed
to a variety of stimuli including physiological and pathological
stress: for example, it has been reported that focal cerebral ischemia
triggers JAK/STAT activation (16). Meanwhile, it remains unclear
how differentiated cells maintain their traits or how their differen-
tiation plasticity is regulated under normal or pathological condi-
tions. There should at least be a mechanism of escaping from
pathologic astrogliogenic stimuli on non astrocytic lineages.

In this study, we demonstrate that expression of MBDs is highly
relevant to differentiation plasticity against astrocytic stimuli in
adult neural cells. Oligodendrocytes which are devoid of MBDs can
respond to JAK-STAT pathway activators and differentiate into
astrocytes in vitro. Ectopic expression of MeCP2, one of the MBDs,
in oligodendrocytes can suppress astrocytic differentiation even in
the presence of astrocyte-inducing cytokines. By means of oligo-
dendrocyte-fate tracing system, we further show that oligodendro-
cytes can convert into astrocytic lineages after brain ischemic injury.
We thus provide a model in which in vivo unexpected cellular
differentiation plasticity could contribute to the pathogenesis of
injuries in the CNS.

Results

Oligodendrocytes but Not Neurons Have the Capacity to Respond to
Astrogliogenic Stimulation. As a first step toward unraveling the
mechanisms regulating the cellular identity of differentiated neural
cells, we sought to examine whether neurons and oligodendrocytes
express a typical astrocytic marker, glial fibrillary acidic protein
(GFAP), in response to LIF stimulation. We used adult hippocam-
pus-derived multipotent NPCs (AHPs) to obtain each differenti-
ated cell type (17). When neurons were incubated with LIF for 2
days, no cells were found to be simultancously positive for both the
neuronal marker microtubule-associated protein 2ab (Map2ab)
and GFAP (Fig. 14, Upper). In this experiment, GFAP-positive
cells were most likely to have differentiated from AHPs in response
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Fig.1. Differentiation plasticity of oligodendrocytes. (A) AHP-derived neurons and oligodendrocytes were cultured for 2 days with or without LIF (50 ng/ml). Cells
were then stained with sets of antibodies for Map2ab (Upper, red)/GFAP (Upper, green) and MBP (Bottom, red)/GFAP (Lower, green). (Scale bar: 50 um.) The percentage
of GFAP-pasitive cells in MBP-positive cells was quantified (Right). Data are mean = SD. (8) Oligodendrocytes were cultured with or without LIF (50 ng/ml) for 4 days
and subsequently stained for MBP (red) and GFAP (green). Insets: Hoechst nuclear staining of each field. (Scale bar: 50 um.) Percentages of MBP- and GFAP-positive
cells in total cells were quantified (Right). Data are mean * SD. (C) GFAP-positive astrocytes appeared with LIF treatment for 2 days even when the cells were
growth-arrested by aphidicolin (10 xg/ml). MBP (red), GFAP (green). (Scale bar: 50 um.) (D) AHP-derived oligodendrocytes (0 day), oligodendrocytes incubated with
LIF (50 na/mi) for 2 days (2 day), and AHP-derived astrocytes were analyzed by RT-PCR using specific sets of primers against gfap, Aqp4 and G3PDH. (E) AHP-derived
oligodendrocytes (0 day), oligodendrocytes incubated with LIF (50 ng/ml) for 2 days (2 day), and AHP-derived astrocytes were analyzed by Western blot using an
antibody against GFAP. A band corresponding to the molecular weight of GFAP protein (50 kDa) was detected. (F) Differentiated oligodendrocytes (0 day) were
incubated with LIF (50 ng/ml) for 2 days and then subjected to ChIP assay using control IgG, anti-diMe-H3K4, -diMe-H3K9, -triMe-H3K27 and -AcH3 antibodies.
Co-immunoprecipitated gfap gene fragment (—18bp to + 513bp) was amplified by PCR with a specific set of primers. Nucleotide positions are those of GenBank

accession number Z48978,

to LIF stimulation. In contrast, about 20% of cells that were positive
for a mature oligodendrocyte marker, myelin basic protein (MBP),
also became positive for GFAP in the LIF-stimulated condition,
demonstrating their differentiation plasticity (Fig. 14, Lower and
Right graph). We also observed GFAP expression in a significant
number of cells that were positive for another oligodendrocyte
marker, CNPase [supporting information (SI) Fig. S1]. When we
extended culturing with LIF to 4 days, MBP expression almost
disappeared and the cells instead became exclusively GFAP-
positive (Fig. 18). We obtained similar results using a different
astrocyte marker, S100B, with MBP (Fig. S2), and another oligo-
dendrocyte marker, RIP, with GFAP (not shown). These results
suggest that oligodendrocytes were converted into GFAP-positive
astrocytes. GFAP expression in MBP-positive oligodendrocytes
was observed, in the presence of LIF, even after treatment with the
DNA polymerase inhibitor aphidicolin to arrest cell division (Fig.
1C). By measuring BrdU uptake, we confirmed that the cells were
indeed growth-arrested (not shown), which suggests that cell divi-
sion is dispensable for oligodendrocyte-astrocyte (O-A) conversion.

Oligodendrocyte-Astrocyte Conversion Is Accompanied by Epigenetic
Maodification Change. We next asked whether a change in chromatin
modifications around the gfap transcription initiation site in oligo-
dendrocytes occurred during the O-A transition. As shown in Fig.
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1D, transcription of gfap and of another astrocytic marker, aqua-
porind (Aqp4) (18), was upregulated, and immunoblot analysis (Fig.
1E) revealed that GFAP levels were also strikingly higher. Histone
H3-lysine 4 (H3K4) methylation and H3 acetylation are consistent
markers of transcriptionally active genes, whereas silent genes are
marked by increased levels of H3K9 and H3K27 methylation (19).
Chromatin immunoprecipitation (ChIP) experiments showed that
H3K4 methylation and H3 acetylation increased during the O-A
transition (Fig. 1F), in agreement with the immunocytochemical
data, revealing that the chromatin status of gfap was altered toward
the active state following LIF stimulation. We could not detect a
distinct signal corresponding to H3K9 methylation, which may
indicate that gfap transcription is poised but not actively suppressed
in oligodendrocytes by H3K27 methylation (20). In support of this
idea, H3K27 trimethylation on gfap was observed before LIF
treatment (Fig. 1F, 0 day).

Oligodendrocytes Convert into Astrocytes in Vivo After Injury. Given
that O-A transition was observed in vitro when oligodendrocytes
were stimulated by astrocyte-inducing cytokine, we then asked
whether O-A conversion also occurs in vivo. To this end, we
specifically labeled oligodendrocytes in vivo and traced their fates
with the Cre-loxP recombination system (Fig. 24 and B). We
intercrossed two transgenic mouse lines: 1) MBP-Cre-tg (21), in
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Fig. 2. Oligodendrocyte-specific labeling with EGFP. (A) Schematic of trans-
genic constructs used to trace the lineage of oligodendrocytes. In double-
transgenic mice harboring the upper two transgenes, Cre recombinase is ex-
pressed in MBP-expressing oligodendrocytes and excises the floxed CAT-SV40
poly(A) fragment, resulting in constitutive expression of EGFP under the control
of the ubiquitous CAG promoter. (8) Distribution of EGFP-positive cells in the
adult brain. (Scale bar: 500 mm.) (C) EGFP expression was confined to MBP- and
GST-m-positive mature oligodendrocytes in the adult brain under normal condi-
tions (Upper). Expression of EGFP and GFAP was mutually exclusive (Lower). (Scale
bar: 20 um.) (D) Expression of EGFP in neurogenic regions of the adult brain.
Arrows indicate representative cells expressing EGFP and the oligodendrocyte
marker GST-7. Sox2 expression was not observed in the EGFP-positive cells. LV,
lateral ventricle; HP, hippocampus; H, hilus. (Scale bar: 100 mm.)

which Cre recombinase is expressed under the control of the mbp
promoter, and 2) CAG-CAT-EGFP-tg (22), in which EGFP ex-
pression is induced in Cre-expressing cells and their progeny under
the control of the ubiquitous CAG promoter. Accordingly, in
double-transgenic mice, once cells differentiate into MBP-
expressing mature oligodendrocytes, they should sustain EGFP
expression irrespective of what cell type they later become. We
confirmed the previously determined specificity of the MBP pro-
moter (21), and found that EGFP expression occurred exclusively
in MBP-positive oligodendrocytes, but not in other cell types such
as GFAP-positive astrocytes, in the adult brain of double-
transgenic mice under normal conditions (Fig. 2C). The EGFP
expression was not observed in a NSC/NPC marker Sox2-positive
cells localized in the subventricular zone of the lateral ventricle or
the subgranular zone of the hippocampus (Fig. 2D). EGFP was not
expressed in cells positive for NG2, a marker for immature oligo-
dendrocytes and/or glial progenitors (23) (data not shown). These
results suggest that activation of the mbp promoter is confined to
mature oligodendrocytes.

Because GFAP expression is dramatically induced by CNS injury
(24), we subjected the double-transgenic mice to middle cerebral
artery occlusion (MCAQ) and traced the lineage of EGFP-positive
cells. MCAO has been reported to activate the JAK/STAT pathway,
as is the case with LIF stimulation ( 16). Consistent with the previous
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finding, we indeed detected STAT3 activation in oligodendrocytes
after MCAO injury (Fig. 34). Cells positive for both EGFP and
phosphorylated STAT3 seemed to retain oligodendrocytic charac-
teristics as judged by oligodendrocyte-specific marker expression 3
days after MCAO (Fig. 3B). Two weeks after surgery, we found that
significant numbers of EGFP-positive cells became GFAP-positive
astrocytes in and around the infarct area (Fig. 3 C and D), but not
in unlesioned areas. Almost all other EGFP-positive/GFAP-
negative cells still expressed MBP and appeared to retain oligo-
dendrocytic characteristics (Fig. $3). We found no evidence for
BrdU uptake in EGFP-positive cells after MCAO, probably be-
cause they did not divide during the O-A transition (Fig. S4). EGFP
and GFAP double-positive cells were negative for cleaved caspase
3, indicating that they were not apoptotic (Fig. 85). Although one
might argue that the mbp promoter was ectopically rans-activated
in these GFAP-expressing astrocytes after injury, we could not
detect EGFP expression in cultured astrocytes derived from adult
MBP-cre/EGFP mice even when the cells were stimulated with LIF
(Fig. 3E). Furthermore, the possibility that EGFP-positive cells
de-differentiated into NSCs/NPCs is unlikely, because we could not
detect ectopic or re-expression of the NSC/NPC neural marker
Sox2 in these cells after injury (Fig. S6). Moreover, EGFP-positive
cells also became GFAP-positive when the transgenic mice were
subjected to another injury model, cold injury (Fig. §7), implying
that the O-A transition occurs after diverse types of brain injury.

Neuron-Specific Expression of Methyl CpG Binding Proteins (MBDs) in
CNS. Because epigenetic modification is known to be critically
involved in defining cell-typespecific gene expression, we hypoth-
esized that an epigenetic mechanism could be responsible for the
differentiation plasticity of these neural cells. We therefore exam-
ined the DNA methylation status of gfap in each neural cell type
derived from adult AHPs by the bisulfite sequencing method (Fig.
44) and found that the gfap promoter region around the STAT3
binding site was completely unmethylated, whereas the region
around the transcriptional start site was extensively methylated, in
all of the neural cell types. Next, we examined the expression of
MeCP2, a member of the MBD family, because we have recently
reported that MBDs play an important role in restricting astrocyte-
specific gene expression in neurons that have differentiated from
fetal NPCs (25). Representative brain sections stained with anti-
bodies against MeCP2 and against markers of neurons (NeuN),
oligodendrocytes (GST-) and astrocytes (S1008) are shown in Fig.
4 B and C. In oligodendrocyte fate-tracing mice, as mentioned
above, MeCP2 expression was not observed in oligodendrocytes
that were labeled by EGFP (Fig. 4D). These results are consistent
with previous reports that MBDs are expressed predominantly in
neurons, and not in glial cells, in the CNS (26). Neurons, but not
oligodendrocytes or astrocytes, that have differentiated from AHPs
invitro also express MeCP2 (Fig. 4E). As has been observed for fetal
NSCs/NPCs and cells differentiated from them (25), we found that
in all neural cell types derived from AHPs the region around the
gfap transcription initiation site was extensively methylated (Fig.
4A4), suggesting that this region is a target for MBD binding in cells
expressing MBDs (26) (Fig. 4D) to suppress gfap expression.
Furthermore, we also found that another MBD, MBD1, shows a
quite similar distribution to MeCP2 in adult brain (Fig. 4F).

MeCP2 Is Sufficient to Restrict Astrocytic Gene Expression. In light of
the above findings, we examined the function of MeCP2 in terms
of astrocytic differentiation of cells that are competent for LIF
stimulation, i.e., NSCs/NPCs and oligodendrocytes. AHPs, which
normally express GFAP in response to LIF, were transduced with
recombinant retroviruses engineered to express EGFP (control) or
both EGFP and MeCP2. In AHPs, the ectopic expression of
MeCP2 led to suppression of astrocytic fate, consistent with our
previous observation in fetal NSCs/NPCs (Fig. 54 and B). Next, to
examine the possibility that the O-A conversion potential of oligo-
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Fig.3. STATactivation and O-Aconversion after ischemicinjury. (A) Activation of the JAK/STAT pathway in EGFP-positive cells was evaluated by immunostaining using
an antibody against phospo-STAT3 (p-STAT3) in the injured and contralateral sides of the striata 72 h after ischemic injury. Arrows indicate representative cells positive
for both EGFP and p-STAT3. (Scale bar: 20 um.) Insets: Hoechst nuclear staining of each field. (8) p-STAT3 was also detected in GSTw-expressing EGFP-positive cells 72 h
after injury (arrowheads). (Scale bar: 20 um.) (C) A representative brain section stained with anti-GFP and -GFAP antibodies 2 weeks after MCAO surgery, Scale bar =
500 um. CTX, cortex; CC, corpus callosum; LV, lateral ventricle; ST, striatum. (D) Higher magnification views of square areas in C. GFAP expression appeared in
EGFP-expressing cells in the ischemic core (Left square arrowed in C, Upper Left) and peri-infarct (Right square arrowed in C, Upper Right) areas. Representative cells
positive for both GFAP and EGFP are shown; Lower Right image in each group is a superimposition of the other three images. (Scale bar: 20 um.) Three-dimensional
digital images of each area are also shown (ischemic core area, Bottom Left; peri-infarct area, Bottom Right). Percentage of GFAP-positive cells in EGFP-positive cells
was quantified for each area (graph). Data are mean = SD. (F) Astrocytes prepared from adult MBP-Cre/EGFP transgenic mice were left untreated or treated with LIF
for 4 days, and then stained for EGFP (green) and GFAP (red). (Scale bar: 50 um.) EGFP expression was not induced even when the cells were stimulated with LIF.

dendrocytes might be attributable to the lack of MBD expression,
we transfected AHPs with MBP-Cre vector and control floxed neo
or floxed neo-MeCP2-expressing vector together with floxed CAT-
EGFP-expressing vector, and subsequently differentiated them into
oligodendrocytes, then stimulated with LIF for 4 days. As shown in
Fig. 5C, GFAP and S1008 expression was clearly inhibited by the
expression of MeCP2 in oligodendrocytes.

Discussion

It has become increasingly evident that a dynamic interplay be-
tween cellular extrinsic cues and cell intrinsic programs plays
important roles in the fate determination of NSCs/NPCs. Among
cell internal programs, epigenetic modification, especially DNA
methylation, is important for acquisition of astrocyte-differentia-
tion potential in NCSs/NPCs. In this work, we have shown that
DNA methylation plays a critical role in restricting astrocytic
property in neural cells in concert with MBDs. Notably, the
astrocyte differentiation potential of oligodendrocytes may be
attributable to loss of DNA methylation in the promoter regions of
astrocytic genes and undetectable expression of MBDs. We have
shown that oligodendrocytes derived from adult AHPs can respond
to an astrocyte-inducing cytokine to become GFAP-positive astro-
cytes (Fig. 1). We further demonstrate that oligodendrocytes can
also convert to GFAP-positive astrocytes after ischemic injury (Fig.
2), although because we have not examined functional maturation
of the oligodendrocyte-derived astrocytes, this point will need to be
addressed further in a future study.

Regarding cell plasticity, we have previously shown that even
adult NSCs/NPCs retain substantial differentiation plasticity de-
pending on the surrounding milieu (27). Ectopic expression of the
proneural gene ascl (also known as mash 1) induces oligodendrocyte
differentiation of NSCs/NPCs located in one of the major neuro-
genic regions in the adult brain (the granular layer of the hip-
pocampus), whereas it induces neuronal differentiation of NSCs/
NPCs in another neurogenic region (the subventricular zone) and
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in in vitro culture conditions. Thus, it is becoming apparent that cells
are more plastic than had previously been thought.

Our present study provides a molecular mechanism whereby cells
can regulate their identity by repressing genes that are expressed in
other lineages. Such an expression selectivity or exclusiveness of
cell-type specific gene has been extensively examined in a series of
studies of transcriptional repressor element1-silencing transcription
factor (REST)/neuron-restrictive silencer factor (NRSF) (28).
REST/NRSF suppresses neuronal gene expression in non-neural
tissues to establish non-neuronal identity. Consistently REST/
NRSF is expressed in non-neural tissues and dysfunction of REST/
NRSF leads to ectopic neuronal gene expression in non-neural
tissues. In contrast to the function of REST/NRSF, MBDs are
expressed selectively in neurons in the CNS and repress glial genes
(Figs. 4 and 5). We have previously shown by ChIP assay that
MeCP2 binds to the highly methylated region of gfap in neurons that
are expressing MeCP2 (25). MeCP2 deficiency in neurons may
therefore lead to expression of genes that are normally astrocyte-
specific. Indeed, many glial gene transcripts, including gfap, were
found to be up-regulated in the brains of Rett syndrome patients
with a mutation in mecp2 (29). However, no major phenotype
related to cellular differentiation in MeCP2-deficient mice is
known, probably due to functional redundancy and overlapping
expression among MBDs (25) (Fig. 4F). To address this point more
precisely, we must await future studies in mice with compound
disruption of several MBD genes.

It has long been thought that, after CNS injury, oligodendrocytes
can only die, which could explain subsequent demyelination (30).
However, we have shown here that significant numbers of oligo-
dendrocytes actually become GFAP-positive cells following injury,
suggesting that O-A conversion may be in part responsible for
postinjury demyelination; oligodendrocytes may instead provide a
source of newly generated GFAP-positive astrocytes in damaged
nervous systems in vivo. Although astrocytes form a glial scar and
are considered to be detrimental for axonal regeneration in the
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Left) and MBD1 (red, middle), another member of the MBD family, was examined in the adult hippocampal region. These two MBDs showed the same expression

|

Merge

Neurons I

Astrocytes l |

“—“mmk

|
|
|
|

Oligodendrocytes I I

pattern (Right). (Scale bar: 100 um.)

injured CNS, it has been recently demonstrated that astrocytes also
play a crucial role in wound healing and functional recovery in the
subacute phase of spinal cord injury (31). During this phase,
astrocytes migrate to compact the lesion, presumably excluding the
inflammatory cells to prevent them from spreading in the paren-
chyma of the spinal cord. Assuming that astrocytes in the brain
function as do those in the spinal cord, the oligodendrocyte-to-
astrocyte conversion may contribute (o an increase in the number
of astrocytes after injury in the brain as well. We have also proposed
an epigenetic mechanism to explain this differentiation plasticity of
oligodendrocytes. To better understand how the injured brain
might recover by shifting its cellular profile (e.g., from oligoden-
drocytes to astrocytes), this study emphasizes the need to consider
both cell-intrinsic processes and cell-extrinsic cues. We suggest that
epigenetic factors such as MBD proteins play important roles in the
maintenance of cellular homeostasis after injury, providing a
built-in system to relay signals from an ever-changing environment
to the neural cell genome.

Materials and Methods

Cell Culture and in Vitro Differentiation. Neural progenitor cells (AHPs) isolated
from hippocampus of adult female Fischer 344 rats, used in this study, have been
characterized previously (32). The methods for maintaining AHPs and inducing
their differentiation into specific lineages have been reported (17). For a detailed
description, see S/ Text.

Reverse TranscriptionPolymerase Chain Reaction. RNA isolation and reverse
transcriptionpolymerase chain reaction (RT-PCR) were performed by an estab-
lished method.

For a detailed description, see S/ Text,
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Western Blot Analysis. Western blot analysis was performed by an established
method.
For a detailed description, see 5/ Text.

Immunostaining. Cells were fixed with 4% paraformaldehyde (PFA) and stained
immunocytochemically, as described previously (25). For a detailed description,
see S/ Text.

Recombinant Retrovirus. Retrovirus was produced as previously described (33).
For a detailed description, see 5/ Text.

Bisulfite Sequencing. Sodium bisulfite treatment of genomic DNA was per-
formed essentially as described previously (34). For a detailed description, see §/
Text.

Chromatin Immunoprecipitation Assay. Chromatin immunoprecipitation (ChIP)
was performed according to a protocol published by Upstate Blotechnologies.
AHP-derived oligodendrocytes and the cells cultured with LIF for 2 days were
exposed to formaldehyde, at a final concentration of 1%, added directly to the
tissue culture medium. Co-immunoprecipitated DNA was used as a template for
PCR with the following set of primers: Gfex15 (5'-TGACATCCCAGGAGCCAG-3")
and Gfex1AS (5'-CAGTCTCTCTGCTCACTAGCC-3').

Animals. MBP-Cre Tg mice (21) were provided by M. Miura (University of Tokyo,
Japan). CAG-CAT-EGFP Tg mice (22) were a gift from J. Miyazaki (Osaka Univer-
sity, Japan). All experimental procedures and protocols were approved by the
Animal Care and Use Committee of Keio University.

Focal Cerebral Ischemia. Mice were anesthetized by nitrous oxide/oxygen/

isoflurane (69/30/1%) administered through an inhalation mask during surgery.
Details of surgical procedures are provided in 5/ Text.
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Abstract—During development of the mammalian CNS, neu-
rons and glial cells (astrocytes and oligodendrocytes) are
generated from common neural precursor cells (NPCs). How-
ever, neurogenesis precedes gliogenesis, which normally
commences at later stages of fetal telencephalic develop-
ment. Astrocyte differentiation of mouse NPCs at embryonic
day (E) 14.5 (relatively late gestation) is induced by activation
of the transcription factor signal transducer and activator of
transcription (STAT) 3, whereas at E11.5 (mid-gestation)
NPCs do not differentiate into astrocytes even when stimu-
lated by STAT3-activating cytokines such as leukemia inhib-
itory factor (LIF). This can be explained in part by the fact that
astrocyte-specific gene promoters are highly methylated in
NPCs at E11.5, but other mechanisms are also likely to play a
role. We therefore sought to identify genes involved in the
inhibition of astrocyte differentiation of NPCs at midgesta-
tion. We first examined gene expression profiles in E11.5 and
E14.5 NPCs, using Affymetrix GeneChip analysis, applying
the Percellome method to normalize gene expression level.
We then conducted in situ hybridization analysis for selected
genes found to be highly expressed in NPCs at midgestation.
Among these genes, we found that N-myc and high mobility
group AT-hook 2 (Hmga2) were highly expressed in the E11.5
but not the E14.5 ventricular zone of mouse brain, where
NPCs reside. Transduction of N-myc and Hmga2 by retrovi-
ruses into E14.5 NPCs, which normally differentiate into as-
trocytes in response to LIF, resulted in suppression of astro-
cyte differentiation. However, sustained expression of N-myc
and Hmga2 in E11.5 NPCs failed to maintain the hypermethy-
lated status of an astrocyte-specific gene promoter. Taken
together, our data suggest that astrocyte differentiation of
NPCs is regulated not only by DNA methylation but also by
genes whose expression is controlled spatio-temporally dur-
ing brain development. © 2008 IBRO. Published by Elsevier
Ltd. All rights reserved.

*Corresponding author. Tel: +81-743-72-5471; fax: +81-743-72-5479.
E-mail address: kin@bs.naist jp (K. Nakashima).

Abbreviations: bHLH, basic helix-loop—helix; BMP, bone morphoge-
netic protein; CNTF, ciliary neurotrophic factor; CT-1, cardiotrophin-1;
DIG, digoxigenin; E, embryonic day; Gapdh, glyceraldehyde-3-phos-
phate dehydrogenase; GEO, Gene Expression Omnibus; gfap, glial
fibrillary acidic protein; Hmga2, high mobility group AT-hook 2; JAK,
janus kinase; LIF, leukemia inhibitory factor; NPC, neural precursor
cell; SSC, sodium chloride sodium citrate; STAT, signal transducer
and activator of transcription.

Key words: N-myc, Hmgaz2, epigenetics, Percellome method,
differentiation.

The mammalian CNS is composed of neurons, astrocytes,
and oligodendrocytes. Although these three cell types are
derived from common multipotent neural precursor cells
(NPCs), their differentiation is spatially and temporally reg-
ulated during development (Temple, 2001). Fetal telence-
phalic NPCs divide symmetrically in early gestation to
increase their own numbers, and then undergo neurogen-
esis through mostly asymmetric divisions. Toward the end
of the neurogenic phase, NPCs acquire multipotentiality to
generate astrocytes and oligodendrocytes as well as neu-
rons. It has recently become apparent that NPC fate de-
termination is controlled by both extracellular cues, includ-
ing cytokine signaling, and intracellular programs such as
epigenetic gene regulation (Edlund and Jessell, 1999;
Takizawa et al., 2001; Hsieh and Gage, 2004).

Interleukin (IL) -6 family cytokines such as cardiotro-
phin-1 (CT-1), leukemia inhibitory factor (LIF) and ciliary
neurotrophic factor (CNTF) activate the janus kinase (JAK)
—signal transducer and activator of transcription (STAT)
signaling pathway and are known to induce astrocyte dif-
ferentiation of NPCs (Bonni et al., 1997; Rajan and McKay,
1998). Gene knockouts of LIF (Bugga et al., 1998), LIF
receptor B (Koblar et al., 1998), the common receptor
component gp130 (Nakashima et al., 1999a) and STAT3
(He et al., 2005) all result in impaired astrocyte differenti-
ation in vivo, emphasizing the contribution of JAK-STAT
signaling to astrogliogenesis in the developing CNS. Bone
morphogenetic proteins (BMPs) are another group of as-
trocyte-inducing cytokines. They synergistically induce as-
trocytic differentiation of NPCs via formation of a complex
between STATs and BMP-activated transcription factor
Smads, bridged by the transcriptional coactivators p300/
CBP (Nakashima et al., 1999b).

In addition to these extracellular factors, intracellular
programs and factors also play critical roles to regulate
astrocytic differentiation of NPCs. We have previously
shown that a CpG dinucleotide within a STAT3-binding
element (TTCCGAGAA) in the astrocytic marker glial fibril-
lary acidic protein (gfap) gene promoter is highly methyl-
ated in NPCs at midgestation (embryonic day (E)11.5),
when the cells differentiate only into neurons but not into
astrocytes. Since STAT3 does not bind to the methylated
cognate sequence, NPCs at midgestation do not express
gfap even when stimulated by STAT3-activating cytokines
such as LIF. As gestation proceeds, the STAT3-binding
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site becomes gradually demethylated in NPCs, enabling
them to express gfap in response to LIF stimulation
(Takizawa et al., 2001). Thus, we have proposed that DNA
methylation is a critical cell-intrinsic determinant of astro-
cyte differentiation during brain development. However,
the important question of how this astrocyte-specific gene
promoter becomes demethylated in NPCs remains unan-
swered.

Neurogenic basic helix-loop—helix (bHLH) transcrip-
tion factors have been also shown to regulate astrocyte
differentiation during early neural development. Mice car-
rying mutations in mash1 and math3 (Tomita et al., 2000),
or, to a lesser extent, mash1 and ngn2 (Nieto et al., 2001)
exhibit decreased neurogenesis and premature astroglio-
genesis. Conversely, overexpression of neurogenic bHLH
factors, either in vivo during the gliogenic period (Cai et al.,
2000) or in cultured NPCs exposed to CNTF (Sun et al.,
2001), promotes neurogenesis at the expense of astroglio-
genesis. A possible mechanism underlying the repressive
effect on astrogliogenesis is that Ngn1 binds to p300/CBP
and sequesters them away from STAT3, thereby prevent-
ing STAT3 from activating astrocytic gene expression (Sun
et al., 2001). Such a mechanism may ensure the restriction
of astrocyte differentiation in NPCs that would otherwise
differentiate into neurons under the influence of high-level
neurogenic bHLH factor expression during the neurogenic
period.

Although these studies have provided us with an inte-
grated insight into the mechanism of neurogenic-to-glio-
genic switching in NPCs, they do not preclude the involve-
ment of other, as yet unknown, factors. To identify such
factors, we first in this study examined gene expression
profiles of mid- and late-gestational NPCs by Affymetrix
GeneChip analysis, which is widely used to obtain a com-
plete picture of developmental stage-specific gene expres-
sion (Abramova et al., 2005; Ajioka et al., 2006). We then
performed in situ hybridization experiments to investigate
the spatio-temporal expression pattern of genes that were
found to be highly expressed in midgestational NPCs. Two
genes, N-myc and high mobility group AT-hook 2 (Hmga2),
were highly expressed in the ventricular zone of E11.5 but
not of E14.5 mouse brain. Transduction of N-myc and
Hmga2 into E14.5 NPCs resulted in suppression of astro-
cyte differentiation, even in the presence of LIF. However,
the prolonged expression of these genes in E11.5 NPCs
failed to preserve the hypermethylated status of the astro-
cyte-specific gfap promoter. These results suggest that the
inhibition of astrocyte differentiation in midgestational
NPCs is regulated not only by DNA methylation of astro-
cyte-specific gene promoters but also by transcription-
regulating factors whose expression is controlled spatio-
temporally during brain development.

EXPERIMENTAL PROCEDURES
NPC culture

Timed-pregnant ICR mice were used to prepare NPCs. The pro-
tocols described below were carried out according to the animal
experimentation guidelines of Nara Instititute of Science and
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Technology that comply with National Institutes of Health Guide
for Care and Use of Laboratory Animals. All efforts were made to
minimize the number of animals used and their suffering. NPCs
were prepared from telencephalons of E11.5 and E14.5 mice and
cultured as described previously (Nakashima et al., 1999b).
Briefly, the telencephalons were triturated in Hanks’ balanced salt
solution by mild pipetting with a 1-ml pipet tip (Gilson, Middleton,
WI, USA). Dissociated cells were cultured in N2-supplemented
Dulbecco's Modified Eagle's Medium with F12 (GIBCO, Grand
Island, NY, USA) containing 10 ng/mi basic FGF (R&D Systems,
Minneapolis, MN, USA) (N2/DMEM/F 12/bFGF) on culture dishes
(Nunc, Naperville, IL, USA) or chamber slides (Nunc) which had
been precoated with poly-L-ornithine (Sigma, St. Louis, MO, USA)
and fibronectin (Sigma).

Immunocytochemistry

E11.5 and E14.5 NPCs cultured on coated chamber slides were
washed with PBS, fixed in 4% paraformaldehyde in PBS, and
stained with the following primary antibodies: rabbit anti-SOX2
(1:1000, Chemicon, Temecula, CA, USA), mouse anti-gllI-tubulin
(1:500, Sigma), rabbit anti-GFAP (1:2000, Dako, High Wycombe,
UK). The following secondary antibodies were used: Alexa488-
conjugated goat anti-rabbit 1gG (1:500, Molecular Probes, Eu-
gene, OR, USA), Cy3-conjugated goat anti-mouse IgG (1:500,
Chemicon). Nuclei were stained using bisbenzimide H33258 flu-
orochrome trihydrochloride (Nacalai Tesque, Kyoto, Japan). All
experiments were independently replicated at least three times.

Sample preparation and GeneChip analysis

These procedures were conducted according to the Percellome
method (Kanno et al., 2006) to normalize mRNA expression val-
ues to sample cell numbers by adding external spike mRNAs to
the sample in proportion to the genomic DNA concentration and
utilizing the spike RNA quantity data as a dose-response standard
curve for each sample. Cells cultured on coated dishes were
washed with PBS, lysed in 500 ml of RLT buffer (Qiagen K.K.,
Tokyo, Japan) and transferred to a 1.5-ml tube. Two separate
10-ul aliquots were treated with DNAse-free RNase A (Nippon
Gene, Tokyo, Japan) for 30 min at 37 °C, followed by proteinase
K (Roche Diagnostics, Mannheim, Germany) for 3 h at 55 °C, and
then transferred to a 96-well black plate. PicoGreen fluorescent
dye (Molecular Probes) was added to each well, and then incu-
bated for 2 min at 30 °C. The DNA concentration was measured
using a 96-well fluorescence plate reader with excitation at
485 nm and emission at 538 nm. Lamda phage DNA (PicoGreen
kit, Molecular Probes) was used as standard. The appropriate
amount of spike RNA cocktail was added to the sample homog-
enates in proportion to their DNA concentration. Five independent
Bacillus subtilis poly-A RNAs were included in the grade-dosed
spike cocktail. Total RNAs were purified using an RNeasy Mini kit
(Qiagen), according to the manufacturer's instructions. First-
strand cDNAs were synthesized by incubating 5 ug of total RNA
with 200 U SuperScript |l reverse transcriptase (Invitrogen, Carls-
bad, CA, USA) and 100 pmol T7-(dT),, primer [5'-GGCCAG-
TGAATTGTAATACGACTCACTATAGGGAGGCGG-(dT).4-3'].
After second-strand synthesis, the double-stranded cDNAs were
purified using a GeneChip Sample Cleanup Module (Affymetrix,
Washington, DC, USA), according to the manufacturer’s instruc-
tions, and labeled by in vitro transcription using a BioArray
HighYield RNA transcript labeling kit (Enzo Life Sciences, Farm-
ingdale, NY, USA). The labeled cRNA was then purified using a
GeneChip Sample Cleanup Module (Affymetrix) and treated with
fragmentation buffer at 94 °C for 35 min. For hybridization to a
GeneChip Mouse Genome 430 2.0 Array (Affymetrix), 15 ug of
fragmented cRNA probe was incubated with 50 pM control oligo-
nucleotide B2, 1X eukaryotic hybridization control (1.5 pM BioB,
5 pM BioC, 25 pM BioD and 100 pM Cre), 0.1 mg/ml herring sperm
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DNA, 0.5 mg/ml acetylated BSA and 1X manufacturer-recom-
mended hybridization buffer in a 45 °C rotisserie oven for 16 h.
Washing and staining were performed in a GeneChip Fluidics
Station (Affymetrix) using the appropriate antibody amplification,
washing and staining protocols. The phycoerythrin-stained arrays
were scanned as digital image files, which were analyzed with
GeneChip Operating Software (Affymetrix). The expression data
were converted to copy numbers of mRNA per cell by the Percel-
lome method, quality controlled, and analyzed using Percellome
software (Kanno et al., 2006). The GeneChip data have been
deposited in the NCBI Gene Expression Omnibus (GEO; http:/fiwww.
nebi.nim.nih.gov/geo/) and is accessible through GEO series acces-
sion number GSE 10796.

Quantitative real-time RT-PCR

Quantitative real-time PCR was performed to confirm the results
of GeneChip analysis. RNAs from E11.5 and E14.5 NPCs were
reverse transcribed using Superscript Il (Invitrogen) and amplified
by PCR, with a specific pair of primers for each gene, using the
Mx3000P system (Stratagene, La Jolla, CA, USA). The expres-
sion of target genes was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). The gene-specific primers
were as follows: mouse N-myc: N-myc-S, 5’-aactatgctgcaccct-
cacc-3'; N-myc-AS, 5'-tagcaagtcegagegtgtte-3'; mouse Hmga2:
Hmgaz2-S, 5'-ggcagcegtccacatcag-3'; Hmga2-AS, 5'-taatectectet-
geggacte-3'; mouse Sox11: Sox11-S, 5'-gagcctgtacgacgaagtge-
3'; Sox11-AS, 5'-tgaacaccaggtcggagaag-3’; mouse Bhlhb5:
Bhlhb5-S, 5'-gttgegectcaacatcaac-3'; Bhlhb5-AS, 5'-acttttgca-
gaggctggac-3'; mouse Bcl11a: Bel11a-S, 5'-gcatcaagctggagaag-
gag-3'; Bcl11a-AS, 5'-gagcttccatccgaaaactg-3'; mouse Gapdh:
Gapdh-S, 5'-accacagtccatgccatcac-3'; Gapdh-AS, 5'-tccaccac-
cctgttgctgta-3'.

In situ hybridization

Digoxigenin- (DIG; Roche) labeled cRNA probes were synthe-
sized for each gene, following the manufacturer's instructions.
Cryosections were washed with PBS and fixed with 4% PFA. After
fixation, sections were incubated in prehybridization solution (5%
sodium chloride sodium citrate (SSC), 1% SDS, 50 ug/ml yeast
transfer RNA, 50 pg/mi heparin in 50% formamide) at 70 °Cfor 1 h
and hybridized with 500 ng/ml of DIG-labeled cRNA probes at
65 °C for 16 h. After three washes with wash solution 1 (5% SSC,
1% SDS in 50% formamide) and wash solution 3 (2X SSCin 50%
formamide), sections were blocked with 10% normal sheep serum
in TBST at room temperature for 1 h and then incubated with
1:1000 alkaline phosphatase-conjugated anti-DIG antibody
(Roche) at 4 °C for 16 h. After four washes with TBST, hybridized
probes were visualized with 5-bromo-4-chloro-3 indolylphosphate
and nitro blue tetrazolium chloride.

Recombinant retrovirus construction and infection

Human N-mye and mouse Hmga2 cDNAs were cloned into the
expression vector pMYs, which contains an intemnal ribosome
entry site followed by the region upstream of the EGFP gene
(Morita et al., 2000). The Plat-E packaging cell line was transiently
transfected with the retrovirus DNA by Trans-IT 293 (Mirus, Mad-
ison, WI, USA) (Morita et al., 2000). On the following day, the
medium was replaced with N2/DMEM/F12/bFGF, and the cells
were cultured in this medium for 1 day before virus was collected.

Fluorescence activated cell sorting

Virus-infected E11.5 NPCs were cultured for 4 days, after which
GFP-labeled cells were sorted using a FACS Vantage (Becton
Dickinson, Franklin Lakes, NJ, USA) at a flow rate of less than
1500 events/s; gating parameters were set by side and forward
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scatter to eliminate debris, dead and aggregated cells. After sort-
ing, genomic DNA was extracted and used for bisulfite sequenc-
ing.

Bisulfite sequencing

Sodium bisulfite treatment of genomic DNA was performed using
a Methylamp DNA Modification kit (Epigentek, Brooklyn, NY,
USA), according to the manufacturer’s instructions. The region in
the gfap promoter containing the STAT-binding site of the bisulfite-
treated genomic DNA was amplified by PCR using the following
primers: GFmS (5'-GGGATTTATTAGGAGAATTTTAGAAGTAG-3),
GFmAS (5'-TCTACCCATACTTAAACTTCTAATATCTAC-3'). The
PCR products were cloned into pT7Blue vector (Novagen, Madison,
WI, USA) and at least 12 randomly selected clones were sequenced.

RESULTS

Preparation of NPCs from different developmental
stages and comparison of their gene expression
profiles by GeneChip analysis

E11.5 NPCs do not differentiate into astrocytes, even in
the presence of the astrocyte-inducing cytokine LIF, in
contrast to 4-day cultured E14.5 NPCs (Takizawa et al.,
2001). As a first step toward identifying factors involved in
the inhibition of astrocyte differentiation of NPCs at midg-
estation, we examined the gene expression profiles of
E11.5 and E14.5 NPCs.

E11.5 and E14.5 NPCs were isolated from embryonic
telencephalon and cultured as indicated in Fig. 1A. To
evaluate the purity of NPCs in each cell population, the
cells were stained with antibody against SOX2, an NPC
marker (Graham et al., 2003). As shown in Fig. 1B and C,
the majority of cells in both populations were positive for
S0X2, indicating that NPCs were highly enriched. An Af-
fymetrix mouse genome GeneChip array was chosen to
compare expression profiles in the two populations, and
we adopted the Percellome method to normalize gene
expression from different samples (Kanno et al., 20086).
The method enabled us to quantify mRNA molecules per
cell based on the measurement of cell by adding a grade-
dosed spike cocktail to the samples. We excluded genes
whose transcript copy number was below six per cell.
Scatter plots illustrating the differences between E11.5 and
E14.5 NPCs are shown in Fig. 1D; 194 genes were ex-
pressed at >fivefold higher level in E11.5 NPCs than in
E14.5 NPCs (Fig. 1D, light blue zone). Of these, 102 were
known genes, and were classified by functional category
(Fig. 1E). Since we wished to identify negative regulators
of astrocyte differentiation, or factors involved in the epi-
genetic modification in midgestational NPCs, we focused
on transcription-related genes (Fig. 1E, red). These 21
genes are listed in Table 1, and five (N-myc, Hmga2,
BhIhbS, Sox11, Bcl11a) were selected for further analysis
because they have been reported to play roles in cell
growth, differentiation, and chromatin remodeling in other
types of stem cells (Sawai et al., 1990; Zhou et al., 1995;
Saiki et al., 2000; Knoepfler et al., 2002; Brunelli et al.,
2003; Sock et al., 2004).
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Fig. 1. Comparison of gene expression profiles in E11.5 and E14.5 NPCs. (A) Schematic of experimental protocol. NPCs isolated from E11.5 mouse
telencephalon were plated (day 0) and used on the following day for immunostaining and RNA extraction (day 1). NPCs isolated at E14.5 were
expanded for 4 days and replated on day 4. On day 5, these cells were fixed for immunostaining. RNA was also extracted. (B) E11.5 and E14.5 NPCs
were stained with antibody against Sox2 (green). Scale bar=25 pum. Insets: Hoechst nuclear staining of each field. Scale bar=25 um. (C) The
percentage of Sox2-positive cells in E11.5 and E14.5 NPCs was quantified. Mean=S.D. (D) Scatter plots of E11.5 (upper left) and E14.5 (upper right)
samples obtained from GeneChip analysis Indicated no significant change between independent experiments with the same sample. Overview (lower
plot) of gene expression change was compared between each sample. One hundred ninety-four genes were expressed at >fivefold higher level in
E11.5 NPCs than E14.5 NPCs (light blue zone). (E) Of the 194 genes that were highly expressed in E11.5 NPCs, known genes were classified
according to Affymetrix gene ontology. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article
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Table 1. Transcription-related genes highly expressed in E11.5 NPCs

Probe set ID GenBank ID Gene E115 E145 E11.5/
symbol NPCs NPCs E145
1433919_at AV302111 Asb4 9.8 0.5 19.6
1419406_a_at NM_016707 Bcl11a 138 1.8 y o 4
1418271 _at NM_021560 Bhlhb5 106 1.2 a8
1452207 _at Y15163 Cited2 16.7 26 6.4
1449470_at NM_010053 Dix1 138 24 5.8
1448877 _at NM_010054 Dix2 98 18 54
1449863_a_at NM_010056 Dix5 11.2 07 16.0
1459211 _at AW546128 Gli2 8.0 15 53
1456067 _at AW546010 Gli3 2086 21 9.8
1422851 _at X58380 Hmga2 255 0.5 51.0
1450723 _at BQ176915 lis1 8.6 0.1 86.0
1427300_at D49658 Lhx8 105 0.1 105.0
1417155_at BC005453 N-myc 82 12 6.8
1415811 _at BB702754 NP95 126 21 6.0
1421193_a_at NM_016768 Pbx3 123 1.6 & 4
1417400_at NM_030690 Rai14 1.0 16 69
1435856_x_at AV310148 Smarcb1 8.0 16 5.0
1431255_at BB656631 Sox11 38.7 6.2 6.2
1450034 _at AW214029 Stat1 9.6 18 5.3
1416711_at NM_009322 Tbr1 9.8 02 490
1423424 _at BB732077 Zic3 11.2 05 224

Genes reported to participate in cell growth, differentiation and
chromatin remodeling are shown in boldface.

Spatio-temporal expression patterns of genes highly
expressed in E11.5 NPCs

To substantiate the GeneChip results, we extracted RNA
from E11.5 and E14.5 NPCs and performed real-time RT-
PCR using specific primers for each selected gene. Con-
sistent with the GeneChip analysis, all five genes were
highly expressed in E11.5 NPCs compared with E14.5
NPCs (Fig. 2A). We next performed in situ hybridization for
each gene using E11.5, E14.5 and E17.5 mouse brain
sections (Fig. 2B). N-myc and Hmga2 mRNAs were spe-
cifically detected in the ventricular zone (VZ) of E11.5
brain, implying that N-myc and Hmga2 play some role in
NPCs at this stage. By contrast, Bhlhb5, Sox11 and Bel11a
expression was stronger in cortical plate, where postmi-
totic neurons reside, than in the VZ (Fig. 2B). We therefore
decided to analyze the function of N-myc and Hmga2 in
more detail.

Transduction of N-myc and Hmga2 inhibits astrocyte
differentiation of E14.5 NPCs

We next examined whether N-myc and Hmga2 affect as-
trocyte differentiation of NPCs. We expressed EGFP alone
(control), and EGFP together with either N-myc or Hmga2,
using retroviral infection in E14.5 NPCs, in which expres-
sion of the endogenous genes is very low. Virus-infected
E14.5 NPCs were cultured for 4 days in the presence of
LIF to induce astrocyte differentiation, and then stained
with antibodies against GFP and GFAP. As shown in Fig.
3A and B, NPCs infected with control virus effectively
differentiated into GFAP-positive astrocytes in response to
LIF stimulation (42+2.6%). In contrast, GFAP-positive as-
trocyte differentiation was virtually abolished in cells ec-
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topically expressing N-myc (0.5*+0.4%) and Hmga2
(3+2.0%) (Fig. 3A, B). Expression of these genes did not
significantly affect neuronal differentiation of NPCs, as
assessed by monitoring expression of the neuronal marker
Blll-tubulin, compared with the control cells (Fig. 3C, D).
We further examined whether the observed suppression of
astrocyte differentiation of NPCs infected with viruses en-
coding N-myc or Hmga2 could be attributed to specific
cell-growth inhibition or to cell death. To address this issue,
we performed immune staining for the cycling cell marker
Ki67 and the apoptotic marker cleaved caspase 3. Al-
though proliferation of NPCs ectopically expressing N-myc
or Hmga2 appeared to be slightly enhanced, expression of
either gene caused negligible cell death. These results
suggest that N-myc and Hmga2 inhibit astrocyte differen-
tiation of NPCs by a mechanism distinct from that of the
neurogenic bHLH factors, which enhance neuronal differ-
entiation (Sun et al., 2001).

Continuous expression of N-myc and Hmga2 in
E11.5 NPCs fails to preserve the hypermethylated
status of an astrocyte-specific gene promoter

We have previously shown that the gfap promoter is highly
methylated in E11.5 NPCs, and becomes demethylated as
gestation proceeds (Takizawa et al., 2001). This demeth-
ylation enables NPCs at later developmental stages, E14.5
or thereafter, to respond to LIF and differentiate into
GFAP-positive astrocytes. As shown in the foregoing data,
expression levels of N-myc and Hmga2 thus seemed to be
reduced concurrently with the developmental stage-de-
pendent demethylation of an astrocyte-specific gene pro-
moter; furthermore, ectopic expression of these genes in
E14.5 NPCs inhibited GFAP-positive astrocyte differentia-
tion. We therefore hypothesized that sustained expression
of N-myc and Hmga2 in E11.5 NPCs might maintain the
hypermethylated status of the gfap promoter. To test this,
we infected E11.5 NPCs with viruses expressing EGFP
alone and EGFP together with either N-myc or Hmga2 and
cultured them for 4 days. GFP-positive cells were sorted by
FACS and their genomic DNAs were extracted for bisulfite
sequencing. As observed in the previous study (Takizawa
et al., 2001), the gfap promoter including the STAT3 site
became demethylated to about 65% in control virus-in-
fected cells after the 4-day culture, and this was also the
case for both N-myc- and Hmga2-expressing virus-in-
fected cells (Fig. 3E, F). These results indicate that sus-
tained expression of N-myc and Hmga2 in E11.5 NPCs
does not affect the process of demethylation in this astro-
cyte-specific gene promoter. On the other hand, when
4-day-cultured control virus-infected E11.5 NPCs were
then stimulated with LIF for an additional 4 days, GFAP-
positive astrocytes appeared, probably due to demethyl-
ation in the promoter, whereas neither N-myc nor Hmga2
virus-infected cells gave rise to astrocytes even in the
presence of LIF (data not shown). These results suggest
that N-myc and Hmga2 inhibit precocious astrocyte differ-
entiation of midgestational NPCs independent of the DNA
methylation status of an astrocyte-specific gene promoter.



