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Abstract

Background: Reelin and Notch-1 signaling pathways have been recently found to be necessary to
induce the expression of brain lipid binding protein (BLBP) and to promote the process extension
and the maturation of the neuronal progenitors, the radial glial cells. In this study, we report the
cross talk between these two pathways.

Results: Both in vitro Reelin treatment and overexpression of Notch-| intracellular domain
(NICD) induced BLBP expression and a radial glial phenotype in an immortalized human neural
progenitor (HNP) cell line, isolated from the cortex of 14 weeks old fetus. Reelin treatment
increased the level of NICD, indicating that Reelin signaling directly activates Notch-1. In addition,
reducing NICD release, by inhibiting y-secretase activity, inhibited the Reelin-induced radial glial
phenotype in human neural progenitor cells. Furthermore, we found that Dab-1, an adaptor
protein downstream of Reelin, was co-immunoprecipitated with Notch-I and NICD.

Conclusion: These data indicate that Reelin signaling induces BLBP expression and a radial glial
phenotype in human neural progenitor cells via the activation of Notch-1. This study suggest that
Reelin signaling may act to fine tune Notch-| activation to favor the induction of a radial glial
phenotype prenataly and would thus offer an insight into how Notch-1| signaling leads to different
cellular fates at different developmental stages.

neurons via their asymmetric division [5,6] further high-

Background

Radial glial cells have been recently demonstrated to be
the progenitors for the majority of the central nervous sys-
tem (CNS) neurons [1,2]. They arise early in the develop-
ment of the CNS, from the neuroepithelial cells lining the
ventricles, around the time neurons start to appear [3].
Radial glial cells extend a long radial process to the pial
surface while having their cell bodies in the ventricular
zone (VZ), and thus allowing the migration of neurons
from the VZ to the postmitotic areas [4]. However, the
finding that these cells can also give birth to the migratory

lighted the significance of these cells in brain develop-
ment. Interestingly, radial glial cells disappear or
transform into astrocytes in most regions of the mamma-
lian brain after neuronal generation and migration are
completed [3].

Brain lipid binding protein (BLBP) is a nervous system-
specific member of the large family of hydrophobic ligand
binding proteins and is exclusively expressed in radial glia
and astrocytes during development throughout the CNS
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[7]. A recent elegant study using Cre/loxP fate mapping,
showed that all neuronal population in the mouse brain
are derived from radial glial cells expressing BLBP [2].

Recently, BLBP expression in cortical radial glia as well as
its role in radial process extension was found to be
dependent on Reelin expression [8]. Reelin is a large
secreted glycoprotein, which has been shown to be an
important signal for neuronal migration and proper posi-
tioning of neurons in the cerebral cortex and cerebellum
[9]- Reelin signal is transmitted into the cells by Disabled-
1 (Dab-1), a cytoplasmic adaptor protein that binds the
internalization (NPXY) motif of the Reelin receptors,
apolipoprotein receptor2 (ApoER2) and the very low den-
sity lipoprotein receptor (VLDLR), via its phospho-tyro-
sine  binding (PITB) domain [10]. Tyrosine
phosphorylation of Dab-1 is initiated after Reelin binding
to its receptors [11], forming new binding sites for Src
kinases [12,13]. Mice deficient in, VLDLR and ApoER?2,
Dab-1 or Dab-1 that cannot be tyrosine phosphorylated
generates a reeler-like phenotype, which is characterized
by inversion of the cortical layers and abnormalities in the
laminated brain structures [14].

Reelin effect on BLBP expression requires Dab-1 as well, as
it failed to occur in Dab-1-/- mice [8]. Reeler and Dab-1
mutant mice were shown to exhibit abnormal develop-
ment of the radial glia scaffold in the dentate gyrus of the
hippocampus [15]. Furthermore, components of the Ree-
lin signaling pathway, including VLDLR, ApoER2, and
Dab1 were shown to be expressed in both the hippocam-
pul and cortical radial glia [15,16]. Interestingly, Reelin
addition in-vitro has been shown not only to promote the
process extension of the radial glial cells but also to rescue
the defects in the length of these processes in the reeler
mutant radial glia [8].

A recent study showed that Notch-1 signaling could also
regulate the molecular and the morphological differentia-
tion of radial glia through the transcriptional activation of
brain lipid binding protein (BLBP) [17]. Notch is a single-
pass transmembrane protein that was initially identified
in Drosophila and has been shown to mediate many
developmental signaling events [18]. Notch-1 activation,
upon binding its ligand, will initiate its cleavage by y-
secretase to generate Notch-1 intracellular domain
(NICD). NICD translocates to the nucleus and binds C-
promoter Binding Factor 1 (CBF1), converting it from
transcriptional repressor to transcriptional activator [19].
Interestingly, BLBP expression was found to be dependent
on this pathway as well [17,20], where a binding site for
the Notch-1 effectors' CBF1 was found in the promoter
region of BLBP [21].
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Since Notch-1 activation can induce both the radial glial
phenotype and their transformation into astrocytes
[22,23], we hypothesized that Reelin signaling may act to
fine-tune Notch-1 activation favoring the induction of the
radial glial phenotype prenataly. This in turn can explain
how the degeneration of the cells that produces Reelin in
the cortex coincides with transformation of the radial glial
cells into astrocytes postnataly [24]. In our study, in vitro
addition of Reelin to human neural progenitor cells
(HNPCs), isolated from the cortex of 14 weeks old fetus,
induced BLBP expression and a radial glial phenotype
similar to that induced by Notch-1 activation. The inhibi-
tion of Notch-1 activation by inhibiting the activity of y-
secretase abolished Reelin's effect, suggesting the depend-
ency of Reelin signaling on Notch-1 activation. Further-
more, Reelin treatment increased the level of NICD,
indicating that Reelin can directly activate Notch-1.
Finally, Dab-1 was observed to bind to Notch-1, thus pro-
viding an evidence of the physical interaction between
these two pathways.

Results

Reelin treatment in vitro induces a radial glial phenotype
similar to Notch-1 activation

Reelin addition in vitro has been recently shown to pro-
mote the process extension of the radial glial cells and to
rescue the defects in the length of these processes in the
reeler mutant radial glia [8]. To test if Reelin signaling acts
on Notch-1 activation to promote the radial glial pheno-
type, we first compared the induced radial glial phenotype
obtained after Reelin treatment and Notch-1 activation.
NICD overexpression was used to mimic Notch-1 activa-
tion.

It has been reported that FGF and EGF signaling can also
promote the radial glial phenotype [29,30]. In order to
characterize only the effects of Reelin treatment or Notch-
1 activation on HNPCs, we deprived the cells from these
growth factors for 24 hours before Reelin addition or
NICD over expression (Figure 1A). The deprivation of
these growth factors reduced the radial glial phenotype,
which was characterized by the retraction of the processes
in the GFAP positive cells (data not shown). The cells were
then treated with partially purified Reelin (Figure 1B) or
transfected with NICD for 24 hours before fixation.

As a result, Reelin treatment was observed to induce a
radial glial phenotype, which was characterized by
increased process extension in the GFAP positive cells
(Figure 1A.d), similar to that obtained by Notch-1 activa-
tion (Figure 1A.b).

To confirm that Reelin treatment activates Reelin signal-
ing in HNPCs, we measured the phosphorylation level of
the tyrosine residue 198 of Dab-1 after treating the cells
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Reelin treatment in vitro induces a radial glial phenotype similar to Notch-1 activation. A, HNPCs were deprived
of FGF and EGF for 24 hours prior to their transfection or treatment. a, HNPCs were transfected with empty vector or b
NICD for 24 hours before fixation. ¢, HNPCs were treated with control or d, partially purified Reelin for 24 hours before fix-
ation. The cells were later stained against GFAP. Scale bar 200 um. B, Control and Reelin conditioned-medium were collected
from HEK293 cells transfected with either control empty vector or Reelin, respectively. Reelin was partially purified (P.P) from
the medium by column centrifugation and its expression was verified by western blotting using anti-reelin clone G10. C, Reelin
treatment of HNPCs in vitro (1:40) induced Reelin signaling by increasing Dab-| phosphorylation on tyrosine residue 198.

with Reelin for 15 minutes, 30 minutes and 1 hour. Dab-
1 phosphorylation increased after Reelin treatment,
whereas it remained constant with the control treatment
(Figure 1C), indicating that these cells are responsive to
Reelin.

Reelin-induced radial glial phenotype is dependent on -
secretase activity

To test the dependency of Reelin signaling on Notch-1
activation to induce the radial glial phenotype, we
blocked NICD release by inhibiting y-secretase activity.
The cells were deprived of FGF and EGF for 24 hours and
then treated with partially purified Reelin and 10 uM of
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the y-secretase inhibitor (L- 685, 458) for another 24
hours before analysis (Figure 2).

As expected, Reelin treatment and NICD overexpression
up-regulated BLBP expression and induced a bipolar
radial morphology (Figure 2c¢,d,i and 2j). The induced
radial glial phenotype was determined by finding the per-
centage of the GFAP positive cells that had induced BLBP
expression and a bipolar morphology with at least one
thin process longer than 50 um.

As a result, we found that the percentage of the radial glial
cells increased from 3.4 % in the control-treated cells to
9.5% in the Reelin-treated cells (at **p-value = 0.05, q,,.
served (26.403)> Q. yiicat (4.751) by post-hoc Tukey t test) (Fig-
ure 2m). The inhibition of y-secretase activity in the
Reelin-treated cells reduced the percentage of the radial
glial cells back to 1.6 % (at ***p-value= 0.05, Quperyed
(24.744)> Qisicat (4-751) by post-hoc Tukey ¢ test) (Figure
2m). These data suggest the dependency of Reelin on the
activity of y-secretase to induce the radial glial phenotype
in HNPCs.

Reelin treatment activates Notch-1

To determine if Reelin affect Notch-1 signaling, we meas-
ured the protein level of NICD by western blotting using
an antibody that can recognize only the activated form of
Notch-1 (NICD). As a result, Reelin treatment signifi-
cantly increased NICD level by 1.7 fold when compared to
control treatment (at *p-value= 0.05, q,pemeq (11.601)>
Qeritical(4-654) by post-hoc Tukey ¢ test). In contrast, the
inhibition of y-secretase activity in the Reelin-treated cells
reduced NICD level back to 1.1 fold (at * *p-value= 0.05,
Qobserved (9-327)> Qgricicar (4.654) by post-hoc Tukey t test)
(Figure 3A).

Since Notch-1 has the NPXY motif that is recognized by
Dab-1's PTB domain [31], we tested if Dab-1 binds to
Notch-1. The cells were transfected with flag tagged Dab-
1 for 24 hours (Figure 3B). An immunoprecipitation
using an antibody against the flag tag on the C-terminal of
Dab-1 was able to co-immunoprecipitate full-length
Notch-1 (Figure 3B.a). Similarly, an immunoprecipitation
using an antibody recognizing Notch-1 co-immunprecip-
itated Dab-1 (Figure 3B.b). These results indicate that full-
length Notch-1 and Dab-1 can interact.

We also investigated if Dab-1 can bind to the NICD. The
cells were transfected with flag tagged Dab-1 for 24 hours.
Dab-1 was detected when the protein samples were
immunoprecipitated using an antibody that recognizes
only NICD (Figure 3B.c). Similarly, when the protein
samples were immunoprecipitated by antibody recogniz-
ing the flag tag on the C-terminal of Dab-1, NICD was
detected (Figure 3B.d). These results indicate that Dab-1
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does not only bind to full-length Notch1 but also to the
NICD.

Discussion and Conclusions

Reelin and Notch-1 signaling pathways have been recently
found to be necessary to induce the expression of BLBP
and to promote the process extension and the maturation
of the neuronal progenitors, the radial glial cells
[8,17,20,21].

The end of neurogenesis in the cortex is marked by the
transformation of the radial glial cells into astrocytes [3].
Notch-1 activation has been known for its role in promot-
ing both phenotypes, the formation of the radial glial cells
and their transformation into astrocytes. Interestingly,
Notch-1 activation has been shown to induce radial glial
cells differentiation prenataly and to induce astrocytic dif-
ferentiation postnataly [22,23]. Therefore, the presence of
other signaling pathways that act to induce the radial glial
phenotype prenataly but are deactivated or downregu-
lated postnataly seems to be an attractive model to explain
how Notch-1 activation leads to different cellular fates at
different developmental stages.

Reelin signaling has been recently shown to induce the
radial glial phenotype in vitro and to rescue the defects in
the reeler mutant radial glia [8]. Interestingly, Cajal-Retz-
ius cells, the cells that produce Reelin in the cortical mar-
ginal zone, are thought to either degenerate postnatally
[24] or undergo developmental dilution [25].

Here, we propose that Reelin signaling promotes Notch-1
activation to favor the radial glial phenotype prenataly. To
test our hypothesis, we used human neural progenitor
cells that were isolated form the cortex of 14 weeks fetus.
We show that these cells responded to Reelin treatment by
inducing a bipolar morphology in the GFAP positive cell
indicating the formation of radial glia (Figure 2c). Since
this Reelin-induced phenotype was dependent on y-secre-
tase activity (Figure 2f), and since Reelin treatment
increased the level of NICD (Figure 3A), then we con-
cluded that Reelin signaling promote the radial glial phe-
notype by activating Notch-1.

Reelin signaling might regulate Notch-1 activation via
Dab-1 binding to Notch-1 (Figure 3B). It's possible that
Reelin signaling mediated by Dab-1, increases the NICD
level by either increasing Notch-1 processing by y-secre-
tase or by stabilizing the released NICD. Since Dab-1 has
been recently shown to act as a nucleocytoplasmic shut-
tling protein [32], Dab-1 may in turn mediate the translo-
cation of NICD into the nucleus to activate downstream
genes such as BLBP. However, the exact mechanism needs
further elucidation.
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Figure 2

Reelin-induced radial glial phenotype is dependent on y-secretase activity. HNPCs were deprived of FGF and EGF
for 24 hours prior to their transfection or treatment. a, g, HNPCs were transfected with empty vector or d, j NICD for 24
hours before fixation. The percentage of the BLBP-positive radial glia increased from 2.3% in the empty vector transfected cells
to 6.2% in the NICD transfected cells, *p-value = 0.05. b, h, HNPCs were treated with partially purified control or ¢, i, par-
tially purified Reelin for 24 hours before fixation. The percentage of the BLBP-positive radial glia increased from 3.4 % in the
control-treated cells to 9.5% in the Reelin-treated cells, **p-value = 0.05. e, k, f, I, 10 uM of L-685,458 was used to inhibit the
activity of y-secretase for 24 hours in the control and the Reelin treated HNPCs. y-secretase inhibition in the Reelin treated
cells abolished Reelin's effect by reducing the percentage of the BLBP-positive radial glia back to 1.6 %, ***p-value = 0.05. The
results represent the standard error of the mean * SEM of at least three independent experiments. One-way ANOVA with
Tukey's post hoc test for individual treatment differences was used for statistical analysis. Values that are significantly different
from each other according to Tukey's test are indicated by asterisks. Scale bar for a-f is 100 um and for g-l is 50 um.
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Figure 3

Reelin treatment activates Notch-1. A, HNPCs were treated with partially purified control or Reelin with and without y-
secretase inhibition for 24 hours before analysis. Reelin addition in vitro increased the accumulation of NICD by 1.7 fold in the
treated HNPCs, * p-value = 0.05, where y-secretase inhibition abolished this increase, ** p-value = 0.05. The results represent
the standard error of the mean * SEM of at least three independent experiments. One-way ANOVA with Tukey's post hoc
test for individual treatment differences was used for statistical analysis. Values that are significantly different from each other
according to Tukey's test are indicated by asterisks B, Western blots showing reciprocal co-immunoprecipitation (IP). HNPCs
were transfected with Dab-| with a flag tag added to its C terminus for 24 hours before cell lysis. a, Co-immunoprecipitation
of Notch-1 by Dab-1. b, Co-immunoprecipitation of Dab-| by Notch-I. ¢, Co-immunoprecipitation of Dab-| by NICD. d, Co-
immunoprecipitation of NICD by Dab-1. Anti-Flag was used to immunoprecipitate Dab-| from the cell lysate.
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Taken together, this study offers a new insight of how Ree-
lin and Notch-1 signaling are determining that fate of the
neural progenitor cells and maintaining the radial glial
phenotype in the developing brain.

Methods

Cell Culture

We used ReNcell CX (Chemicon), an immortalized
human neural progenitor cell line (HNPCs) with the abil-
ity to readily differentiate into neurons and glial cells.
ReNcell CX was derived from the cortical region of a 14-
weeks human fetal brain. Immortalized by retroviral
transduction with the c-myc oncogene. The cells were cul-
tured in ReNcell NSC maintenance media (Chemicon)
supplemented with 20 ng/mL of the fibroblast growth fac-
tor (FGF) and 20 ng/mL and of the epidermal growth fac-
tor (EGF) (Chemicon).

The cells were deprived of the growth factors, FGF and
EGEF, for 24 hours before Reelin treatment or NICD over-
expression to exclude the effects of these factors on the
induced radial glial phenotype.

For transfection of HNPCs, the cells were plated on lam-
inin coated (Sigma Aldrich) 12-well culture plates (BD
biosciences) for 24 hours or until they reached 90% con-
fluency. The cells were then transiently transfected with 2-
pg of DNA/well using lipofectamine LTX and Plus rea-
gents according to manufacture's instructions (Invitro-
gen). The transfection efficiency was determined by
finding the percentage of the GFP fluorescent cells 24
hours after transfecting the HNPCs with EGFP vector (Inv-
itrogen). The transfection efficiency was optimized by
transfecting the cells with different ratios of DNA/PLUS/
LTX, where the best transfection efficiency was found to
be 30-40%, using the ratio of 1/3/3, respectively.

For y-secretase inhibition, 10 uM of y-secretase inhibitor
(L-685, 458; Sigma Aldrich) or 1% of Dimethysulfoxide
(DMSO; Sigma Aldrich) as control, were prepared in
growth media and added to the cells for 24 hours before
analysis.

Dab-1 gene (Accession # NM_021080) was cloned into
pcDNA3.1 vector with FLAG tag on its C terminus (Invit-
rogen); sequencing was performed to assure that the clone
is in frame. FCDN1 expressed in pBOS-EF1 (1747-2531
aa) was kindly provided by Dr. Gerry weinmaster, UCLA.

Reelin production and treatment

Reelin- and control-conditioned media was collected
from HEK293 cells stably transfected with Relin pCRL vec-
tor (kindly provided by T. Curran, St. Jude Children's Hos-
pital, Memphis Tennessee, USA), and a control empty
pcDNA3.1 vector (Invitrogen), respectively [15,26,27].

http://www.biomedcentral.com/1471-213X/8/69

The cells were cultured in neurobasal media (Invitrogen)
for 3 days before media collection. Reelin was partially
purified using columns with filters >100 kDa (Chemicon)
and Reelin level was confirmed by western blotting using
anti-Reelin clone G10 (Chemicon) that detected the three
characteristic bands of Reelin (400 KDa, 300 KDa, and
180 KDa) [11].

HNPCs were treated with either partially purified control
or Reelin at a final concentration of 1:40 diluted in ReN-
cell CX maintenance media for 24 hours. The concentra-
tion of partially purified Reelin in the conditioned media
was determined by finding the lowest concentration of
Reelin that can induce Dab-1 phosphorylation as early as
15 minutes (data not shown).

Protein Isolation and Western Blot Analysis

HNPCs were lysed in ice-cold RIPA (Radio-Immunopre-
cipitation Assay) lysis buffer (Sigma Aldrich) containing
150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris, pH 8.0, supple-
mented with 1% Triton-X and protease inhibitor mixture
(Calbiochem). The homogenates were centrifuged at
12,000 x g for 30 min at 4°C and the supernatants were
saved for analysis. Forty micrograms of protein was
loaded per well, and proteins were separated by SDS/
PAGE (NuPage 4%-12% Bis-Tris, Invitrogen) and then
blotted onto polyvinyldiene difluride (PVDF) membranes
(Bio-rad) for 120 min at 30 V. For the detection of full-
length Notch-1, activated Notch-1, Reelin, BLBP, B-actin,
Dab-1 and p198Dab-1, membranes were incubated over-
night with following primary antibodies, respectively:
mouse anti-Notch-1 (1:1,000; Sigma Aldrich), rabbit anti-
activated Notch-1 (1:500; Abcam), mouse anti-Reelin
clone G10 (1:1000; Chemicon), rabbit anti-BLBP (1:500;
Abcam), rabbit anti-B-actin (1:1,000; Cell Signaling Tech-
nology, Danvers, MA), rabbit anti-Dab-1 (1:1000;Sigma
Aldrich) and rabbit anti-Dab-1 phospho tyrosine 198
(1:1000; Chemicon). After washing, membranes were
incubated with horseradish peroxidase-conjugated sec-
ondary antibodies at concentration of 1:5000 (anti-
mouse IgG and anti-rabbit IgG; Jackson Immunoresearch,
West Grove, PA) for 1-2 h. Signals were detected by
chemiluminescence using the enhanced chemilumines-
cence (ECL) system (Amersham Biosciences Corp) on a
Kodak Imaging Station IS2000 MM. The optical density of
each specific band relative to B-actin was analyzed by the
public domain National Institutes of Health Image J soft-
ware.

Immunoprecipitation

700 pg of protein was incubated for 3 hours at 4°C with
the primary antibody anti-Notch-1 (1:100; Sigma
Aldrich), or anti-Flag (1:200; Sigma Aldrich), or anti-
NICD (1:500; Abcam), Protein G- or A-Sepharose beads
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were added for 1 hr at 4°C, and then immunoprecipitates
were washed 5x with lysis buffer. Immunoprecipitated
proteins were solubilized in 1% SDS solution and
resolved on a 4-12% Bis-Tris gel (Invitrogen).

Fluorescent Immunocytochemistry

HNPCs were fixed with 4% Paraformylaldehyde (Sigma
Aldrich) overnight at 4°C. The next day, the cells were
washed three times with phosphate buffered saline (PBS-
Sigma Aldrich) at room temperature and blocked with 3%
donkey serum (Jackson ImmunoResearch Labs) in phos-
phate buffered saline with 0.1% Triton-X (PBST- Sigma
Aldrich) for 1 hour at room temperature. For analyzing
the radial glial phenotypes, HNPCs were incubated with
rabbit anti-BLBP (1:50; Abcam) and mouse anti- GFAP
(1:500; Sigma Aldrich) for 24 hrs at 4°C. After washing
the cells with PBS for three times the cells were incubated
with thodamine TRTIC-conjugated anti-rabbit and fluo-
rescein FITC-conjugated anti-mouse (1: 500; Jackson
ImmunoResearch Labs) for 2 hrs at room temperature in
the dark. The cells were washed again and mounted with
vectasheild with DAPI (vector laboratories) and cover
slipped for microscopic observations.

Microscopy and analysis of the radial glial phenotype

The induced radial glial phenotype was calculated by find-
ing the percentage of the GFAP positive cells that had an
induced BLBP expression [33] and a bipolar morphology,
with at least one thin process longer than 50 um. This cri-
terion was based on previous studies [8,28]. Adobe Pho-
toshop CS3 software was used to count the number of
cells. Microscopic images were taken with an Axiocam dig-
ital camera (Zeiss, Oberkochen, Germany) mounted on
the DMRB and processed using the QI imaging with Q
capture software (Q Imaging, Burnaby, Canada). A total
of three separate trials were performed. In each trial three
random fields were selected for each condition. A total of
~600 cells were counted in each field (10x magnifica-
tion).

Statistical Analysis

Each data point represents triplicated experiments and
displayed as the mean =+ standard error. A one-way Analy-
sis of Variance was performed to test the hypothesis that
the average mean values across categories of GROUP were
equal. In the presence of significance for the omnibus
ANOVA test, Tukey multiple comparison test is used to
perform pairwise comparisons. Statistics were performed
using WINKS SDA Software (Texasoft, Cedar Hill, TX.).
For immunocytochemistry and cell count: The average
values across categories of GROUP were found to be dif-
ferent. F (5, 12) = 103.22, p < .001. For Western: The aver-
age values across categories of GROUP were found to be
different. F (4, 10) = 29.84, p < .001. A Tukey multiple
comparison procedure was performed at p = 0.05.
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