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Abstract 
Glial Fibrillary Acidic Protein (GFAP) is the main intermediate filament 

protein in astrocytes, but is also expressed in neural stem cells (NSCs). 
Here, we demonstrate for the first time that expression levels of GFAP 
negatively correlate with the sphere forming capacity of undifferentiated 
immortalized human fetal NSCs (ihNSCs). We confirm this finding in 
mouse GFAP-/- NSCs, where lack of GFAP expression leads to increased 
sphere size and number. As the Notch pathway is an important regulator of 
astrogenesis and GFAP is a signature protein in astrocytes, we studied the 
interaction between Notch activity and GFAP expression. In undifferentiated 
human NSCs GFAP expression is independent on Notch activity. However, 
we here show that Notch activity is a key regulator of GFAP expression in 
human glial progenitors. Moreover, upon initiation of astrocyte differentiation 
in ihNSCs, we intriguingly observed that an increased GFAP expression 
is associated with a decreased expression of Notch downstream targets, 
suggesting an inhibitory role for GFAP. Promoter assays of the Notch target 
gene Hes-1 confirmed a negative modulation of Notch signaling by GFAP. 
Our data provides first evidence for a negative feedback loop between Notch 
signaling and GFAP expression, where active Notch induces GFAP and high 
GFAP levels silence Notch signaling. Such a negative feedback loop could 
modulate Notch activity in differentiating NSCs to regulate the generation of 
astrocytes during brain development.
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Introduction 
Glial Fibrillary Acidic Protein (GFAP) is an intermediate filament protein 

widely used as a marker for astrocytes. Expression of GFAP is highly 
regulated during development, upon brain damage, and in neurodegenerative 
diseases. The onset of GFAP expression is extensively studied in the 
developing brain, where activation of GFAP expression is thought to be a 
crucial step in initiating astrogenesis (Kanski et al., 2013). Before the onset 
of astrogenesis, methylation of the GFAP promoter prevents transcription 
of GFAP and subsequently astrocyte differentiation (Takizawa et al., 2001). 
Activation of Notch signaling is critical in the epigenetic remodeling of 
astrocytic gene promoters allowing for gene activation. Upon ligand binding 
Notch is cleaved by the y-secretase complex containing presenilin 1, releasing 
the Notch intracellular domain (NICD). NICD translocates to the nucleus, 
where it regulates transcription of Notch target genes. Expression of NICD 
in mouse embryonic NSCs results in demethylation of the GFAP promoter 
and activation of GFAP expression. In vivo, newborn neurons are thought to 
activate Notch signaling by expression of the Notch ligands Jagged 1 (JAG1) 
and Delta-like 1 (Namihira et al., 2009). Moreover, neurons secrete gliogenic 
cytokines which activate the JAK/STAT pathway, the canonical pathway for 
activation of GFAP expression in astrocytes (Barnabe-Heider et al., 2005). 

Until now, most research has been focused on the mechanisms 
underlying initiation of GFAP expression during the onset of astrogenesis. 
However, NSCs in the embryonic and adult brain also express GFAP, 
typifying them as neurogenic astrocytes. Little is known about the regulation 
of GFAP expression in NSCs before the astrogenic phase. In the human 
brain, GFAP protein is detected at 13 weeks of gestation and activation of the 
GFAP promoter results in co-expression of different GFAP isoforms including 
the canonical form GFAPα and an alternatively spliced form GFAPδ. At 
gestation week 36, the GFAPδ protein is highly expressed in dividing cells 
in the subventricular zone (SVZ), whereas pan-GFAP is found in addition in 
astrocytes throughout the brain (Middeldorp et al., 2010). GFAPδ expression 
declines during the course of astrocyte differentiation whereas in mature 
astrocytes GFAPα expression is high (Roelofs et al., 2005a).

Although GFAP expression is widely used as a marker for both NSCs 
and astrocytes, surprisingly little is known about differences in GFAP function 
in the two different cell types. While GFAP is thought to induce astrocyte 
differentiation, the functional consequences of GFAP expression in NSCs 
are still elusive. To this end, we performed a comparative approach in which 
the role of GFAP expression in NSCs and glial progenitors was analyzed. 
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In addition, it was investigated whether Notch signaling, identified as crucial 
stimulus for GFAP expression in the rodent brain, regulates GFAP expression 
in a similar way in human NSCs and glial progenitors. 

Material and Methods

Cell lines 

All cells were cultured at 37ºC under a humidified 5% CO2 / 95% air 
atmosphere. HEK-293T cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
antibiotic mixture of 10 U/ml penicillin G and 10 mg/ml streptomycin (1% 
P/S, all Invitrogen). The immortalized human NSC line (ihNSC) was cultured 
as described previously (De Filippis et al., 2007) using Euromed-N medium 
(Euroclone) containing 1% N2 supplement (25 mg/ml insulin, 10 mg/ml 
Apo-transferrin, 1.98 µg/ml progesterone, 1.6 mg/ml putrescine, 0.52 µg/ml 
selenite, all from Sigma), 0.75% BSA (Gibco) in DMEM F12 (Invitrogen), 20 
ng/ml epidermal growth factor (EGF), and 10 ng/ml fibroblast growth factor 
2 (FGF-2, both from Tebu-Bio), 1% penicillin/streptomycin and 1% Glutamax 
(both from Invitrogen), and 1% Ultra glutamin (Lonza).

Isolation of primary NSCs 

For human fetal NSC (fNSC) cultures, fetal brain tissue (gestational week 
14-17, n=5) was obtained from spontaneous or medically induced abortions 
with appropriate maternal written consent for the use of brain tissue for 
research. Tissue was obtained in accordance with the Declaration of Helsinki 
and the Academic Medical Center (AMC) Research Code provided by the 
Medical Ethics Committee of the AMC, Amsterdam, The Netherlands. Brain 
tissue was obtained within 12h after abortion.

For isolation of the NSCs, fetal brain tissue was collected in 10 ml cold 
Hibernate (Invitrogen), mechanically dissociated into small pieces, and 
digested with 0.2% trypsin and 0.1% DNAseI (Invitrogen) for 5 min at 370C 
while shaking. Next, 1 ml FBS was added to the mixture and subsequently, 
the cells and pellet were collected by centrifugation. The pellet was taken 
up in DMEM without phenol red containing 10% FBS, 2.5% Hepes, and 1% 
P/S (all Invitrogen), Percoll (Amersham/GE Healthcare) was added (half of 
cell suspension volume), and this mixture was centrifuged at 3220 rcf, 40C 
for 20 min. The second layer (glial cell containing fraction) was collected 
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and washed with complete DMEM, GlutaMAX containing 10% FBS, 1% 
penicillin/streptomycin, 2.5% Hepes and 1% gentamycin (all Invitrogen). After 
centrifugation (239 rcf, 10 min), the cell pellet was taken up in beads buffer 
(phosphate-buffered saline (PBS), pH 7.2, 0.5% bovine serum albumin and 
2 mM EDTA). Then, CD133+ cells were isolated using a magnetic separation 
system (MACS, Miltenyi Biotec) following the manufacturer’s description. 
After isolation, cells were collected by centrifugation (153 rcf 5 min) and the 
pellet was stored at -200C. 

For isolation of primary neurospheres from WT and GFAP-/- mice (Pekny et 
al., 1995;Pekny et al., 1999), postnatal day 4 mice of C57Bl/6-129SV-129Ola 
mixed genetic background were decapitated and the brains dissected in 
Leibovitz medium (Gibco). The brains were dissociated enzymatically (0.1% 
trypsin, 0.5 mM EDTA in Hanks Balanced Salts solution Solution (HBSS, 
Gibco) and mechanically to single cells. We plated 100,000 cells per plate in 
neurosphere medium [Neurobasal medium (Gibco) with L-glutamine (2mM, 
Lonza), 1% penicillin/streptomycin, B27 (1:50), FGF2 (20 ng/ml), EGF (20 
ng/ml), heparin (1 U/ml) and fungizone (0.25 µg/ml)]. After 7 days in culture, 
neurospheres were counted using an inverted microscope. The neuropshere 
size was determined on images taken in the microscope and analyzed  by 
using the Image J software.

Treatment of NSCs

Human post-mortem ventricular cerebrospinal fluid (CSF) was obtained 
from the Netherlands Brain Bank (NBB). Clinicopathological data is 
summarized in Supplementary table 1. The NBB has been given informed 
consent by brain donors for using the tissue and for accessing the extensive 
neuropathological and clinical information for scientific research, in compliance 
with ethical and legal guidelines. The CSF was centrifuged at 1,000 rcf for 5 
min, filter-sterilized, and frozen at -200C until use. For all conditions in which 
ihNSCs were primed with CSF, neurospheres were dissociated and 10,000 
cells were plated in a 24 well plate in medium without growth factors but 
supplied with CSF for 3 days.

To examine the effect of CSF on GFAP expression, ihNSC neurospheres 
were dissociated and 10,000 cells were plated in a 24 well plate either in 
medium containing 20 ng/ml epidermal growth factor (EGF) and 10 ng/ml 
fibroblast growth factor (FGF) or medium with growth factors supplemented 
with CSF 1:1 for 5 days. Alternatively, 20,000 cells were treated with 20 
ng/ml EGF and 10 ng/ml FGF and a combination with  Retinoic Acid (RA, 
final concentration 1 μM, Sigma), and Leukemia inhibitory factor (LIF; final 
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concentration 50 ng/ml, Chemicon) for 48 hours. RA was dissolved in ethanol 
and LIF in MilliQ water, which was used as vehicle treatment. For treatment 
with FBS, 50,000 cells were plated on laminin-coated wells and treated with 
2% FBS for 3 consecutive days.

In order to activate Notch signaling, cells were treated with a final 
concentration of 6 ug/ml Jagged 1 peptide (Tebu-bio) for 6 days. The Jagged 
1 peptide was dissolved in MilliQ water. For inhibition of Notch activity, DAPT, 
N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl (Sigma-
Aldrich Corp.) was dissolved in dimethyl-sulfoxide (DMSO) and ihNSCs and 
primary fNSCs were treated with a final concentration of 250 nM DAPT for 
24 hours. DMSO (final concentration of 0.3%) was applied in the control 
condition.

Luciferase assay and plasmids

We co-transfected cells at a confluency of 70-80% with, in total, 0.4 µg of 
DNA per 24 well using polyethylenimine (PEI) for transfection. The following 
plasmids were used: Human Hes1-luciferase promoter construct (pGL3 
vector), constitutively active Notch-1 (pBI vector; both plasmids were kindly 
provided by Raymond Poon, Hospital for Sick Children, Toronto, Ontario, 
Canada), Notch intracellular domain (NICD, a kind gift of Christian Levelt, 
Netherlands Institute for Neuroscience, Amsterdam, The Netherlands). 
Human GFAPα and GFAPδ pcDNA3 vectors were previously described 
(Roelofs et al., 2005). The control vectors pcDNATM 3.1 and pcDNATM EGFP 
were obtained from Invitrogen.

In reporter assays with firefly luciferase-based constructs, 1 ng of a 
Renilla luciferase construct (Promega Corp.) was used as an internal control. 
Cells were harvested 48 h after transfection in 100 µl reporter lysis buffer 
(Promega Corp.) The cell lysate was centrifuged for 30 sec at 17,949 rcf. The 
supernatant was collected in a new tube and stored at -20°C. Per sample, 
5 µl was measured for luciferase activity using the luciferase reporter assay 
system (Promega Corp.) and a luminometer (Berthold Technologies). 
Promoter activity was defined as the ratio between the firefly and Renilla 
luciferase activities. Values shown are the averages from 3 independent 
experiments for each condition. In samples treated with the y-secretase 
inhibitor, cells were treated simultaneously to the transfection with DAPT 
dissolved in DMSO. The final concentration was 250 nM and 0.3% DMSO 
was used as the control condition.
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In vitro transduction and quantification of ihNSCs 

Lentiviruses for GFAPα, GFAPδ, and Cherry (mCherry, Clontech) were 
produced as described before (Naldini et al., 1996a;Naldini et al., 1996b) with 
some alterations. 10x106 HEK 293T cells were plated in a 15-cm culture dish 
and transfected with a total of 90 μg of the envelope (pMD2.G), packaging 
(pCMV-dR8.74) and p156RRL plasmid, containing different expression 
cassettes per dish, using PEI. In short, this consists of mixing the total 90 μg 
of DNA with PEI (67.5 ng/μl), incubate this for 15 min at room temperature and 
adding it dropwise to the cell culture. The culture medium was replaced 16 h 
after transfection and the medium containing viral particles was collected 24 
h after transfection. Supernatants were  ultracentrifuged at 22,000 rpm (rotor 
SW28, Beckman-Coulter) for 2.5 h. The resulting pellet was resuspended in 
Phosphate Buffered Saline (PBS) (pH 7.4), aliquoted and stored  at -80 °C 
until further use. To measure viral titers, a dilution series across five orders 
of magnitude of the viral stock solutions was made and HEK293T cells were 
transduced. After 2 days of incubation at 37°C, the number of transduced 
fluorescent cells at the different viral dilutions was counted and the viral titer 
was estimated in transducing units (Tu) /ml. 

After dissociation of ihNSCs, 10,000 cells were plated in a 24 well 
plate and lentiviral particles (LV) were diluted in the culture medium. The 
amount of lentiviral vector applied to the cells is expressed as a multiplicity 
of infection (MOI), corresponding to the number of transducing particles (TU) 
per cell. Cells were transduced with LV-cherry, GFAPα or GFAPδ (MOI 7) 
and allowed to form neurospheres for 3 days. Per condition, images of two 
wells with 8 fields per well were obtained. The neurospheres were quantified 
as described above.

RNA isolation, cDNA synthesis and quantitative real-time PCR

For RNA isolation, cells were harvested and total RNA was isolated with 
Trizol (Invitrogen) according to the manufacturer’s protocol. The resulting 
RNA pellet was dissolved in RNAse free water. The RNA concentration was 
determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies). The reverse transcriptase and real-time quantitative PCR 
reactions were performed as previously described (Kamphuis et al., 2012). 
Primers used in this study are listed in Supplementary table 2.

Statistical analysis

Data was analyzed using GraphPad Prism software (GraphPad Software, 
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San Diego, CA, USA). Previously, a day-to-day variation in GFAP expression 
levels of about 2-fold was described (Blechingberg et al., 2007). To eliminate 
intra-experimental variation, we applied a factor correction tool as described 
in (Ruijter et al., 2006). A Kolgmorov-Smirnoff test was performed to test 
for a normal distribution. If a normal distribution was confirmed a t-test was 
performed. Alternatively, a non-parametric Mann–Whitney U test was applied. 
Differences amongst groups were considered significant at p < 0.05. 

Results

GFAP regulates sphere formation of NSCs

This study investigates the role of GFAP in human NSCs in comparison 
to glial progenitors at the onset of astrocyte differentiation. To explore the 
function of GFAP in NSCs, we overexpressed GFAP in immortalized human 
NSCs (ihNSCs) and investigated the effect in a neurosphere assay. To this 
end, we transduced ihNSCs with a lentivirus, expressing the most abundant 
GFAP isoforms, GFAPα or GFAPδ (LV-GFAPα, LV-GFAPδ, respectively), 
and compared the results to a control vector encoding mCherry (Control). 
Expression of both GFAP isoforms significantly reduced sphere growth 3 
days after transduction (Fig.1A), leading to a GFAP-induced reduction in 
neurosphere size (Fig.1B). In addition, the total number of spheres was 
decreased (data not shown). Interestingly, lentiviral expression of GFAPα 
and GFAPδ did not reduce the sphere number of small spheres (< 50 nm), 
but dramatically decreased the amount of spheres in the range of big sphere 
sizes (50-100 and >100 nm). This effect leads to a shift in the size distribution 
of neurospheres expressing GFAP (Fig. 1C, D).

In agreement with a negative correlation of GFAP expression and NSC 
proliferation, primary mouse neurospheres prepared from the brains of GFAP 
deficient (GFAP-/-) mice showed increased sphere size and number (Fig. 
1E). Conversely to the overexpression of GFAP, neurosphere cultures from 
GFAP-/- mice contained a higher proportion of large spheres than wild-type 
(WT) mice (Fig. 1F). In conclusion, both in human and mouse NSC cultures, 
GFAP expression levels determine the neurosphere forming capacity.

GFAPδ expression modulates sphere growth in the presence of 
astrogenic stimuli

Next, we investigated whether GFAP, similar to NSCs, influences sphere 
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formation in glial progenitors. To this end, we first established an in vitro system 
to potently stimulate human NSCs differentiation into glial progenitors. ihNSCs 
are capable of differentiating into neurons, astrocytes, and oligodendrocytes 
(De Filippis et al., 2007). Previously, accelerated astrocyte differentiation 
measured by an upregulation of GFAP expression was observed in adult 

Figure 1. GFAP expression levels determine neurosphere forming capacity. A) Representative 
images from cultures transduced with lentiviral particles encoding GFAPα (LV-GFAPα), GFAPδ 
(LVGFAPδ), mCherry (Control) or untransduced cells are shown 3 days after transduction. B) 
The average size of spheres was determined in 4 independent experiments in cultures 3 
days after transduction. C-D) Size distribution of spheres expressing the GFAP transcripts α 
or δ was assessed in comparison to control 3 days after transduction (n=4). E-F) Analysis of 
the neurosphere forming capacity in wildtype (WT) or GFAP deficient (GFAP-/-) mice (n=8-
10). E) The median size and number of spheres was increased in GFAP-/- neurospheres in 
comparison to WT. F) Size distribution of neurospheres prepared from the brains of WT or 
GFAP-/- mice. All data represent mean + SEM. * < p 0.05, **< p 0.01, ***< p 0.001.
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human NSCs in the presence of human lumbar puncture CSF (Buddensiek 
et al., 2010). In addition, CSF treatment significantly increases sphere size 
and number (van Strien et al., in preparation). Since CSF emerges as crucial 
regulator of NSCs (Lehtinen et al., 2011), we explored the potential of human 
post-mortem ventricular CSF to increase GFAP expression in ihNSCs. 
Consistent with the findings from lumbar puncture CSF, ihNSCs cultured in 
the presence of post-mortem ventricular CSF in addition to the growth factors 
EGF and FGF, showed a strong increase in the expression of GFAPα and 
GFAPδ compared to treatment with growth factors only (Fig. 2A). As our data 
demonstrate,  CSF significantly increases GFAP expression and enhances 
the proliferative capacity of ihNSCs. Thus, CSF treatment represents a 
valuable tool to drive NSCs towards a glial progenitor fate.

In order to investigate the impact of GFAP on the observed increase in 
sphere growth in the presence of CSF, we additionally overexpressed GFAPα 
or GFAPδ in ihNSCs primed with CSF. To this end, we first incubated the cells 
with CSF to induce differentiation into glial progenitors. Then the spheres 
were transduced with lentivirus expressing GFAP (LV-GFAPα, LV-GFAPδ, 
respectively) or a control vector (LV-mCherry). After 3 days, transduction with 
GFAPα did only result in a trend for increased GFAPα levels, which had 

Figure 2. GFAPδ expression modulates sphere growth in the presence of astrogenic stimuli. 
A) qPCR analysis of GFAP isoforms GFAPα and GFAPδ in the presence of growth factors 
(GF) only or GFs and CSF (GF+CSF). Data were normalized to the reference genes Actin 
and 18s and are presented as mean + SEM (n=5), * < p 0.05. B-C) qPCR analysis of GFAPα 
and GFAPδ mRNA levels in ihNSCs 3 days after transduction with (B) LV-GFAPα or Cherry 
(Control), (n=3) or (C) LV-GFAPδ or Cherry (n=3). In all experiments CSF was present in 
the medium CSF:medium 1:1. All qPCR data were normalized to reference genes Actin and 
18s. All data represent mean + SEM.. * < p 0.05, **< p 0.01, ***< p 0.001. D-E) The average 
number and diameter of spheres after transduction with LV-GFAPα (D) or LV-GFAPδ (E) was 
determined in comparison to control in 3 independent experiments.
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no influence on sphere number or size (Fig. 2B, D). The high endogenous 
GFAPα levels in the cell, induced by CSF, are likely to mask an additional 
upregulation of GFAPα, since transduction of human astrocytoma cells 
with lentiviral particles expressing the same GFAPα expression cassette 
resulted in a significant upregulation of GFAP expression levels (Moeton 
et al., in revision). In contrast, an induction of GFAPδ was confirmed in 
cells transduced with the respective virus (Fig. 2C). A significant increase 
in neurosphere number but no differences in the average sphere diameter 
were observed in the GFAPδ transduced cells (Fig. 2E).

Taken together, CSF treatment efficiently triggered GFAP expression 
in ihNSCs, marking differentiation towards the astrocyte lineage. 
Overexpression of GFAPδ enhanced the increase in the sphere forming 
capacity of glial progenitors, induced by incubation with CSF. Hence, while 
GFAP expression reduces growth of undifferentiated NSCs (Fig.1), GFAPδ 
expression stimulates proliferation of glial progenitors.

GFAP expression is independent on Notch activity in NSCs

Rodent studies identified Notch activity as an important stimulus for 
GFAP expression at the onset of astrogenesis (Namihira et al., 2009). 
Here, we investigated whether Notch signaling activity also activates GFAP 
expression in human NSCs and glial progenitors. 

Since the expression of Notch pathway components in human NSCs 
is still uncharacterized, we first analyzed the mRNA expression levels in 
primary human fNSCs. These cells were isolated from fetal brain tissue 
by MACS isolation using CD133 (prominin 1) magnetic beads. Successful 
enrichment of CD133 positive cells is shown in Fig. 3A. High expression of 
GFAPδ in NSCs (Fig. 3B), present in the CD133 positive fraction, confirms 
previous findings of our group that identified GFAPδ as a marker for human 
NSCs (Middeldorp et al., 2010). GFAPα expression is not enriched in NSCs 
in comparison to whole brain (Fig. 3B). The main components of the Notch 
signaling pathway are highly expressed in fNSCs, indicating that Notch 
activity is of crucial importance in human fNSCs (Fig. 3C). 

In order to study the regulation of GFAP by Notch signaling, we inhibited 
Notch activity using the y-secretase inhibitor DAPT, a potent inhibitor of the 
Notch pathway. DAPT treatment inhibited Notch activity in human primary 
fNSCs, as shown by reduced expression levels of the Notch downstream 
target Hes-5. Interestingly, no significant changes in GFAP expression 
were observed upon silencing of the Notch activity (Fig. 3D). Also in human 
ihNSCs, DAPT treatment decreased Hes-5 expression, and in turn Notch 
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that in undifferentiated NSCs, GFAP expression is not significantly regulated 
by Notch activity.

Notch activity stimulates GFAP expression in glial progenitors

Corresponding to the analysis in undifferentiated NSCs, we investigated 
whether Notch signaling activates GFAP expression in glial progenitors. 
To this end, we primed ihNSCs with CSF to induce glial differentiation and 
then treated the cells with the y-secretase inhibitor DAPT to block Notch 
signaling. Expression of the Notch downstream target Hes-5 was reduced 
upon treatment as expected. In addition, GFAP expression was significantly 
decreased upon inhibition of Notch activity. The decrease of GFAPα 
expression was more pronounced than that of GFAPδ (Fig. 4A). In order 
to confirm that Notch activity controls GFAP expression levels, we treated 
glial progenitors with a Notch ligand to activate the pathway. Incubation with 

Figure 3. Expression of GFAP is independent on Notch activity in undifferentiated NSCs. Notch 
pathway genes are highly expressed in primary human fNSCs. A) qPCR analysis of CD133 
confirms successful isolation of NSCs. B-C) The gene expression profile of fNSCs present in 
the CD133 positive fraction (CD133+) is depicted in comparison to whole brain tissue (Whole 
brain). qPCR analysis of GFAP transcripts α and δ (B), and Notch pathway components (C) 
in isolated primary fNSCs was performed in 5 independent isolations of fNSCs. D) qPCR 
analysis of Hes-5 and the GFAP transcripts α and δ upon treatment of primary fNSCs with 
DMSO (Control) or DAPT (n=3). All data derived from fNSCs are normalized to Actin and 
18s levels. E) qPCR analysis of Hes-5 and the GFAP transcripts α and δ upon treatment of 
ihNSCs with DMSO (Control) or DAPT (n=3). All data are presented as mean + SEM, *p<0.05, 
**< p 0.01.
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the serrate ligand JAG1 for 6 days significantly enhanced the expression of 
Hes-5, demonstrating activation of the Notch pathway. In agreement with 
a regulatory role of Notch on GFAP expression, GFAPα was significantly 
increased. GFAPδ expression remained stable (Fig. 4B). 

In summary, our data shows that Notch signaling is a crucial activator 
of GFAP expression in human glial progenitors. Intriguingly, Notch activity 
specifically promoted GFAPα expression, which is the main GFAP isoform 
expressed in differentiated astrocytes.

Increased GFAP expression in glial progenitors is associated with 
reduced Notch target gene expression 

Based on the crucial role of Notch signaling in the stimulation of GFAP 
expression at the onset of astrogenesis (Fig. 4B), we investigated the 
correlation of GFAP and Notch target gene expression in CSF-induced 
glial progenitors. We surprisingly observed that the expression of several 
components of the Notch signaling pathway revealed silencing of the Notch 
pathway. We determined reduced expression levels of Hes-1 as well as 
Hes-5, the serrate ligand JAG1, Notch 1, and presenilin (Fig. 5A). Reduced 
expression levels of Notch targets was not specific to CSF-induced astrocyte 
differentiation, but was also determined in the presence of alternative 
astrogenic stimuli such as FBS (De Filippis et al., 2007) or a combination 
of Retinoic Acid and Leukemia Inhibitory Factor (Asano et al., 2009), 
(Supplementary fig.1). 

Reduced Notch signaling upon stimulation of GFAP expression 
demonstrates a reverse correlation between Notch activation and GFAP 
expression after initiation of astrogenesis. This data imply that inhibition of 

Figure 4. Notch signaling controls GFAP expression in glial progenitors. qPCR analysis of 
the Notch target genes Hes-5 and the GFAP transcripts α and δ upon treatment of ihNSCs 
with A) the y-secretase inhibitor DAPT or DMSO for 24 hours (n= 4) or B) the Notch ligand 
Jagged 1 (JAG1) or vehicle for 6 days (n=5). All cells were grown in CSF:medium 1:1. Data 
were normalized to the reference genes Actin and 18s and are presented as mean + SEM. * 
p<0.05, **< p 0.01.
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Notch activity may occur through high levels of GFAP. In order to investigate 
whether high GFAP levels are indeed contributing to the suppression of 
Notch signaling, we analyzed the Notch downstream targets Hes-1 and 
Hes-5 in glial progenitors that overexpress GFAPδ (LV-GFAPδ). In cells 
overexpressing GFAPδ (Fig. 2C), Hes-5 levels were clearly reduced (Fig. 
5B). Hes-1 levels remained unchanged (Fig. 5B). Thus, similar as in cells 
with high GFAPδ levels upon stimulation of astrocyte differentiation by CSF, 
overexpression of GFAPδ reduced the Notch downstream target Hes-5. 
As shown in Fig. 2B, transduction with LV-GFAPα did not result in a further 
increase in GFAPα expression and consistently also did not influence Hes-1 
or Hes-5 gene expression (data not shown). 

GFAP represses promoter activity of the Notch target gene Hes-1

We observed a strong negative correlation of GFAP and the Notch 
downstream target Hes-5 expression in CSF treated ihNSCs. In addition 

Figure 5. Suppression of Notch target gene expression in ihNSCs at the onset of astrogenesis 
or induced by high GFAP expression. A) qPCR analysis of the Notch pathway components 
Hes-1, Hes-5, JAG1, Notch1, and Presenilin in the presence of growth factors (GF) only or GFs 
and CSF (GF+CSF), (n=5). B) qPCR analysis of ihNSCs cultured in 1:1 CSF:medium 3 days 
after transduction with control virus or LV-GFAPδ. Transduction of ihNSCs with GFAPδ results 
in silencing of the Notch target Hes-5 but not Hes-1 (n=3). All qPCR data were normalized to 
reference genes Actin and 18s. All data represent mean + SEM.. * < p 0.05, **< p 0.01, ***< p 
0.001. C-E) Hes-1 promoter activity in HEK293T cells which transiently express a luciferase 
reporter construct containing the human Hes-1 promoter after C) treatment for 48 hours with 
the y-secretase inhibitor DAPT (n=3), D) co-transfection with GFAPα or δ or constitutively 
active Notch 1 construct (CA-Notch), (n=7) E) co-transfection with activated Notch (NICD), 
GFAPα, GFAPδ or GFP (Control), (n=7). Data are expressed as mean + SEM. * p<0.05.
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Hes-1, another downstream target of Notch, was significantly decreased in 
the presence of CSF (Fig. 5A), but not upon GFAPδ overexpression (Fig. 5B). 
Hes-1 expression levels are known to oscillate in the cell (Kobayashi et al., 
2009), which might be responsible for the high variation in Hes-1 expression 
levels. To investigate whether GFAP indeed regulates Hes-1 expression, we 
conducted a reporter assay in HEK293T cells using a luciferase reporter for 
Hes-1. Since HEK293T cells lack endogenous GFAP expression, we induced 
ectopic GFAP expression by transfecting plasmids coding for GFAPα and 
GFAPδ. As a negative control, we inhibited Notch activity by the y-secretase 
inhibitor DAPT, which reduced the Hes-1 promoter activity (Fig. 5C). As 
expected, constitutively active Notch increased the Hes-1 activity (Fig. 5D). 
Overexpression of GFAPα or GFAPδ induced a significant inhibition of the 
Hes-1 reporter in comparison to a control vector (Fig. 5D). The inhibitory 
effect of GFAPα was dependent on Notch activity, as in the presence of 
NICD, causing activation of the Notch pathway, the inhibitory effect of GFAPα 
was abolished. The inhibitory effect of GFAPδ was independent on Notch 
pathway activation by NICD (Fig. 5E). In summary, promoter assays of the 
Notch target gene Hes-1 confirm a negative modulation of Notch signaling 
by high GFAP expression. This finding is in line with i) the observed negative 
correlation of GFAP levels and Notch pathway components in ihNSCs at the 
onset of astrogenesis (Fig. 5A) and ii) reduced expression of the Notch target 
gene Hes-5 after ectopic expression of GFAPδ (Fig. 5B). 

Based on these data, we hypothesize that Notch signaling and GFAP 
form a negative feedback loop.  According to our hypothesis, in the presence 
of astrogenic stimuli active Notch stimulates GFAP expression. In turn, high 
GFAP levels induce silencing of Notch signaling (Fig.6).

Discussion
GFAP expression is highly regulated during development. Here, we 

demonstrate a key role for Notch signaling in the control of GFAP expression 
in human glial progenitors. To investigate this regulation, we inhibited Notch 
activity in immortalized human NSCs differentiated into glial progenitors. 
Inhibition of Notch activity using DAPT reduced GFAP expression while, 
conversely, activation of the Notch pathway in the presence of the Notch 
ligand JAG1 enhanced the expression of GFAP. In contrast, inhibition of 
Notch activity in human primary fNSCs and immortalized human NSCs had 
no significant effect on GFAP expression levels. A regulatory role of Notch 
in glial progenitors, but not undifferentiated NSCs, is in line with previous 
indications that Notch signaling is permissive but not instructive for the 
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initiation of astrogenesis (Molofsky et al., 2012;Deneen et al., 2006).
The function of GFAP in undifferentiated NSCs is still elusive. We 

here demonstrated that GFAP expression in ihNSCs has a direct effect 
on neurosphere formation, resulting in a decreased size and number of 
neurospheres. On the contrary, the absence of GFAP in neurospheres 
derived from GFAP-/- mice is connected with an increase in the sphere size 
and number, demonstrating a strong negative correlation of GFAP expression 
levels and sphere forming capacity. Based on the significant influence of 
GFAP on sphere growth, it is likely that GFAP inhibits proliferation of NSCs. 
This is in line with earlier findings showing that GFAP expression is associated 
with proliferation in human astrocytoma cells in vitro, as a knockdown of 
GFAP led to an increased proliferative capacity (Rutka et al., 1994;Pekny et 
al., 1998). Astrocytomas are speculated to originate from NSCs in the brain, 
and stay in an undifferentiated state (Siebzehnrubl et al., 2011). 

An increase in GFAP expression in glial progenitors marks astrocyte 
differentiation. Several astrocytic stimuli were shown to enhance GFAP 
expression in rodent NSCs (Asano et al., 2009;Bonni et al., 1997). 
Nevertheless, none of the factors are yet confirmed to stimulate astrocyte 
differentiation in human NSCs. Here, we demonstrated for the first time 
that human postmortem ventricular CSF is a very potent stimulus for GFAP 
expression. NSCs in the SVZ are in direct contact with CSF and signaling 
molecules present in the CSF emerge as crucial regulators of NSCs (Lehtinen 

Figure 6. Schematic representation of the interplay between Notch signaling and GFAP 
expression during the differentiation of NSCs into glial progenitors. According to our 
hypothesis, active Notch signaling in NSCs stimulates GFAP expression and high GFAP 
levels, in turn, induce silencing of Notch signaling. Hence, during the course of differentiation, 
Notch signaling decreases whereas GFAP expression increases.
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et al., 2011). Human lumbar puncture CSF induced an accelerated astrocyte 
differentiation and improved survival of human adult NSCs (Buddensiek et 
al., 2010). We here show that also ventricular CSF induced GFAP expression, 
which marks differentiation of NSCs into the astrocytic lineage. In contrast to 
known astrogenic stimuli such as a combination of RA and LIF, stimulation of 
GFAP expression by CSF in vitro was long-lasting (data not shown). 

CSF treatment stimulated GFAP expression and proliferation in NSCs, 
marking a differentiation of NSCs into glial progenitors. We here demonstrate 
that silencing of Notch activity in these glial progenitors reduces GFAP 
expression. Since enhanced GFAP expression marks astrocyte differentiation, 
a reduction of GFAP upon silencing of Notch indicates that Notch activity is 
crucial for an astrocytic fate. To our best knowledge, this is the first report on 
GFAP regulation by Notch activity in human glial progenitors. These findings 
are in line with data from rodent NSCs where Notch was identified as key 
activator of astrogenesis marked by GFAP (Namihira et al., 2009). Studying 
human neural development is challenging and therefore many pathways 
of NSC differentiation identified in the rodent brain are not yet validated in 
human. It was previously shown in human embryonic stem cells (ESCs) that 
inhibition of Notch signaling enhanced neurogenesis (Borghese et al., 2010). 
Hence, Notch emerges also as a cell fate determinant in human NSCs, that 
inhibits neuronal specification and, as our data indicate, favors astrogenesis. 

In agreement with a stimulation of astrogenesis, JAG1 mediated-
activation of Notch signaling in human NSCs changed the ratio between the 
GFAP isoforms α and δ. GFAPδ is an alternatively spliced form, which is co-
expressed with GFAPα in NSCs, marking human stem cell identity. GFAPδ 
expression declines during the course of human astrocyte differentiation in 
humans (data not shown). Consequently, mature astrocytes in the human 
brain have low levels of GFAPδ and high levels of GFAPα (Roelofs et al., 
2005). According to our data, the switch in GFAP isoform expression at the 
onset of astrogenesis is controlled by Notch signaling. In glial progenitors, 
activation of the Notch pathway by JAG1 specifically increased GFAPα, but 
not GFAPδ expression, indicating differentiation along the glial lineage.

Our study provides first evidence for a negative feedback loop between 
Notch signaling and GFAP expression in the presence of astrogenic stimuli. 
According to our hypothesis, active Notch stimulates GFAP expression and 
high GFAP levels induce silencing of Notch signaling (Fig. 6). This hypothesis 
is supported by multiple lines of evidence. First, activation of Notch activity 
enhances GFAP expression and inhibition of the pathway decreases GFAP 
expression (Fig. 4). Furthermore, there is a negative correlation of GFAP 
levels and the Notch pathway components in the presence of different 
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astrogenic stimuli (Fig. 5). A correlation between high GFAP expression and 
low Notch activity has been described previously (Obayashi et al., 2009;Ying 
et al., 2011). In support of our findings, microarray analysis of human NSCs, 
which were differentiated towards an astrocyte fate, revealed an upregulation 
of GFAP and downregulation of Hes-5 (Obayashi et al., 2009). Additionally, 
in human glioblastoma stem cells treated with RA to stimulate their 
differentiation, GFAP expression was increased and downstream targets of 
Notch signaling were decreased (Ying et al., 2011). Intriguingly, also reactive 
astrocytes, which are characterized by high GFAP expression levels, show 
a downregulation of Hes-5 (Orre et al., 2013). Moreover, promoter assays 
of Hes-1 demonstrate a negative modulation of Notch signaling by GFAP 
(Fig. 5). Finally, ectopic expression of GFAPδ at the onset of astrogenesis 
inhibited expression of the Notch target gene Hes-5 (Fig. 5). Altogether, our 
data support that a negative feedback loop of GFAP expression and Notch 
activity in NSCs contributes to the control of astrogenesis during human brain 
development. Newborn astrocytes are important for neuronal development 
since they regulate the formation of developing synapses (Ullian et al., 2001) 
and guide the migration of newborn neurons (Powell et al., 2001). Thus, a 
tight regulation of astrocyte differentiation is vital for normal brain formation. 
Interestingly, disturbance of GFAP expression in mice lacking both of the 
intermediate filament proteins GFAP and vimentin, has recently been shown 
to also reduce Notch signaling and in turn increase neurogenesis of primary 
mouse NSCs during the neurogenic phase (Wilhelmsson et al., 2012). Hence, 
GFAP and Notch signaling seem to be tightly interconnected to regulate cell 
fate decisions in the neurogenic niche. 

The mechanism how GFAP expression inhibits Notch activity is still 
elusive. Our data show that GFAP inhibits Hes-1 promoter activity dependent 
on the presence of NICD. A translocation of NICD from the cytoplasm to the 
nucleus is necessary to regulate transcription of Notch target genes. It can 
be speculated that the cytoplasmic protein GFAP binds NICD to prevent its 
translocation to the nucleus. High expression levels of GFAP consequently 
would inhibit NICD-dependent expression of Notch downstream targets 
such as Hes-1. This hypothesis is in line with the emerging evidence that 
intermediate filament proteins serve as signaling platforms in the cell that 
regulate the activity of signaling molecules to modulate vital cellular functions 
(Pallari and Eriksson, 2006). Further research is necessary to understand 
the interplay between Notch signaling and GFAP expression in NSCs and 
the functional consequences on astrocyte differentiation. 

In conclusion, we show that GFAP expression levels determine the 
neurosphere forming capacity of NSCs. In contrast to undifferentiated NSCs, 
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Notch activity is crucial for GFAP expression in glial progenitors. Upon 
stimulation of astrocyte differentiation, increasing GFAP expression levels 
are associated with a downregulation of Notch signaling, which is enhanced 
by an increased expression of GFAP. Moreover, GFAP expression inhibited 
the promoter activity of the Notch target gene Hes-1. Thus, our data indicate 
that GFAP and Notch signaling form a negative feedback loop to control 
astrocyte differentiation of NSCs.
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Supplementary data:

Supplementary figure 1. Suppression of Notch target gene expression in ihNSCs cultured 
in the presence of astrogenic stimuli. qPCR analysis of GFAP isoforms GFAPα and GFAPδ 
and Notch target gene Hes-5 in ihNSCs in the presence of astrogenic stimuli. ihNSCs were 
treated with A) RA and LIF for 48 hours or vehicle (n=2) or B) FBS for 3 consecutive days 
(n=4), (p=0.0571, GFAPα, Hes-5, 0 versus 3 days of differentiation). Data were normalized 
to the reference genes Actin and 18s and are presented as mean + SEM (n=2-5), * < p 0.05.

NBB nr. Age Sex Clinical 
Diagnosis

PMD 
(h:min) pH CSF Cause of death

11-034 74 M AD 5:15 6.16 Dehydration
11-036 88 M C 6:17 6.17 Heart failure
11-076 75 F C 5:25 6.75 Euthanasia*

11-082 84 F C 5:55 6.10 Pneumonia, respiratory 
failure

11-091 76 M C 6:45 6.31 Lung cancer

11-114 81 F C 5:30 6.77 Advanced COPD, 
respiratory insufficiency

12-062 88 M C 5:40 7.30 Unknown
12-102 89 F AD 5:15 6.22 Unknown

Supplementary table 1. Clinicopathological data of the CSF donors. NBB = Netherlands 
Brain Bank, PMD =post mortem delay, M=male, F = Female, AD = Alzheimer’s Disease, C = 
non-demented control, CSF = Cerebrospinal Fluid. COPD =  chronic obstructive pulmonary 
disease. * Euthanasia is legal according to Dutch law.
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Primer Forward sequence Reverse sequence

Actin GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

18s TTCGTATTGCGCCGCTAGA TGGCAAATGCTTTCGCTCT

EF1a AGCCCATGTGTGTTGAGAGCTT TGACACCCACCGCAACTGT

GFAPα CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG

GFAPδ TCCAACCTGCAGATTCGAGG GGGAATGGTGATCCGGTTCT

pan-GFAP GACCTGGCCACTGTGAGG GGCTTCATCTGCTTCCTGTC

Hes-1 AACACTGATTTTGGATGCTCTGAAG CATTTCCAGAATGTCCGCCTT

Hes-5 AGTCCCTGCCGTTTTAGGACA GCAAACACAGAACAACCCCAT

JAG 1 GATGATGGGAACCCGATCAA GCGAGCTGTTTCCATCACGT

Notch 1 CGGGTCCACCAGTTTGAATG GTTGTATTGGTTCGGCACCAT

Presenilin 1 CCAGATTTGAGGGACGAGGTC CACGCGTCAAGCTGCTGAT

Supplementary table 2. Primers used for quantitative real time PCR.


