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Abstract 
Astrocytes emerge as crucial cells for proper neuronal functioning in 

the developing and adult brain. Neurons and astrocytes are sequentially 
generated from the same pool of neural stem cells (NSCs). Tight regulation of 
the neuron-to-astrocyte switch is critical for i) generation a balanced number 
of astrocytes and neurons and ii) neuronal circuit formation -since newborn 
astrocytes regulate synapse formation. This review focuses on signalling 
pathways that instruct astrogenesis, incorporating recently discovered 
intrinsic and extrinsic regulators. The canonical pathway of astrocytic gene 
expression, JAK/STAT signalling, is inhibited during neurogenesis to prevent 
premature astrocyte differentiation. At the onset of astrogenesis, Notch 
signalling induces epigenetic remodelling of astrocytic genes like glial fibrillary 
acidic protein (GFAP) to change NSC competence. In turn, astrogenesis is 
initiated by signals received from newborn neurons. We highlight how key 
molecular pathways like JAK/STAT and Notch are integrated in a complex 
network of environmental signals and epigenetic and transcriptional 
regulators to determine NSC differentiation. It is essential to understand NSC 
differentiation in respect to future NSC-based therapies for brain diseases, 
as transplanted NSCs preferentially become astrocytes. As emphasized in 
this review, many clues in this respect can be learned from development. 
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 1
Introduction 

Astrocytes emerge as crucial cells for proper neuronal functioning in the 
developing and adult brain. Astrocytes are important regulators of neuronal 
function, including synaptic transmission and information processing by 
neural circuits. Moreover, astrocytes maintain central nervous system 
homeostasis by regulation of  ion, pH and neurotransmitter metabolism 
as well as blood flow [1]. During development, neurons and astrocytes 
are generated from neural stem cells (NSCs), the so called radial glia. 
Radial glial cells are multipotent and represent the majority of progenitor 
cells in the developing brain. Early in development, radial glia produce 
intermediate progenitor cells which, in turn, produce neurons. At the onset 
of astrogenesis, radial glia directly differentiate into astrocytes or generate 
intermediate progenitors [2]. Newborn astrocytes are crucial for neuronal 
development since they regulate the formation of developing synapses [2] 
and regulate synaptic connectivity [3]. A tight regulation of the switch from a 
neuronal to an astrocytic NSC potential is critical for normal brain formation. 
During the neurogenic phase, proneural basic helix-loop-helix (bHLH) 
transcription factors, such as Neurogenin 1 (Ngn1) drive neurogenesis and 
simultaneously prevent the generation of astrocytes. Astrogenesis is mainly 
repressed by inactivation of the JAK/STAT pathway, the key signalling 
pathway promoting astrocyte differentiation. Notch activity, which closely 
interacts with the JAK/STAT pathway, is critical to drive NSC differentiation 
into an astrocytic fate by demethylation of astrocytic genes. Upon the release 
of astrocytic repressors, gliogenic cytokines secreted by newborn neurons 
activate the JAK receptor, STAT3 is phosphorylated and, in turn, is activated. 
Active STAT3 binds together with the co-activator complex p300/CBP to the 
promoter of astrocytic signature genes, such as GFAP. Activation of astrocytic 
gene expression initiates astrocyte differentiation [4]. This review discusses 
the current concept of the developmental neuron-to-astrocyte fate switch. 
Specifically, it highlights recent findings that demonstrate a complex interplay 
of different molecular pathways controlling the onset of astrogenesis. The 
majority of the reviewed literature focuses on the development of the cortex 
if not stated otherwise in the text. Unravelling the regulatory pathways that 
control astrocyte differentiation is of crucial importance to develop novel 
approaches to selectively differentiate NSCs into astrocytes or to prevent 
astrocyte differentiation in the diseased brain. As emphasized in this review, 
many clues in this respect can be learned from development. 

We will discuss the mechanisms that inhibit astrogenesis (section 1), 
how the brakes of astrogenesis are released (section 2), and the initiation of 
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astrocytic differentiation by Notch signalling (section 3) and newborn neurons 
(section 4).

1.) Brakes of astrogenesis

Inhibition of JAK/STAT signalling prevents premature astrogenesis

Inhibition of astrogenesis during the neurogenic phase is essential 
for the generation of a sufficient amount of neurons necessary to build 
all neuronal layers and connections in the brain. To this end, silencing of 
the JAK/STAT pathway, the canonical pathway regulating astrocytic gene 
expression, is critical since gliogenic signals are already present early in the 
embryonic brain [5, 6]. Upon activation of JAK receptors, phosphorylation and 
acetylation activates STAT3, which then dimerizes and translocates to the 
nucleus to activate gene transcription. STAT3 activity is of crucial importance 
for astrogenesis to occur [5]. Therefore, current research focuses on the 
mechanism how JAK/STAT signalling is inhibited at the level of STAT3. 

During neurogenesis, sequestration of the p300/CBP co-activator 
complex from STAT3 results in inhibition of STAT3-dependent transcription 
in NSCs. p300/CBP has an intrinsic acetyltransferase activity. Dissociation 
of p300/CBP might reduce acetylation at the STAT3-binding site of the 
GFAP promoter [7]. The pro-neuronal factor Ngn1 binds the p300/CBP 
complex preventing its interaction with STAT3 [8]. Hence, Ngn1 suppresses 
astrogenesis by inhibition of the JAK/STAT pathway [9]. In parallel promotes 
neuronal differentiation by activating the expression of neuronal genes [8]. 
Other proneural bHLH transcription factors such as Ngn2, NeuroD1, and 
Mash1 are essential for neuronal differentiation as well. Loss of each of 
these bHLH factors induces astrocyte differentiation [10, 11]. Therefore, 
hypothetically also Ngn2, NeuroD1, and Mash1 could inhibit astrocyte 
differentiation by sequestering p300/CBF. 

In addition, JAK/STAT signalling is inhibited by methylation of STAT3 
binding sites in the promoters of astrocytic genes. Methylation results in 
condensation of the chromatin, which hinders binding of the transcription 
factor STAT3 at the promoter of the astrocytic genes GFAP and S100B [12]. 
DNA methyltransferase I (DNMT1) is a potential candidate for methylation 
of astrocytic genes during neurogenesis. Indeed, conditional deletion of 
DNMT1 in NSCs induces the switch from neurogenesis to astrogenesis 
[13]. DNA methylation at the STAT3 binding site of the promoter is likely to 
recruit methyl CpG binding proteins such as methyl CpG binding protein 2 
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 1
(MeCP2) which has been shown to bind to promoters of glial genes in early 
precursors [13, 14]. Some first evidence from human embryonic carcinoma 
cells indicates that MeCP2 forms a repressor complex together with SIN3 
transcription regulator homolog A (Sin3A) at the methylated STAT3 binding 
site of the GFAP promoter [7]. MeCP2-Sin3A is a known repressor complex 
which condenses chromatin and thereby represses gene expression at 
numerous gene promoters [15]. 

Interestingly, upon JAK/STAT activation in non-neuronal cells, SIN3A 
interacts with STAT3 to promote  de-acetylation of the STAT3 protein. De-
acetylation of STAT3 is associated with low STAT3 activity[16]. Similarly, 
Sin3A could be involved in the inhibition of glial genes in two ways:  by 
epigenetic silencing of STAT3-binding sites in the GFAP promoter and  by 
suppression of basal STAT3 activity. Further experimental proof for SIN3A 
dependent silencing of STAT3 action in NSCs is necessary to define the role 
of the repressor complex of SIN3A and MeCP2 in suppressing JAK/STAT 
signalling. 

The importance of silencing STAT3 activity to inhibit glial gene 
expression is emphasized by the result of overexpression of a repressor of 
STAT3 expression. Such a repressor is suppressor of cytokine signalling 3 
(Socs3), which inhibits astrogliogenesis and increases neurogenesis [17]. 
Intriguingly, STAT3 silencing might actively promote neurogenesis through 
induction of the proneuronal transcription factors Math1, Ngn3, and NeuroD 
[18]. Consistently, conditional deletion of STAT3 stimulates differentiation of 
NSCs into neurons and prevents astrogenesis [18, 19].

Taken together, the JAK/STAT pathway is a key regulator of astrogenesis. 
During neurogenesis several mechanisms inhibit STAT3 activity and in turn 
astrocytic JAK/STAT signalling to prevent astrogenesis. Firstly, the co-
activator complex p300/CBP is sequestered by the proneural transcription 
factor Ngn1 leading to prevention of STAT3-dependent transcription and 
reduced acetylation at the STAT3-binding site of the GFAP promoter. 
Secondly, methylation of STAT3 binding sites in astrocytic gene promoters 
condenses the chromatin and inhibits binding of STAT3. Finally, STAT3 may 
be inactivated by de-acetylation of the STAT3 protein which may, in addition 
to preventing astrogenesis, induce neurogenesis by induction of proneural 
gene expression (see figure 1).

What triggers inhibition of the JAK/STAT pathway?  

Extrinsic cues which can induce inhibition of JAK/STAT activity are 
neurotrophins. Neurotrophins, such as brain derived neurotrophic factor 
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(BDNF) activate the neurogenic SHP2-Ras-MEK-ERK pathway to promote 
neurogenesis [20]. SHP2, a phosphatase modulating the MEK-ERK 
pathway [21], is an important regulator of the neuron-to-astrocyte switch as 
well. Knockdown of SHPs in NSCs in vivo stimulated premature astroglial 
differentiation during the late neurogenic period [22]. SHP2 possesses a dual 
role during early development. SHP2 expression triggers pro-neural MEK-
ERK signalling and in addition inhibits the astrocytic JAK/STAT pathway. In 
non-neural cells, it was shown that SHP2 dephosphorylates STAT3 to inhibit 
JAK/STAT activity [23]. Consistently in NSCs, absence of SHP2 increases 
phosphoSTAT3 levels [22]. Although neurotrophins inhibit JAK/STAT signalling 
during early development by dephoshorylating STAT3, the SHP2-Ras-MEK-
ERK pathway may repress STAT3 activity in additional ways. MEK was 
shown to induce selective promoter methylation by DNA methyltransferase 
3 in non-neural cells [24]. Thus, SHP2-Ras-MEK-ERK activity could inhibit 
STAT3-dependent transcription by methylation of astrocyte genes as well. To 
date, no specific activator of the SHP2-Ras-MEK-ERK pathway is identified 

Figure 1. Silencing of astrocytic JAK/STAT signalling during neurogenesis. Inhibition of 
astrogenesis early in development is critical for the generation of a sufficient amount of neurons. 
Multiple mechanisms repress the JAK/STAT pathway, the canonical pathway of astrocytic 
gene expression since activation of astrocytic gene promoters by the STAT3 transcription 
factor is crucial for astrocyte differentiation. The phosphatase SHP2, which is regulated by 
neuregulin, de-phosphorylates, and in turn inhibits STAT3. Moreover, sequestering of the 
co-activator complex p300/CBP by the neurogenic bHLH factor Ngn1 blocks acetylation of 
STAT3 binding sites (Ac). The haematopoietic growth factors SCF and G-CSF were shown to 
induce Ngn1 expression. Finally, methylation (M) of STAT3 binding sites silences astrocytic 
gene promoters. The DNA methyltransferase DNMT1 and the repressor complex of MeCP2-
Sin3A induce methylation and in turn condensation of the chromatin.



A star is born

15

 1
which induces the inhibition of astrogenesis. BDNF is a potential candidate 
since it is i) expressed before the astrocytic phase [25] and ii) an important 
regulator of NSC differentiation during early development [26]. 

Another inhibitor of JAK/STAT activity is Reelin signalling. Reelin signals 
through the cytoplasmic adapter protein Disabled 1 (Dab1). Reelin-Dab1 
activity is crucial for diverse events during development, such as neuronal 
migration along the radial glial fibre, dendrite formation, synaptic plasticity, 
and radial glial morphology [27].

 
Dab1 suppresses astroglial differentiation 

through induction of the proneural bHLH factor NeuroD [28]. NeuroD, in 
concert with other proneuronal bHLH factors, is an inhibitor of the JAK/STAT 
pathway [9]. Upon deletion of Dab1 in NSCs, NeuroD expression decreases, 
which in turn enhances STAT phosphorylation [28]. The effect of Reelin, 
itself, is still under debate. In isolated NSCs in culture, Reelin has no effect 
on astrogenesis, but loss of Reelin in vivo indeed results  in an increased 
number of astrocytes in the mouse hippocampus [29].

There are also indications that haematopoietic growth factors inhibit 
astrogenesis. Stem cell factor (SCF) and granulocyte colony stimulating 
factor (G-CSF) block astrogenesis during early development. The receptors 
for SCF and G-CSF are expressed in the embryonic ventricular zone and in 
primary NSCs in vitro. In culture, SCF and G-CSF increase the pro-neural 
bHLH gene Ngn1 [30]. Ngn1 inhibits the JAK/STAT pathway by sequestering 
the co-activator complex p300/CBP [8] and hence suppresses astrogenesis 
(see figure 1). Erythropoietin, another hematopoietic growth factor, promotes 
neuronal differentiation via Ngn1 expression in adult NSCs [31]. So far 
the role of erythropoietin in astrogenesis has not been addressed. High 
expression levels of the erythropoietin receptor in neurogenic regions during 
development indicate that it has a role in embryonic NSC regulation [32].

 
JAK/STAT independent brakes of astrogenesis

Inhibitors of astrogenesis have been identified which act independently of 
JAK/STAT silencing. ErbB4-NCoR signalling is crucial to prevent premature 
astrogenesis in vivo. ErbB4 is a tyrosine kinase receptor of the EGF receptor 
family, which forms a repressor complex together with NcoR. Upon activation 
of the receptor, the intracellular domain of the ErbB4 receptor translocates 
together with NcoR into the nucleus to inactivate GFAP expression [33]. 
Neuregulin secretion by neurons activates ErbB4-NCoR signalling. Hence, 
newborn neurons might contribute to the inhibition of astrogenesis. At the 
onset of astrogenesis, it is thought that downregulation of ErbB4 releases 
the brake and allows for the generation of astrocytes [34]. How silencing of 
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ErbB4 is regulated is still unclear. Neuregulins have diverse functions in the 
embryonic brain such as regulating neuronal migration, axonal guidance, and 
synapse formation [35]. Thus, it needs to be determined how these different 
biological effects of neuregulin signalling are regulated at distinct stages of 
development. The pathways identified to prevent astrogenesis are depicted 
in figure 1 and table 1.

2.) Releasing the brakes of astrogenesis: Changes in NSC 
competence

Epigenetic remodelling of the GFAP promoter

At the onset of astrogenesis, NSC competence changes from a 
neurogenic to an astrocytic potential, which is marked by the activation of 
astrocytic signature genes such as GFAP. The chromatin state of the GFAP 
promoter changes significantly in order to allow active gene transcription. 
DNA methylation, as well as histone methylation and acetylation play a crucial 
role in the epigenetic regulation of GFAP transcription. For the majority of 
genes, hallmarks of active gene transcription are high levels of trimethylation 
of histone3-lysine 4 (H3K4). Whereas a repressed chromatin state is marked 
by DNA and H3K9 and H3K27 methylation. In addition, H3K9 and H3K14 
acetylation are associated with an open chromatin state [36]. Several factors 
were identified which induce opening of the chromatin at the GFAP promoter 
(see figure 2).

The JAK/STAT pathway component p300/CBP has an intrinsic 
acetyltransferase activity. It is suggested that binding of p300/CBP triggers its 
own activity and induces H3K9 and H3K14 acetylation at the STAT3-binding 
site of the GFAP promoter [7]. The availability of p300/CBP is regulated by 
Ngn1. Before the onset of astrogenesis, p300/CBP is sequestered by Ngn1 
to inhibit binding of the complex to the GFAP promoter (see figure 1). During 
astrogenesis, polycomb group (PcG) proteins silence Ngn1 expression [37]. 
PcG proteins are an important epigenetic regulation system in the cell [38].

PcG proteins induce silencing of the Ngn1 promoter by reducing histone 
acetylation and increasing H3K27 methylation [37]. Ngn1 downregulation 
releases p300/CBP. In turn, p300/CBP forms a co-activator complex with 
STAT3 at the GFAP promoter to activate its expression. Consistently, loss 
of PcG proteins prolongs Ngn1 expression, represses astrocytic gene 
expression, and in turn delays the astrocytic phase of NSCs in vivo [37]. 
Acetylation via p300/CBP was shown in non-neuronal cells to facilitate 
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Figure 2. Epigenetic remodelling of the GFAP promoter.  During the neurogenic phase, the 
astrocytic gene GFAP is epigenetically silenced by methylation (M) induced by the DNA 
methyltransferase I (DNMT1). The repressor complex of MeCP2-Sin3A as well as of the RA 
receptor (RAR)N-CoR might be involved in condensation of the chromatin. At the onset of 
astrogenesis, the methylation status of the GFAP promoter significantly changes. Binding 
of the Notch downstream target NF1A induces the release of DNMT1. An additional trigger 
for demethylation is OASIS-Gcm1 signalling. Histone acetylation by p300/CBP potentiates 
opening of the chromatin. FGF2 signalling acts as external stimulus to remodel the methylation 
pattern of histones possibly via the methyltransferases SET7/9.

STAT3 dimerization and STAT3 dependent gene transcription [39]. The exact 
mechanism how p300/CBP activates GFAP expression is still elusive. 

In addition to acetylation,  the methylation status of the GFAP promoter 
is also crucial for astrocyte differentiation [12]. DNA methylation condenses 
the chromatin and hinders binding of transcriptional activators such as 
STAT3. The astrocytic transcription factor nuclear factor 1 A (NF1A) plays 
a central role in the demethylation of the GFAP promoter. NF1A expression 
is upregulated during astrogenesis [40]. Binding of NF1A to the GFAP 
promoter [41] induces the dissociation of the methyltransferase DNMT1 from 
the GFAP promoter. Since no enzyme has been identified which actively 
demethylates the promoter, passive loss of methylation via release of DNMT1 
was suggested as main mechanism for demethylation of the GFAP promoter 
[42]. In NF1A knockout mice, methylation is preserved and GFAP expression 
is severely reduced in the cortical [43, 44] and  midline glia populations [45]. 
NF1B knockoutmice display similar defects in GFAP expression suggesting 
that NF1B might be involved in demethylation of GFAP as well [44].

What triggers chromatin remodelling at the GFAP promoter?

A key signal for opening the chromatin state at the GFAP promoter is 
fibroblast growth factor 2 (FGF2). Song and Ghosh demonstrated that FGF2 
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Gene (Reference) Manipulation and effect

LIF [9, 71]

Treatment of primary mouse NSCs (isolated at E11) 
promotes astrocyte differentiation as measured by GFAP 
and S100B positive cells [9].
Depletion of LIF results in no changes of astrocyte numbers 
(measured by GFAP) at P3 [71].

CNTF [71, 74]

Treatment of primary mouse NSCs (isolated at E14 or 
E17) with CNTF increases the number of GFAP positive 
cells [74].
Overexpression of CNTF (using in utero electroporation at 
E13.5 or E15) results in ectopic S100B and GFAP positive 
cells 3 days later [71].

CT-1 [71] NSCs isolated at E13 from CT-1 knockout mice display 
decreased GFAP expression after 6 days in culture.

BMPs [77, 79]

Treatment of primary mouse NSCs (isolated at E18.5) 
with BMP4 promotes GFAP expression and BMP4 
overexpressing animals display increased numbers 
of GFAP positive cells [77]. Exposure of murine NSCs 
(isolated at E17) to BMP 2, 4, 5 or 6 increased GFAP 
expression and enhanced morphological complexity [79].  

Tgf-β1 [86] Treatment of primary mouse NSCs (isolated at E14) with 
Tgf-β1 enhances the number of GFAP positive cells.

RA [53] Treatment of primary mouse NSCs (isolated at E14.5) with 
RA together with LIF enhances GFAP expression.

Notch [42]

Overexpression of NICD using a retrovirus in mouse NSCs 
(isolated at E11.5) increases the amount of GFAP positive 
cells.

STAT3 [19, 20]

Conditional depletion of STAT3 using in vitro expression 
of Cre recombinase in mouse NSC (isolated at E14-15) 
promoted neurogenesis and reduced GFAP expression. 
[19].
Expression of dominant negative form of STAT3 in rat 
NSCs (isolated at day 17-18) reduced GFAP expression 
3 days later [18].

NF1A [43, 44, 45]

Overexpression of NF1A using a retrovirus in mouse NSCs 
(isolated at E11.5) increases the amount of GFAP positive 
cells [42].
Depletion of NF1A severely reduces GFAP expression in 
midline glia at E17 [44] and the cortex, hippocampus of 3 
month old mice [43].

Activators of astrogenesis
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 1Gene (Reference) Manipulation and effect

SCF, G-CSF [30]
Treatment of rat NSCs (isolated at E18) promotes neuronal 
differentiation and inhibits astroglial differentiation (GFAP 
positive cells).

Neurogenic bHLH Ngn1 [8]
Overexpression of Ngn1 in rat NSCs (isolated at E14) 
using retrovirus or adenovirus promotes neurogenesis and 
decreases GFAP expression.

DNMT1 [13]
Conditional deletion of DNMT1 in NSCs (using Nestin-Cre) 
results in premature GFAP positive cells in the cortex by 
E18.

ErbB4-NCoR [33] Depletion of ErbB4 results in premature GFAP-/- S100B 
positive cells in the cortex by E17.5

Fbxw7 [68]
Conditional deletion of Fbxw7 in NSCs (using Nestin-Cre) 
results in an increased number of GFAP positive cells in  
primary cerebral cultures isolated at P0.5.

Lhx2 [61]

Conditional deletion of Lhx2 using in utero electroporation 
at E15 to express Cre recombinase in the hippocampus 
results in aberrant GFAP positive cells 7 days later.
Overexpression of Lhx2 (using in utero electroporation at 
E15 or E17) reduced the GFAP positive cells 7 days later.

Emx [62]
Overexpression of Emx in NSCs (isolated at E11.5) 
promotes neurogenesis and reduces the number of S100B 
positive cells. 

Socs3 [17] Overexpression of Socs3 using adenovirus in rat NSCs 
(isolated day 17–18) reduces GFAP positive cells.

SHP2 [22]
shRNA-mediated knockdown of SHP2 in the cortex at 
E13/14 induces premature generation of GFAP+ astrocytes 
at E16/17.

Suppressors of astrogenesis

Table 1. Regulators of astrogenesis
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suppresses H3K9 methylation at the STAT3 binding site and promotes H3K4 
hypermethylation. In cultured cortical NSCs, FGF2-mediated chromatin 
remodelling, itself, does not initiate astrogenesis but requires additional 
astrocytic stimuli, such as the gliogenic cytokine ciliary neurotrophic factor 
(CNTF), to induce GFAP expression [46]. In vivo, lack of FGF2 reduces GFAP 
expression in the grey matter, and specifically in this region, H3K4 methylation 
at the STAT3 binding site of the GFAP promoter [47]. The regulatory pathways 
downstream of FGF2 signalling are still under investigation. FGF2 signalling 
might target methyltransferases to regulate K9 versus K4 methylation [46]. 
A possible candidate is the methyltransferase SET7/9. First, SET7/9 is 
shown to regulate methylation of H3K4 [48] and second, overexpression of 
SET7/9 potentiates astrogenesis induced by FGF2 [46]. Additional enzymes 
regulating epigenetic changes downstream of FGF2 signalling are still 
elusive. Taken together, FGF2 sets an example how extrinsic factors of the 
neurogenic niche control the developmental competence of NSCs via the 
methylation status of the GFAP promoter. 

An additional extrinsic stimulus which controls the epigenetic state of 
the GFAP promoter is retinoic acid (RA). Reporter mice for RA signalling 
demonstrate activity early in the developing brain [49–51]. In the absence of 
RA, the RA receptor (RAR) forms a repressor complex with N-CoR to induce 
deacetylation of gene promoters by recruitment of histone deacetylases 
(HDACs). Induction of RA signalling during astrogenesis might induce the 
replacement of HDACs with histone acetylases at the GFAP promoter [52]. 
Indeed, RA promotes acetylation of H3 around STAT3 responsive elements 
of the GFAP promoter in vitro. In turn, relaxation of the chromatin might 
facilitate STAT3 binding and initiate GFAP transcription. Consistent with this 
hypothesis, RA potentiates the differentiation of NSCs into astrocytes [53].

An additional step in the epigenetic remodelling of the GFAP promoter 
could be the release of the repressor complex SIN3A-MeCP2. First evidence 
indicates that SIN3A-MeCP2 condenses the chromatin at the GFAP 
promoter during neurogenesis (see figure 1). This complex is released from 
the GFAP promoter at the onset of astrogenesis [7]. Dissociation of SIN3A-
MeCP2 might potentiate the relaxation of the chromatin to enhance binding 
of the astrocytic transcription factor STAT3. The identity of histone modifying 
enzymes which are regulated upon the release of SIN3A-MeCP2 is still 
elusive. The regulators identified to remodel the GFAP promoter are depicted 
in figure 2.

The complex epigenetic regulation of GFAP transcription demonstrates 
that the activity of histone modifying enzymes is tightly regulated during the 
course of development. Histone modifying enzymes are widely expressed 
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in different cell types and regulate the transcription of hundreds of genes 
simultaneously. Nevertheless, modification of single histone marks requires 
local activity of enzymes. Moreover, the epigenetic state needs to be regulated 
differentially at distinct developmental stages. Future research is necessary 
to understand the synchronized action of multiple histone modifying enzymes 
at different genomic loci under a tight temporal control. This goal demands 
isolation of distinct cell populations at different developmental stages to be 
able to analyse the epigenetic status of these cells. Hence, improvement 
of isolation techniques using cell-type specific surface markers is of crucial 
importance [54]. Although GFAP is an important astrocyte signature gene, 
the focus of the current literature solely on changes in the GFAP promoter 
introduces a bias in the analysis of regulatory mechanisms controlling 
astrogenesis. Investigation of additional promoters such as S100B or GLT1 
is necessary to complete our insight in the initiation of astrocytic gene 
expression.

In summary, recent studies identified a distinct histone code at active 
GFAP promoters during astrogenesis. Increased acetylation and decreased 
methylation triggers the relaxation of the chromatin around STAT3 binding 
sites of the GFAP promoter. In turn, binding of the transcriptional activator 
STAT3 initiates GFAP transcription. Extrinsic signals like FGF2 and RA 
orchestrate epigenetic changes to elicit astrocytic gene expression at the 
onset of astrogenesis.

3.) Notch signalling, a master regulator of astrogenesis
Notch signalling is a key regulator of NSC fate during development. 

The role of Notch activity is studied extensively using knockout mice, 
overexpression studies, or pharmacological inactivation of the pathway. The 
canonical signalling pathway in mammals is activated by the Notch ligands 
Jagged and Delta-like proteins. Upon ligand binding, Notch is cleaved by the 
g-secretase complex containing presenilin1, releasing the notch intracellular 
domain (NICD). NICD translocates into the nucleus, where it regulates 
transcription of Notch target genes via DNA binding proteins such as the 
c-promoter binding factor 1 (CSL) [55]. Notch signalling fulfils different roles 
during the course of development. During the neurogenic phase, Notch is 
critical for the maintenance of the NSC pool via repression of neurogenesis. 
The Notch transcriptional downstream targets hairy enhancer of split (Hes) 
Hes1 and Hes5 are crucial inhibitors of neuronal differentiation [56]. When 
development proceeds, newborn neurons are thought to stimulate Notch 
signalling in NSCs by expression of Notch ligands such as Jagged 1 and 
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Delta-like 1 [42]. At this stage, Notch activation is necessary and sufficient 
to induce astrocyte differentiation. Expression of NICD in mouse embryonic 
NSCs results in demethylation of the GFAP promoter and in turn, activation 
of GFAP expression. Notch signalling induces the epigenetic remodelling of 
the GFAP promoter  through its downstream target NF1A [42]. As mentioned 
previously, NF1A is a crucial transcription factor which induces the release 
of DNMT1 from the GFAP promoter thereby allowing for astrocytic gene 
expression (see figure 2). So far it is not known whether NF1A simultaneously 
activates additional astrocytic gene promoters or if it exerts its effect 
exclusively on GFAP. Moreover, how the Notch response switches from 
being self-renewing to astrogenic during the course of development is to 
date still elusive.

Notch signalling is a major point of converge between different regulators 
of the neuron-to astrocyte-switch. JAK/STAT and Notch signalling act 
synergistically to promote astrogenesis (see figure 3). Their interaction is 
mainly established by STAT3. STAT3 induces the Notch ligand DLL1 which 
in turn activates Notch signalling in adjacent cells. So far, it is still elusive 
whether neurons or astrocytes are the predominant cell type responsible for 
the non-cell-autonomous interplay of JAK/STAT and Notch signalling [57]. 
In agreement with this finding, an inhibitor of STAT3 transcription, Socs3, 
suppresses Hes5 expression [17]. Moreover, dominant-negative STAT3 

Figure 3. Synergistic effect of JAK/STAT and Notch signalling at the onset of astrogenesis. 
A positive feedback loop of the key astrocytic signalling pathways JAK/STAT and Notch 
stimulates astrogenesis. STAT3 induces Notch ligands which, in turn, activate Notch signalling. 
Notch activity induces phosphorylation of STAT3 to activate JAK/STAT signalling. Inhibitors 
of the JAK/STAT pathway, like SOCS3 and the growth factors SCF and G-CSF also repress 
Notch signalling. Notch activity is regulated by i) Fbxw which marks the Notch1 receptor for 
degradation by the proteasome ii) its downstream target NF1A, which itself inhibits Notch 
signalling. Multiple transcription factors (Lhx2, Sox9, Emx) control NF1A expression and in 
turn, the onset of astrogenesis. Inhibitory factors are labelled in green and activating factors 
in red.
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blocks astrocyte differentiation induced by the Notch pathway via reduction 
of Notch1, Hes1, and Hes5 expression [18, 58]. Finally, the growth factors 
SCF and G-CSF, which repress JAK/STAT activity (see figure 1), decrease 
expression of Notch 1 and Hes1 [30]. Hes1 itself induces phosphorylation of 
STAT3 to activate JAK/STAT signalling. To this end, Hes1 directly binds STAT3 
in the nucleus facilitating its interaction with the kinase JAK2. Recruitment of 
JAK2 induces phosphorylation and, in turn, activation of STAT3 [58]. Hence, 
JAK/STAT and Notch signalling establish a positive feedback loop to initiate 
astroglial differentiation (see figure 3). 

Since Notch signalling is a very potent stimulus for astrocyte 
differentiation, its activity needs to be tightly regulated. The Notch target 
NF1A plays a central role in controlling Notch activity. NF1A, itself, limits 
Notch activity by repressing Hes1 [59]. This negative feedback loop restrains 
Notch signalling and prevents excessive generation of astrocytes. Recently, 
the lim-homeodomain transcription factor Lhx2 was found to inhibit Notch 
signalling through NF1A. Lhx2 is a known transcriptional regulator of 
cerebral cortical fate and neuronal differentiation [60]. In the hippocampus, 
Lhx2 serves as a brake which prevents astrogenesis until neurogenesis 
is complete [61]. Subramanian and colleagues suggest a model in which 
Lhx2 inhibits Notch-mediated astrogenesis through its downstream target 
NF1A since i) down-regulation of Lhx2 produces astrocytes only if NF1A is 
functional and ii) Lhx2 expression blocks astrogenesis induced by NF1A 
overexpression [61]. Another inhibitor of NF1A which might contribute to the 
regulation of astrogenesis is the empty spiracles homolog 2 (Emx2). Emx2 
is a patterning factor involved in central nervous system morphogenesis 
and promotes neurogenesis at the expense of astrogenesis [62]. Microarray 
analysis of isolated NSCs lacking Emx2 showed upregulation of NF1A [63]. 
Hence, Emx2 may repress NFIA to avoid premature astrogenesis. 

A positive regulator of NF1A expression is the Notch downstream 
target Sox9, a HMG box transcription factor. Sox9 is expressed early 
during development and ablation of Sox9 in nestin-positive NSCs in vivo 
prolongs neurogenesis and delays astrogenesis [64]. Recently, Kang and 
colleagues demonstrated that the regulation of astrogenesis by Sox9 is 
NF1A-dependent. Sox9 associates with NF1A which induces the expression 
of NF1A itself as well as other target genes involved in astrogenesis 
[65]. Hence, Sox9 regulates the timing of NF1A expression. Upon NF1A 
expression, astrogenesis is initiated through epigenetic remodelling of the 
GFAP promoter allowing for JAK/STAT-mediated gene transcription. Taken 
together, the Notch downstream target NF1A is a key regulator of astrocyte 
differentiation. Inhibition of NF1A function prolongs neurogenesis whereas, 
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its activation induces the onset of astrogenesis. 
In addition, Notch activity is controlled by degradation of the Notch 1 

receptor. The F-box- and WD repeat domain-containing protein 7 (Fbxw7) 
is a ubiquitin ligase which ubiquitinates Notch1, targeting it for proteasomal 
degradation [66]. Hence, loss of Fbxw7 in nestin positive NSCs leads to the 
accumulation of the Notch1 receptor. Hoeck and colleagues demonstrated 
that increased Notch1 levels after Fbxw7 deletion at early development, 
such as E16.5, blocks NSC differentiation and decreases neurogenesis [67]. 
This finding emphasizes the prominent role of Notch signalling in maintaining 
self-renewal of NSCs and inhibiting neurogenesis early in development. 
Matsumoto and colleagues analysed the generation of astrocytes in 
Fbxw7 knockout mice. At birth, the high levels of Notch1 in the absence of 
Fbxw7 enhance astrogenesis [68]. Hence, regulation of Notch activity by 
Fbxw7 controls neurogenesis, as well as astrogenesis depending upon the 
developmental stage of NSCs. 

In summary, Notch signalling is crucial for the initiation of astrogenesis i) 
by inducing epigenetic remodelling of the GFAP promoter via its downstream 
target NF1A and ii) by potentiating JAK/STAT signalling through activation 
of STAT3. Notch activity needs to be tightly regulated to prevent premature 
astrogenesis. An important brake is the transcription factor Lhx2, which 
inhibits expression of the downstream target NF1A. Moreover, the ubiquitin 
ligase Fbxw7 degrades the Notch1 receptor limiting an activation of the 
pathway. The regulators identified to control Notch activity are depicted in 
figure 3. A future challenge is the dissection of Notch function in astrogenesis 
independently of its role in NSC maintenance in early development. 
Conditional knockout of Notch components specifically during the astrogenic 
phase could provide insights into Notch-mediated astrogenesis [67].

Oasis-Gcm1 signalling

Recently, an additional pathway was identified which changes NSC 
competence at the onset of astrogenesis. Saito and colleagues demonstrated 
that Oasis-Gcm1 signalling evokes demethylation of the GFAP promoter. 
Oasis is a CREB/ATF transcription factor activated by an unfolded protein 
response (UPR) in NSCs. The UPR comprises a network of signalling 
pathways which control the maintenance of the endoplasmic reticulum (ER) 
function to fold proteins. The UPR balances the rate of incoming proteins with 
the folding capacity of the ER. Disruption of this balance leads to ER stress 
[69]. Saito and colleagues state a model in which mild ER stress in NSCs 
activates Oasis. Disruption of this regulation by ablation of Oasis in mice 
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reduced the number astrocytes and delayed the onset of astrogenesis while 
increasing neuronal precursors [70]. The downstream target of Oasis, glial 
cell missing (Gcm1), partially restored astrogenesis through demethylation 
of the GFAP promoter. Thus, this study provides a first link between ER 
function and astrocyte differentiation. It is important to define the role of the 
newly discovered Oasis-Gmc1 pathway in relation to Notch activation in 
order to understand how the two pathways converge to control astrocytic 
gene expression.

4.) New born neurons trigger the initiation of astrogenesis
Gliogenic signals initiate differentiation of NSCs into astrocytes (see 

figure 4 and table 1). It is hypothesized that newly generated neurons secrete 
cytokines to stimulate astrocyte differentiation. The gliogenic cytokine 
cardiotrophin-1 (CT-1) is of crucial importance, since loss of CT-1 results 
in massive defects in astrogenesis [71]. In contrast, depletion of leukemia 
inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) has only a small 
impact of astrogenesis in vivo [72], since endogenous expression is initiated 
after birth [73]. Nevertheless, LIF and CNTF stimulate JAK/STAT signalling 
significantly in vitro [9, 71, 74]. CNTF and LIF activate the JAK receptor on 
NSCs leading to STAT1/3 phosphorylation [75]. In turn, STAT-dependent 
gene transcription is activated.  Consistently, CNTF induced astrogenesis 
can be blocked by inhibitors of the JAK/STAT pathway [17]. 

In addition to activating JAK/STAT signalling, gliogenic cytokines may 
release repressor complexes from astrocytic gene promoters. The presence 
of LIF decreases the association of the NCoR and HDAC1 with the GFAP 
promoter [9]. Consistently, induction of another repressor complex ErbB4-
NCoR antagonizes cytokine induced increase in GFAP expression [33]. 
Neuregulin was shown to promote ErBb4 expression, thus the amount 
of neuregulin in the neurogenic niche might control cytokine induced 
astrogenesis. 

Gliogenic cytokines act synergistically with bone morphogenetic proteins 
(BMPs) to promote astrogenesis (see figure 4). BMP signalling alone is not 
efficient in inducing astrocyte differentiation [9, 76]. Nevertheless, BMP 
signalling has a synergistic effect on cytokine-mediated upregulation of GFAP. 
BMPs mainly signal through SMAD1. BMP potentiates JAK/STAT signalling 
through the formation of a STAT-SMAD1 co-activating complex on the STAT3 
binding site of the GFAP promoter [76]. The complex is initiated by p300, 
which bridges the formation of a complex between STAT3 and SMAD1. 

The astrocytic JAK/STAT signalling seems to determine the astrocytic 
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effect of BMPs. As shown for BMP4, the effect of BMP signalling depends 
on the developmental context. BMP4 participates in astrocyte differentiation 
in late development [77, 78]. In contrast during early development, BMP4 
induces neuronal differentiation [79, 80]. It is hypothesized that the effect 
of BMP might depend on the balance between neuronal and astrocytic 
differentiation pathways [81]. Thus, high JAK/STAT activity at the onset of 
astrogenesis may instruct BMP signalling to promote astrogenesis.

In addition, BMP signalling is integrated in the positive feedback loop 
of JAK/STAT and Notch signalling which enhances astrogenesis (see figure 
4). BMP2 induces expression of the Notch downstream target Hes5 which 
inhibits the proneural bHLH Ngn1 [80]. In turn, repression of the pro-neural 
gene Ngn1 releases coactivators of STAT3 to activate astrocytic gene 
expression (see section 1). In this way, extrinsic BMP signalling couples 
induction of astrogenesis with inhibition of neurogenesis. So far, BMP2 and 
BMP4 were considered to be the main BMP family members promoting 
astrogenesis. Recently, BMP7 was identified as a crucial regulator of 
astrocyte differentiation since intraventricular injection of BMP7 in embryonic 
mice initiates premature astrogenesis [82]. Interestingly, BMP induces GFAP 

Figure 4. An integrated network of astrocytic stimuli converges to initiate astrogenesis. 
Gliogenic cytokines such as CT-1, LIF, and CNTF activate JAK/STAT signalling, the canonical 
pathway for astrocytic gene expression. In addition, gliogenic cytokines may release repressor 
complexes such as ErbB-NCoR and HDAC1 from astrocytic gene promoters. The effect of 
the cytokines is potentiated by the growth factors BMPs and TGF-β1. They signal via SMAD 
proteins which form a STAT3-SMAD co-activating complex on the STAT3 binding site of the 
GFAP promoter. Finally, the calcium regulated PACAP-DREAM pathway acts synergistically 
with the JAK/STAT pathway, and depends on the transcription factor NF1, a downstream 
factor of Notch signalling.
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expression in astrocytes which are morphologicaly distinct from LIF induced 
astrocytes [77]. Hence, different astrogenic stimuli might induce particular 
astrocyte subpopulations. Investigation of astrocyte markers such as S100B 
or GLT-1 in addition to GFAP is critical for a better characterization of distinct 
astrocytic subpopulations.

Tgf-β1, an additional member of the Tgf superfamily, might be an 
important activator of astrogenesis as well. Tgf-β1 receptors are expressed 
in early development [83] and cortical neurons secrete Tgf-β1 in vitro [84]. 
Moreover, Tgf-β1 activates SMAD2/3 signalling which interacts with the 
JAK/STAT pathway to promote GFAP expression in cortical NSCs in culture 
[85].  Thus similar to BMPs, Tgf-β1 could promote the cooperation between 
SMAD proteins and STAT3 to enhance JAK/STAT mediated astrogenesis. 
In addition, Tgf-β1 was demonstrated to induce non-canonical MAPK/PI3K 
signalling to control the differentiation of NSCs into astrocytes [86].

A mediator of Tgf-β1 signalling pathway is TAB2 [87]. Interestingly, a key 
astrocytic repressor complex ErbB4-NCoR (discussed in section 1) forms a 
complex with TAB2 at the promoter of astrocytic genes during neurogenesis 
[33]. Stipursky and colleagues proposed a model in which activation of 
Tgf-β1 might sequester TAB2 from the inhibitor complex. The dissociation of 
the repressor complex could promote transcription of glial genes and in turn 
astrogenesis [85]. The cross-talk between neuregulin inducing the ErbB4-
NCoR complex and Tgf-β1 signalling limiting the action of the ErbB4-NCoR 
complex may fine-tune the switch from the neurogenic to the gliogenic phase.

In addition to JAK/STAT and Notch signalling, calcium signalling stimulates 
astrogenesis. The cAMP-dependent pituitary adenylate cyclase-activating 
polypeptide (PACAP)  signalling to the downstream regulatory element 
antagonist modulator (DREAM) plays an important role in this regulation 
[88]. Vallejo suggested a model in which the PACAPactivates intracellular 
cAMP production and in turn, entry of calcium in NSCs. Calcium activates 
the transcription factor DREAM which binds to responsive elements in the 
GFAP promoter. Hence GFAP expression is stimulated. Consistently, loss 
of DREAM delays astrogliogenesis in vivo. Synergistic effects between the 
PACAP-DREAM pathway and the JAK/STAT pathway were observed which 
depend on the transcription factor NF1A, a downstream factor of Notch 
signalling. Hence, calcium signalling and growth factor regulated pathways 
cooperate to activate astrogenesis.

Taken together, astrocytic stimuli from newborn neurons are the key 
trigger for astrogenesis. The most potent signals are gliogenic cytokines, 
which activate JAK/STAT signalling, the canonical pathway for gliogenic 
gene expression. Growth factors of the TGF superfamily like BMPs and 
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Tgf-β1 act synergistically with gliogenic cytokines to activate the JAK/STAT 
pathway. In addition, calcium signalling cooperates with growth factors to 
induce the generation of astrocytes. Hence in the presence of astrocytic 
stimuli, an integrated network of different signalling pathways converges to 
initiate astrogenesis (see figure 4 and table1).

Maintenance of astrocytic identity

Once new astrocytes are generated in the developing brain, they 
need to maintain their glial identity. To this end, repression of neuronal 
genes is of crucial importance. A key player in silencing neuronal genes in 
astrocytes might be the repressor element 1-silencing transcription factor 
(REST). Neuronal gene silencing by REST is studied in several non-neural 
tissues [89, 90]. Recent findings demonstrate a role for REST in silencing of 
proneuronal genes also during the astrogenic phase. Microarray analysis of 
mouse NSCs at the onset of astrogenesis revealed that REST, together with 
the cofactor CoREST, targets genes involved in key developmental pathways 
of astrocyte specification including Notch, JAK/STAT, FGF, EGF, and BMP 
signalling [91]. It was demonstrated for BMP signalling that the astrocytic 
stimulus BMP2, itself, induces the transcription of REST [92]. In this way 
initiation of astrogenesis might be coupled to suppression of neuronal genes.

REST inhibits gene expression via epigenetic silencing of neuronal gene 
promoters. To this end, chromatin repressors such as SIN3A associate with 
REST [93]. Intriguingly, SIN3A was recently suggested to repress astrocytic 
gene expression during the neurogenic phase (see figure 2). Dissociation of 
the repressor from astrocytic promoters upon initiation of astrogenesis might 
allow its binding to neurogenic promoters. Hence, initiation of astrogenesis 
might promote suppression of neuronal genes in astrocytes.  

In differentiated astrocytes, REST occupies neuronal gene promoters. 
Depletion of REST induces expression of neuronal genes like β-III-tubulin 
suggesting an inhibition of neural gene expression [92]. Nevertheless, 
expression of neuronal markers like doublecortin (Dcx) is observed in human 
cortical astrocytes in the adult brain [94]. Moreover, simultaneous expression 
of GFAP and β-III-tubulin suggests an intermediate cell state, the so called 
“asterons” [95]. Interestingly, loss of SHP2, which is part of the proneuronal 
SHP2/MAP/ERK pathway, triggers asterons [22]. Whether SHP2 is involved 
in the regulation of REST function is currently unclear .  

Taken together, REST activity is critical for silencing neuronal genes in 
differentiated astrocytes. Gliogenic stimuli might induce REST expression 
coupling the onset of astrogenesis to suppression of neuronal gene 



A star is born

29

 1
expression. Thus, the astrocyte fate is maintained.

Outlook
Here we review the increasing molecular and genetic evidence 

demonstrating a key role for the JAK/STAT as well as the Notch signalling 
pathway in promoting astrocyte differentiation. Activation of these pathways 
is tightly regulated by a complex network of intrinsic and extrinsic factors 
in order to ensure a correct timing of astrogenesis. Despite the increasing 
insight into astrocyte specification, some major questions still remain 
unanswered. For example, to date it is unclear which factors trigger silencing 
of neurogenic transcription factors by PcG proteins to initiate astrogenesis. 
An additional limitation of the current literature is the fact that multiple studies 
rely solely on GFAP as marker for astrocytes. It is important to realize that 
not all astrocytes express GFAP [98], thus focusing solely on the regulation 
of GFAP excludes the investigation of additional astrocyte populations. 
Moreover, focusing on GFAP will bias the analysis of regulatory mechanisms 
of astrocyte differentiation, since alternate astrocyte markers like S100B or 
GLT-1 are regulated differentially upon astrocytic stimuli. For example loss 
of FGF2 in vivo, a potential epigenetic regulator of astrocyte differentiation, 
only reduces expression of GFAP but not of other astrocyte markers [47]. 
The functional role of GFAP in astrocytes is still elusive. So far it is unclear 
whether GFAP expression initiates astrocyte specification or, alternatively, 
is crucial for terminal differentiation. Therefore, the analysis of markers 
besides GFAP is critical to study the process of astrogenesis. Comparison of 
astrocytic gene profiles at different stages of development could help to find 
markers for distinct stages of differentiation. Finally, GFAP is not exclusively 
expressed in astrocytes but is also present in NSCs in the developing and 
adult brain, typifying them as neurogenic astrocytes [99]. This observation 
complicates the interpretation of the regulation of astrogenesis solely based 
on GFAP expression. To date, the different roles of GFAP in NSCs versus 
astrocytes are still elusive. 

Gene modulation specifically during the astrocytic phase is essential 
to understand astrocyte differentiation. For example, modification of Notch 
signalling was performed during the neurogenic phase and secondary 
effects were studied on astrogenesis [42]. Manipulation during the gliogenic 
phase could help to specify Notch function for astrocyte differentiation. 
Moreover, an important question is whether proliferation and differentiation 
are coupled similarly during astrogenesis as in the neurogenic phase. The 
“cell cycle length hypothesis” suggests that inhibition of the cell cycle favours 
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neurogenesis and prevents proliferation of NSCs [100]. The same concept 
might hold true for NSCs during the astrogenic phase. Overexpression of 
cell cycle inhibitor p57kip2 triggers the switch from proliferation to neuronal 
differentiation at E14.5. At later stages of development, p57kip2 promotes 
premature astrocyte differentiation [101]. Intriguingly, several other studies 
also showed increased astrogenesis upon reduction of NSC proliferation [102, 
103]. Nevertheless, definite proof is missing that cell cycle inhibition induces 
NSC differentiation also during astrogenesis, as it does in neurogenesis. 

The current concept of astrogenesis mainly focuses on a temporal 
regulation of the neuron to astrocyte switch: radial glial cells generate 
neurons first, and only later in development change their competence to 
become astrogenic. However, it is nowadays recognized that different 
progenitor cell types act as NSCs in the developing brain. Although radial 
glial cells produce the majority of astrocytes, basal progenitors also give 
rise to astrocytes in ventral areas of the brain [96]. Moreover, radial glial 
cells were shown to differentiate into intermediate progenitors to expand in 
number before producing astrocytes. These different progenitors are present 
in distinct areas of the brain [2] suggesting that, in addition to a temporal 
regulation, astrogenesis is spatially regulated. Future research is necessary 
to define how regional production of astrocytes by different progenitor cells 
is regulated and whether all progenitors switch from a neuron to astrocyte 
competence in a temporal manner. 

Astrocytes themselves might contribute to an expansion of the glia 
population. Ge and colleagues suggest a model in which local proliferation 
of differentiated astrocytes is a major source of astrogenesis in the postnatal 
brain [97]. Hence, various cell types need to be considered as progenitors of 
astrocytes.

Studying human development is challenging and therefore many 
pathways of NSC differentiation described in the rodent brain are not 
yet confirmed in human cells. Recently, important regulators of rodent 
astrogenesis were tested for their potential to induce astrocyte differentiation 
of NSCs derived from human iPS cells or ESCs. To this end, iPS cells or 
ESCs were sequentially specified into embryonic bodies and NSC forming 
rosettes. Intriguingly, neuronal formation from NSCs derived from iPS cells and 
ESCs proceeds the generation of astrocytes, as observed for differentiation 
of endogenous NSCs during development [104–106]. In addition, key 
mechanisms of mouse astrogenesis also emerge as important regulators for 
astrocyte differentiation from human iPS cells or ESCs as demonstrated for 
the Notch pathway.  Astrocytes derived from iPS cells express high levels of 
the Notch downstream target NF1A [107]. In mouse NSCs, NF1A expression 
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and activation of the Notch pathway instructs astrogenesis by activation of the 
GFAP promoter (see section 3). Whether NF1A is crucial for demethylation 
of the GFAP promoter in human NSCs as in rodent NSCs is not clear. The 
onset of NF1A expression proceeds the one of GFAP, which would allow for 
a regulation of GFAP expression, and in turn, instruction of astrogenesis by 
NF1A  [105].

Moreover, similar to mouse NSCs, blocking of the initiation of another 
Notch downstream target Sox9 during astrocyte differentiation impairs the 
Notch induced astrogenesis in ESCs [104]. However, the effect of a lack of 
Sox9 on neurogenesis is different in an in vivo situation. Genetic ablation 
of Sox9 in vivo prolongs neurogenesis in mice, whereas in cultured human 
NSCs derived from human ESCs, Sox9 knockdown decreased the number 
of neurons and increased marker expression for NSCs [104]. In conclusion, 
astrocyte differentiation from iPS cell and ESC derived NSCs follows the main 
principles of endogenous NSC differentiation. However, due to the lack of a 
complex network of intrinsic and extrinsic factors present in the neurogenic 
niche in vivo, the effect of specific astrogenic stimuli can differ in iPS cell 
and ESC derived NSC cultures. A similar conclusion can be drawn from 
studies testing gliogenic cytokines in human NSCs cultures. The cytokines 
LIF and CNTF increased GFAP expression in NSCs derived from ESCs 
similar to mouse NSCs [102, 103] and iPS cells [102]. However, in contrast 
to an important role of CT-1 in instruction of astrogenesis in the mouse brain, 
CT-1 treatment of iPS cells and ESCs did not result in an increase of GFAP 
expression [106]. 

Hence, in order to tailor protocols to differentiate astrocytes from of iPS 
cells and ESCs, careful validation of known astrogenic stimuli is necessary. 
Identification of factors instructing differentiation of human NSCs is of special 
importance for transplantation of NSCs. NSC transplantation is currently 
investigated as a treatment for different brain diseases. Interestingly, an 
inflammatory environment in the diseased brain might trigger astrocyte 
differentiation of transplanted NSCs. Activated microglia were shown 
to secrete LIF and other activators of JAK/STAT signalling, which induce 
astrocyte differentiation [108, 109]. Moreover, reactive astrocytes have the 
potential to promote astrogenesis in vitro, most likely via release of CNTF 
and LIF [110]. Future research will clarify whether astrocytic stimuli in the 
microenvironment of the diseased brain can determine the cell fate of grafted 
NSCs. Astrocyte differentiation might be beneficial for the recovery of brain 
function since newborn astrocytes can provide trophic support for damaged 
neurons. Alternatively depending on the context of a specific disease, 
suppression of astrogenesis might favor neuronal differentiation and stimulate 
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replacement of damaged neurons. Future research will determine whether 
astrocyte differentiation is “friend or foe” in the diseased brain, an outcome 
which will be dependent on the specific pathology of a disease.
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Scope and outline of the thesis
Astrocytes are a subset of glia cells that play an important role in proper 

neuronal functioning in the mammalian brain. Astrocytes can be identified by 
the classical marker protein Glial Fibrillary Acidic Protein (GFAP), which is 
the main and characteristic intermediate filament (IF) protein in astrocytes. 
However, also neural stem cells (NSCs) express GFAP, typifying them as 
neurogenic astrocytes. The GFAP gene is alternatively spliced and GFAP 
expression is highly regulated during development and upon brain damage. 
The canonical isoform, GFAPα, is expressed in all GFAP-positive astrocytes, 
whereas an alternatively spliced variant GFAPδ marks specific astrocyte 
subpopulations in the human brain. High expression of GFAPδ is characteristic 
for human NSCs in the embryonic brain and in the astrocytic ribbon in the 
adult subventricular zone (SVZ). GFAPδ, by itself, is assembly compromised, 
but is incorporated in the GFAPα network. The functional consequences of 
GFAPδ incorporation in the GFAP network are still elusive. However, in vitro 
studies by us and others revealed that high concentrations of GFAPδ induce 
a collapse of the IF network. Nowadays, it is recognized that the IF network 
serves as a signaling platform that transduces biomechanical signals into a 
molecular responses in the nucleus to affect cell signaling. The splice variant 
GFAPδ, in contrast to GFAPα, was shown to specifically interact with the 
signaling protein presenilin. Hence, the presence of GFAPδ in an astrocytic 
IF network might modulate signaling events and cell type specific cellular 
functions. In view of this hypothesis, a tight regulation of GFAP alternative 
splicing might be critical. 

The main research questions of this thesis are: i) How is the expression 
of GFAP regulated in astrocytes and astrocyte subpopulations like 
NSCs? ii) What are the functional consequences of a specialization of 
the GFAP network? 

It is known that during development a complex network of environmental 
signals, epigenetic, and transcriptional regulators determines the expression 
of GFAP. The mechanisms of how GFAP expression is initiated at the onset 
of astrogenesis are reviewed in Chapter 1.

This thesis focuses on the molecular mechanisms controlling GFAP 
expression in NSCs, astrocyte progenitors, and mature astrocytes. Moreover, 
we set out to modulate GFAP expression and splicing to investigate the 
consequences on astrocyte functions. This knowledge will contribute to a 
better understanding of the role of GFAP in the healthy and injured brain. 
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Scope and outline

Chapter 2 extends the current knowledge of the epigenetic regulation of 
GFAP expression. We describe here for the first time, that a tight regulation 
of histone acetylation in mature astrocytes is of crucial importance for GFAP 
transcription, its isoform expression, and the assembly of the GFAP network. 
As our data demonstrate, suppression of histone acetylation leads to an 
enhanced GFAPδ expression and to a re-organization of GFAP filaments. 

To further investigate how modulation of the GFAP isoform expression 
affects certain aspects of astrocyte function, we specifically silenced the 
canonical isoform GFAPα in Chapter 3 shifting the GFAP isoform ratio 
towards GFAPδ expression. A specialized GFAP network with high GFAPδ 
expression altered motility and production of the extracellular matrix 
component laminin. In contrast, reduction of total GFAP expression mainly 
affected adhesion and morphology of astrocytes.

In an alternative approach to investigate a specialized GFAP network, we 
aimed to silence specifically human GFAPδ  by targeting its unique sequence 
present in the transition of exon 7/7+. In a technical note (presented in 
Chapter 4), we describe the design of a GFAPδ-specific shRNA. Silencing 
of GFAPδ in future experiments will provide insights into the specific function 
of this isoform in relation to its distinct expression pattern in astrocyte 
subpopulations.

This idea was followed up in Chapter 5, where we aimed to silence 
GFAPδ in vivo in the SVZ of adult mice, a brain area with high GFAPδ 
expression. In contrast to the human brain, GFAPδ is expressed in all 
astrocytes of the developing and adult mouse brain. However, GFAPδ is 
an integral part of the IF network of NSCs in both species and silencing of 
GFAPδ is an essential tool to investigate the potential function of GFAPδ in 
the neurogenic system in vivo. Two different RNA interference approaches 
together with three different viral vector delivery systems such as adeno-
associated viruses and lentiviruses were employed for their ability to silence 
GFAPδ. A stable downregulation of GFAPδ failed due to an unspecific 
tropism of the viral particles combined with possible off-target effects of the 
RNAi approaches. All together, this study highlights the importance of an in 
depth in vitro RNAi screening and proper, cell type-specific construct delivery 
for successful RNA interference in the SVZ.

Alternatively in Chapter 6, we focussed on the regulation and function 
of GFAP in human NSCs and glial progenitors. We demonstrated that Notch, 
a key regulator of NSC differentiation, controls human GFAP expression in 
glial progenitors. To this end, differentiation of NSCs into glial progenitors 
was induced by human post-mortem ventricular cerebrospinal fluid, a 
potent stimulus of GFAP expression in human NSCs. Interestingly, our 
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study indicates that GFAP, itself, silences Notch signaling. This negative 
feedback loop of Notch and GFAP might regulate astrogenesis during brain 
development. Moreover, our study demonstrated that dysregulation of GFAP 
expression leads to dramatic impairement of the neurosphere forming 
capacity of NSCs, indicating that a balanced GFAP expression is important 
for NSC self-renewal.

Based on our findings that Notch signaling is a regulator of GFAP 
expression in NSCs, we studied in Chapter 7 whether upregulation of GFAP 
in the context of reactive gliosis is also dependent on Notch. To this end, GFAP 
expression was induced by treatment with a proteasome activator. Consistent 
with a regulatory role of Notch, the upregulation of GFAP was dependent on 
Notch activity. Intriguingly, specific inhibition of the immunoproteasome, a 
variant of the proteasome induced by inflammatory signaling, was sufficient 
to prevent Notch activity and, in turn, the upregulation of GFAP. 

Finally in Chapter 8, the main findings of the preceding chapters are 
discussed in their relation to current research. 
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Abstract
Glial Fibrillary Acidic Protein (GFAP) is the main intermediate filament 

protein in astrocytes. GFAP expression is highly controlled by epigenetic 
mechanisms during development. Also in aging and disease, GFAP is 
dynamically regulated. We here demonstrate that histone acetylation 
controls GFAP expression in mature astrocytes. Inhibition of histone 
deacetylases (HDACs) with Trichostatin-A or Sodium-butyrate reduced 
GFAP expression in primary human astrocytes and astrocytoma cells. Based 
on a close interaction between transcription and splicing, we investigated 
whether histone acetylation changes the ratio between the canonical isoform 
GFAPα and alternative GFAPδ splice variant. We observed that a decreased 
transcription rate of GFAP favoured alternative isoform expression, as HDAC 
inhibition increased the GFAPδ/α ratio in favour of GFAPδ. Expression of 
GFAPδ was dependent on the presence and binding of the splicing factors 
of the SR protein family. Importantly, inhibition of HDAC activity also resulted 
in aggregation of the GFAP filament network, reminiscent to our earlier 
findings of a GFAPδ-induced network collapse. In conclusion, our data 
demonstrate that histone acetylation controls transcription, splicing, and the 
assembly of GFAP in astrocytes. These data imply that a tight regulation of 
histone acetylation in astrocytes is essential, since dysregulation of its gene 
expression causes aggregation of GFAP, a hallmark of human diseases 
including Alexander`s disease.
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Introduction
In the adult mammalian brain, astrocytes represent the major population 

of glial cells. Astrocytes are crucial for neuronal support, including synaptic 
transmission and information processing by neural circuits .They maintain 
central nervous system homeostasis by regulating ion concentrations, 
metabolizing neurotransmitters, and by controlling cerebral blood flow. 
Moreover, astrocytes vigorously react to brain damage or disease and 
they have neurogenic properties in specific brain niches (Sofroniew and 
Vinters, 2010). The main intermediate filament (IF) protein in astrocytes is 
Glial Fibrillary Acidic Protein (GFAP), a type III IF which is widely used as a 
signature protein for astrocytes. Upregulation of GFAP is a hallmark of reactive 
astrocytes in the diseased brain (Middeldorp and Hol, 2011). In line with a 
function of GFAP in reactive gliosis, GFAP knockout mice are more sensitive 
to injury such as cervical spinal cord injury, cerebral ischemia, or mechanical 
trauma (Nawashiro et al., 1998;Nawashiro et al., 2000;Otani et al., 2006; 
Wilhelmsson et al., 2004; de Paplo et al., 2013). Overexpression of GFAP 
in mice results in death few weeks after birth (Messing et al., 1998), partially 
resembling Alexander`s disease (AxD), a fatal human neurodegenerative 
disease (Alexander, 1949). In AxD, mutations in the GFAP gene result in 
elevated GFAP expression indicating gain-of-function mutations (Hagemann 
et al., 2005;Tian et al., 2006).

The GFAP gene is alternatively spliced and, to date, 10 different isoforms 
have been discovered in the human brain. The canonical isoform is GFAPα, 
and the most abundant alternatively spliced variant is GFAPδ (Middeldorp 
and Hol, 2011). In the healthy brain, GFAPα is expressed in grey and white 
matter astrocytes, subpial astrocytes and neurogenic astrocytes along the 
ventricles, whereas GFAPδ is expressed at a lower level and is mainly present 
in subpial astrocytes and in the subventricular zone neurogenic astrocytes. 
GFAPδ expression is induced in reactive astrocytes in the diseased brain 
as described in patients with epilepsy, Alzheimer disease, and gliomas 
(Martinian et al., 2009; Roelofs et al., 2005; Andreiuolo et al., 2009; Choi et 
al., 2009). 

Expression levels of GFAP are controlled by the activity of the GFAP 
promoter, a process which is highly dependent on epigenetic modifications. 
During initiation of astrogenesis in neural stem cells (NSCs), de-methylation 
of the GFAP promoter activates transcription of GFAP (Kanski et al., 
2013;Takizawa et al., 2001;Fan et al., 2005;Namihira et al., 2009). Moreover, 
histone acetylation has been shown to control GFAP expression in 
differentiating NSCs dependent on the developmental state of the cell (Hsieh 
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et al., 2004;Asano et al., 2009a;Zhou et al., 2011). The acetylation state of 
histone proteins is mainly regulated by the enzymes histone acetylase and 
histone deacetylase (HDAC).   

Recruitment of splicing factors occurs during the process of pre-mRNA 
transcription. Thus, transcriptional regulators such as HDACs can potentially 
affect the splicing process (Zhou et al., 2012;Kornblihtt et al., 2004;Luco et 
al., 2010). Histone acetylation determines the chromatin status of a gene, 
which influences the transcription rate of the RNA pol II. Classically, histone 
acetylation is associated with an open chromatin structure and increased 
binding of transcriptional activators. However expression levels of numerous 
genes have been shown to be decreased upon HDAC inhibition in contrast 
with the classical view (Hnilicova et al., 2011). 

The RNA polymerase II (RNA pol II) complex is often seen as the direct 
link between transcription and the splicing process. In case of a fast elongation 
rate of the polymerase, there might be not enough time for the recruitment 
of splicing factors to imperfect (weak) splice sites of the alternative exons, 
since both, strong splice sites encoded by constitutive exons and weaker 
splicing sites encoded by alternative exons,  compete for the recruitment 
of the same splicing factors (Wahl et al., 2009). Hence, fast transcription 
results in skipping of alternative exons and a reduction in alternative spliced 
mRNAs. At a slow elongation rate of the RNA polymerase, all exons are 
recognized by the splicing factors and thus are included in the transcript, 
which allows for enhanced expression of alternative transcripts (Hnilicova 
et al., 2011;Kornblihtt et al., 2004). The splicing factors of the SR protein 
family are key activators of constitutive as well as alternative splicing. The 
availability and binding of SR proteins regulates the recognition and inclusion 
of exons (Long and Caceres, 2009).

The alternative GFAPδ transcript is generated by recognition of imperfect 
splice sites in an alternative exon located in the 7th intron, termed exon 7+ 
(Blechingberg et al., 2007). The alternative exon substitutes the classical 
exons 8 and 9 at the 3` end of the GFAP transcript (Nielsen et al., 2002). 
Exon 7+ is highly conserved across species (Boyd et al., 2012) and encodes 
an alternative C-terminal tail, which compromises the assembly of GFAP 
filaments. For proper filament formation, GFAPδ requires the presence of 
GFAPα protein (Perng et al., 2008;Roelofs et al., 2005a). This implies that 
a tight regulation of GFAP splicing is important to ensure a balanced ratio 
of GFAPδ and GFAPα, and, in turn, optimal GFAP network assembly. In IF 
free cells, it has been shown that a GFAPδ/GFAPα ratio of 1:3 is necessary 
for proper network formation (Kamphuis et al., 2012;Nielsen et al., 2002). 
Expression of GFAPδ at higher concentrations induces a collapse of the 
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GFAP filament network around the nucleus (Roelofs et al., 2005; Nielsen et 
al., 2002; Perng et al., 2008). 

Based on the increasing evidence of an interplay between transcription 
and alternative splicing, we hypothesized that suppression of histone 
deacetylation, not only will regulate GFAP expression, but also will affect 
alternative splicing of GFAP transcripts and modulate GFAP network 
assembly.

Material and Methods

Cell culture

All cells were cultured at 37ºC under a humidified 5% CO2/95% 
air atmosphere. U343 astrocytoma cells were cultured in high glucose 
Dulbecco’s modified Eagle medium (DMEM, Gibco, Invitrogen, Carlsbad, 
USA) + F10 HAM 1:1 (Gibco, Invitrogen, Carlsbad, USA) supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (all Invitrogen, 
Carlsbad, CA). Primary human astrocytes were cultured as described 
previously (Moeton et al., in revision) and cultured in a 1:1 mixture of DMEM 
with Ham’s F12 GlutaMAX medium F12 (Gibco) supplemented with 5% FBS, 
and 1% penicillin/streptomycin. The immortalized human NSC line (ihNSC) 
was cultured and differentiated into astrocytes as described previously (De 
Fillipis et al., 2007) using Euromed-N medium (Euroclone, S.p.A., Milan, Italy) 
containing 25μg/ml insulin, 100μg/ml transferrin, 6.3ng/ml progesterone, 
9.6μg/ml putrescine, 520ng/ml selenite (N2 supplement, all from Sigma), 
20ng/ml epidermal growth factor (EGF), and 10ng/ml fibroblast growth factor 
2 (FGF-2), 1% penicillin/streptomycin (Invitrogen) (all from Tebu-Bio, Paris, 
France).

Isolation of primary human foetal NSCs

Foetal brain tissue (gestational week 14-17, n=5) was obtained from 
spontaneous or medically induced abortions with appropriate maternal 
written consent for abortion. Tissue was obtained in accordance with the 
Declaration of Helsinki and the Academic Medical Centre (AMC) Research 
Code provided by the Medical Ethics Committee of the AMC, Amsterdam, 
The Netherlands. All autopsies were performed within 12h after abortion.

For isolation of 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% DNAse I (Invitrogen) for 5 min at 370C 
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while shaking. Next, 1 ml FBS was added to the mixture and subsequently, 
the cells were collected by centrifugation. The pellet was taken up in DMEM 
without phenol red containing 10% FBS, 2.5% Hepes and 1% penicillin/
streptomycin (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 and washed with 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.

Cell treatments

HDAC inhibitors Trichostatin-A (TSA) and Sodium Butyrate (SB) were 
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Cells were treated 
for 24, 48, or 72 hours with a final concentration of 330nM or 660nM TSA 
or Ethanol (final concentration of 0.3%) which was applied in the control 
condition, as TSA was dissolved in ethanol. Alternatively, cells were treated 
with 2 mM or 5 mM Sodium Butyrate or DMSO (0.01%). 

To block binding of SR proteins, cells were treated for 72 hours with 
a synthetic Antisense Oligonucleotide (AON) with the following sequence: 
CUUGUGAUUUUCCCCGUCUUUGG. The AON is directed against SR 
protein binding motifs encoded in exon 7+ of the human GFAP gene. The 
AON consists of 2-O-methyl modified ribose molecules and a full length 
phosphorothioate backbone (Eurogentec, Belgium). As control, a non-
targeting AON was added with the sequence: GCAAGAUGCCAGCAGA 
(encoding for the sense sequence targeting exon 19 of the dystrophin gene, 
a kind gift from Annemieke Aartsma-Rus, Center for Human and Clinical 
Genetics, Leiden University Medical Center, Leiden, the Netherlands). The 
culture medium supplemented with oligonucleotides in a concentration of 
200nM was replaced every day during the experiment. Treatment conditions 
were optimized with a control AON carrying a 5-fluorescein label to visualize 
the uptake of the antisense nucleotides (data not shown). Exon skipping 
was performed in human astrocytes, which were differentiated from an 
immortalized foetal neural stem cell line (De et al., 2007). The low proliferation 
rate compared to astrocytoma cells prevented a “wash-out” of the AON due 
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to frequent cell divisions.

Lentiviral production and in vitro transduction 

Lentiviruses encoding a non-targeting control shRNA or a shRNA 
targeting SR6 were produced and titered as described before (Moeton et al., 
in revision). 20.000 U343 cells were plated in a 24 well plate and allowed to 
adhere overnight. On the next day, lentiviral particles (LV) were diluted in the 
culture medium and the culture medium was replaced on the next day.

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 7 (NanoDrop 
Technologies, Wilmington, DE, USA). The reverse transcriptase and real-
time quantitative PCR (qPCR) reactions were performed as previously 
described (Kamphuis et al., 2012). Primers used in this study are listed in 
Supplementary table 1.

Immunocytochemistry

Cells were cultured on uncoated glass coverslips, fixed in 4% PFA and 
washed in PBS before incubation in Sumi buffer (50mM Tris, 150mM NaCl, 
0.25 % gelatine and 0.5% Triton X-100, pH 7.4) for 10 min. Primary antibodies 
were diluted in Sumi and incubated at 4°C on a shaker overnight. Cells were 
washed 3 times in PBS and subsequently incubated with secondary antibodies 
and Hoechst 33258 (1:1000 dilution) (Invitrogen, Carlsbad, CA, USA) diluted 
in SuMi at RT for 1 h. The antibodies used are listed in Supplementary table 
2. Cells were washed in PBS, before the coverslips with cells were mounted 
on slides with Mowiol (0.1 M Tris-HCl pH 8.5, 25% glycerol, 10% Mowiol 
(Calbiochem, Merck Millipore, Darmstadt, Germany). The stained cells were 
visualized on a Leica DMRE fluorescence microscope. 

Statistical analysis

Data was analyzed using GraphPad Prism software (GraphPad 
Software, San Diego, CA, USA). 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 
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a normal distribution was confirmed a t-test was performed. Alternatively, 
a non-parametric Mann–Whitney test was applied. Differences amongst 
groups were considered significant at p < 0.05.

Results

Histone acetylation in astrocytes reduces GFAP expression and 
alters the isoform usage 

The aim of this study was to investigate whether GFAP expression 
levels in general, and GFAP isoform expression in particular, is regulated by 
histone acetylation in human astrocytes. To this end, histone de-acetylation 
was suppressed using two different histone deacetylase inhibitors (HDACi). 
The effect of HDACi treatment on the two most abundant GFAP isoforms, the 
canonical GFAP isoform GFAPα and the alternatively spliced form GFAPδ 
was first investigated in primary human astrocytes. The cells were treated for 
24 hours with the HDACi Trichostatin-A (TSA, 660 nM). HDAC inhibition with 
TSA induced a downregulation of GFAPα and a trend towards a decreased 
GFAPδ expression. Due to a more pronounced reduction of GFAPα than 
GFAPδ expression, the GFAPδ/GFAPα ratio significantly increased (Figure 
1A). Next we explored whether U343 astrocytoma cells represent a suitable 
cell model to further investigate the effect of histone acetylation on GFAP 
expression, since human primary astrocytes are limited available and are 
prone to lose their GFAP expression in higher passages (Gibbons et al., 
2007). HDAC inhibition with TSA significantly decreased expression of 
GFAPα and GFAPδ in U343 cells. As in primary cells, a more pronounced 
reduction of GFAPα in comparison to GFAPδ expression led to an increase 
in the GFAPδ/GFAPα ratio (Figure 1B). Treatment with an alternative HDACi, 
Sodium Butyrate (SB, 5mM), also resulted in a trend towards reduced 
expression levels of GFAPα, GFAPδ, and an increase in the GFAPδ/α ratio 
in primary human astrocytes (Figure 1C). HDAC inhibition with SB in U343 
cells resulted in significantly reduced expression levels of GFAPα, GFAPδ 
and an increase in the GFAPδ/α ratio (Figure 1D). Similar concentrations 
of these inhibitors have been earlier found to modulate alternative splicing 
of genes in non-astrocytic cell lines (Puppin et al., 2011;Hnilicova et al., 
2011). These data demonstrate that suppression of histone deacetylation in 
astrocytes decreases GFAP transcription and increases the GFAPδ/α ratio in 
favour of the alternatively spliced form GFAPδ.

To control for the efficacy of the HDAC inhibition, expression of HDAC3 
and jun mRNA was determined. A compensatory upregulation of HDAC3 
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expression has been described upon efficient HDAC inhibition (Ajamian et 
al., 2004;Dangond and Gullans, 1998). Moreover, SB treatment was shown to 
induce expression of the jun oncogene (Hnilicova et al., 2011). Consistently, 
treatment of U343 cells with TSA upregulated HDAC3 expression, whereas 
SB significantly induced HDAC3, as well as jun expression (Figure 1E, F). 

Taken together, we demonstrate here that suppression of histone 
deacetylation using two different HDACis decreases GFAP expression and 
alters the GFAP isoform usage in primary human astrocytes (Figure 1A, 
C) and in astrocytoma cells (Figure 1 B, D). These data show that histone 

Figure 1. Suppression of histone de-acetylation reduces GFAP expression and alters 
its isoform usage in astrocytic cells. qPCR analysis of the GFAP transcripts α and δ upon 
treatment of primary human astrocytes with A) Trichostatin-A (TSA, 660 nM) or B) sodium 
butyrate (SB, 5 mM) or vehicle for 24 hours (n=4). Moreover, the GFAPδ/α ratio is shown. 
C-D) Expression analysis of the GFAP transcripts α and δ in U343 cells upon treatment with 
TSA (C) or SB (D) or vehicle for 24 hours (n=6). E) Expression of the histone de-acetylase 3 
(HDAC3) as well as the jun (Jun) oncogene (F) is increased upon treatment with SB and TSA. 
Data were normalized to the reference genes Actin and 18s and are presented as mean + 
SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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deacetylation is fundamentally involved in regulating GFAP mRNA levels and 
GFAP isoform expression in astrocytes. 

Suppression of histone deacetylation induces a re-organization of 
the IF network of astrocytes

Subsequently, we analyzed whether an increase in the GFAPδ/α ratio 
on the transcript level translates into a change in the GFAP protein network. 
Previously, it has been demonstrated that the ratio of GFAPδ/α is an important 
determinant of the GFAP network assembly -a shift towards higher GFAPδ 
expression induces aggregation of the GFAP filament network (Perng et al., 
2008;Nielsen et al., 2002;Roelofs et al., 2005b;Roelofs et al., 2005b;Roelofs 
et al., 2005a). In order to investigate whether the increased GFAPδ/α ratio 
induced by HDAC inhibition triggers a re-organization of the GFAP network, 
U343 cells were stained for pan-GFAP and GFAPδ after treatment with SB 
for 24, 48, and 72 hours. No obvious changes in the GFAP network were 
observed after 24 and 48 hours (data not shown). However, cells treated 
with SB for 72 hours showed an aggregation of the GFAP network in close 
proximity of the nucleus. Staining with a pan-GFAP antibody, as well as a 
specific GFAPδ antibody, showed a drastic redistribution of the GFAP network 
in comparison to control cells (Figure 2A). 

The GFAP network is an integral component of the intermediate filament 
(IF) network in astrocytes, which consists of GFAP, vimentin, nestin and 
synemin (Jing et al., 2007). A re-organization of the GFAP network was 
previously shown to affect the whole IF network (Moeton et al., in revision). 
Therefore, we analyzed the localization of vimentin, nestin, and synemin 
in cells treated with SB.  As expected, vimentin staining in cells treated for 
72 hours with SB revealed an aggregation of vimentin together with GFAP 
in aggregates next to the nucleus. Cells in the control condition showed a 
normal IF network (Figure 2B). In addition, also the nestin network aggregated 
together with GFAP in SB treated cells, whereas a normal IF network was 
present in the control condition (Figure 2C). Synemin expression was 
undetectable (data not shown). This data demonstrated that HDAC inhibition 
with SB not only led to a relative increase in GFAPd but subsequently a re-
organization of the whole IF network of astrocytes.

HDAC inhibition is known to trigger apoptosis in a time-dependent 
manner (Svechnikova et al., 2008). To exclude that the observed aggregate 
formation was linked to cell death, a cleaved-caspase 3 staining and a DNA 
stain with propidium iodide was performed. No apoptosis was detected after 
treatment with SB for 72 hours, when the aggregate formation was observed. 
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However, as expected, SB treatment did induce apoptosis after long-term 
treatment (Supplementary figure 1). 

A low concentration of SB stimulates alternative splicing of GFAP

An increase in the GFAPδ/α ratio at the transcript level indicates an 
enhanced alternative splicing of GFAP. Interestingly, we observed that 
treatment of U343 cells with 2 mM SB led to an increase in the GFAPδ/α 
ratio, but in contrast to 5 mM SB this effect was solely due to an increase 
in the alternatively spliced isoform GFAPδ, as the GFAPα expression level 
remained unchanged (Figure 3A). An elevated GFAPδ expression indicates 
a stimulation of GFAP 3’-end alternative splicing. Hence, this treatment 
condition provides an interesting cell system to study the regulation of 
alternative splicing of GFAP. 

To investigate whether alternative splicing of GFAP is indeed induced, 
we investigated the expression levels of an additional alternatively splice 
variant GFAPκ, which shares the 3`end of exon 7+ but encodes in addition 
the first 338 nucleotides of intron 7 (Blechingberg et al., 2007). Consistently, 

Figure 2. Re-organization of the IF network 
upon HDAC inhibition. The IF network of 
GFAP, vimentin, and nestin is redistributed 
upon treatment with the HDACi SB. A) U343 
cells were stained with a pan-GFAP or a 
specific GFAPδ antibody together with the 
DNA stain Hoechst. SB treatment for 72 
hours induced a drastic redistribution of the 
GFAP network which aggregated in close 
proximity to the nucleus. Arrows indicate cells 
with a re-organized IF network. B) Vimentin 
staining together with pan-GFAP revealed that 
vimentin co-aggregates with GFAP in the SB 
treated condition. C) The nestin network is re-

organized into aggregates where it co-localizes with GFAPδ. The scale bars represent 50 μm.
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GFAPκ expression was also enhanced (Figure 3B). Next, we analyzed 
splicing factors, which were previously associated with the expression of 
the alternatively spliced transcripts of GFAPδ and GFAPκ. Expression of 
the SR proteins 1, 2, 6, and 7 have already been shown to induce GFAPδ 
and GFAPκ levels in astrocytoma cells transfected with a GFAP minigene. 
Conversely, mutating the binding sites of SR proteins reduced GFAPδ and 
GFAPκ (Blechingberg et al., 2007). In agreement with this finding, cells with 
increased GFAPδ and GFAPκ levels, induced by SB treatment, demonstrated 
an upregulation of the SR proteins 2, 6 and 7 and a trend for SR1 (Figure 
3C). Taken together, treatment with a low concentration of SB increased 
expression of the alternatively spliced transcripts GFAPδ and GFAPκ, which 
was associated with an induction of splice factors previously linked to GFAP 
3’-end alternative splicing. This data suggest that an increase in histone 
acetylation stimulates alternative splicing of the GFAP gene. 

Based on the observed correlation of GFAPδ levels and SR protein 
expression upon HDAC inhibition, we investigated whether endogenous 
GFAPδ expression is also associated with high SR protein levels. To this 
end, we analyzed primary NSCs isolated from human foetal brain which 
express high levels of GFAPδ (Van strien et al., personal communication). 
NSCs were isolated from brain tissue by magnetic cell sorting using CD133 
(prominin 1) beads as previously described (Kanski et al.,data not shown). 

Figure 3. A low concentration of SB stimulates alternative splicing of GFAP. A) qPCR analysis 
of the GFAP transcripts α and δ upon treatment of U343 cells with SB 2 mM or vehicle for 24 
hours (n=7). Moreover, the GFAPδ/α ratio is shown. B-C) Expression levels of an additional 
alternative transcript GFAPκ as well as the splicing factors SR1, 2, 6, and 7 is increased upon 
treatment with SB (n=7). D) SR proteins are highly expressed in primary human fetal NSCs. 
qPCR analysis of the SR proteins in fNSCs present in the CD133 positive fraction (CD133+) 
is depicted in comparison to whole brain tissue (Whole brain), (n= 5). 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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Strikingly in NSCs present in the CD133 positive fraction, SR expression 
is enriched when compared to whole brain mRNA. SR6 expression was 
significantly increased whereas the other SR proteins demonstrated a non-
significant trend (Figure 3D). 

SR protein expression and binding regulates inclusion of the 
alternative spliced transcript GFAPδ

As shown in Figure 3, GFAPδ levels correlated with high SR protein 
expression levels upon HDAC inhibition in U343 cells (Figure 3C) and in 
primary fetal NSCs (Figure 3D), indicating that SR proteins might induce 
GFAPδ expression. To confirm that SR proteins are indeed involved in the 
expression of the alternative spliced transcript GFAPδ, we performed a 
knockdown of the SR protein SR6, which strongly and significantly correlated 
with GFAPδ expression in U343 cells and in human NSCs. U343 cells were 
transduced with lentiviral particles encoding a shRNA targeting SR6 (shSR6) 
or a non-targeting shRNA (NTC). 96 hours after transduction, expression of 
SR6 was reduced to approximately 60% (Figure 4A, left panel). Investigation 
of the GFAP isoform expression revealed a trend for a decrease of GFAPδ in 
the SFRS6 knockdown cells. GFAPα expression remained unchanged upon 
silencing of SR6 resulting in a decreased GFAP δ/α ratio (Figure 4A, right 

Figure 4. Expression levels of SR proteins regulate inclusion of the alternative spliced 
transcript GFAPδ. A) qPCR analysis of SR6 and the GFAP transcripts α and δ upon lentiviral 
transduction of U343 cells with a non targeting control shRNA (NTC) or a shRNA targeting 
SR6 (shSR6) for 72 hours (n=3). Expression of the GFAP transcripts α and δ and the GFAPδ/α 
ratio is depicted as fold over control. B) Expression levels of SR6 and the GFAP transcripts 
α and δ upon treatment with vehicle (DMSO) or SB 2 mM (SB) for 24 hours in stable lines 
expressing either NTC or shSR6 (n=2).
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panel). These data indicate that the presence of SR6 is necessary for GFAPδ 
expression. Moreover, we created a stable SR6 knockdown line, showing 
decreased levels of SR6 expression (Figure 4B, left panel) and treated the 
cells for 24 hours with 2mM SB. In control cells expressing a non targeting 
shRNA (NTC), specifically GFAPδ and not GFAPα levels were increased upon 
SB treatment (SB), similar as observed in untransduced cells. Upon control 
treatment with DMSO (DM), GFAP expression levels remained unchanged 
(Figure 4B). Knockdown of SR6 was sufficient to prevent the upregulation of 
GFAPδ upon SB treatment, which provides further evidence that the induction 
of the alternative transcript is dependent on SR6 expression (Figure 4B).

Finally, we investigated whether binding of SR proteins to exon 7+, the 
alternative exon encoded in the GFAPδ isoform, is necessary for GFAPδ 
expression. We designed antisense oligonucleotides (AONs) complementary 
to binding motifs of SR proteins encoded in exon 7+. To  this end, we used 
bioinformatic tools to predict putative SR protein sites (Supplementary 
figure 2A) and analyzed the secondary structure of exon 7+ to investigate 
the accessibility of the RNA (Figure 5A). An AON with a low tendency for 
secondary structure formation was chosen to ensure efficient binding of the 
AON to the target region (Supplementary figure 2B). 

Masking the binding sites with an AON interferes with exon recognition 
by the SR proteins. If SR proteins are crucial for inclusion of exon 7+ and 
GFAPδ expression, blocking the binding of SR proteins is expected to result 
in exclusion of exon 7+ from the transcript and a downregulation of GFAPδ 
(Figure 5B). As shown in Figure 5C, treatment of astrocytes differentiated 
from a human immortalized NSC line with a synthetic AON for 72 hours 
indeed reduced GFAPδ expression significantly, whereas GFAPα mRNA 
expression remained unchanged. Silencing of the GFAPδ isoform when SR 
protein binding is blocked confirms that SR proteins are crucial for inclusion 
of the alternative spliced transcript GFAPδ. 

Discussion
We here demonstrate for the first time that histone acetylation in 

astrocytes is an important regulator of transcription as well as alternative 
splicing of GFAP. Inhibition of HDACs significantly reduced GFAP expression 
in primary human astrocytes as well as in astrocytoma cells. Intriguingly upon 
HDAC inhibition, the ratio between the alternative transcript GFAPδ and the 
constitutive isoform GFAPα increased in favour of GFAPδ expression. A low 
concentration of the HDACi SB even enhanced total amounts of GFAPδ 
demonstrating a stimulation of alternative splicing of GFAP. RNA interference 
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demonstrated that expression of GFAPδ was dependent on the presence and 
binding of the splicing factors of the SR protein family. At the protein level, 
inhibition of HDAC activity resulted in a dramatic re-organization of the GFAP 
network, which aggregated in close proximity to the nucleus. Importantly, 

Figure 5. Masking of SR protein binding sites results in skipping of the alternative exon 7+ from 
the GFAP transcript and a downregulation of the GFAPδ isoform. A) Schematic representation 
of the secondary structure of exon 7 and 7+ of the human GFAP gene. M-fold software was 
used with default settings to predict the energetically most stable secondary structure of 
GFAP mRNA. The single stranded (ss) count of transition exon 7 / 7+ is shown. 25 putative 
structures were predicted. Open structures have a high ss-count (close to 25 indicates that 
the nucleotide is single stranded in the majority of structures) and closed structures have a 
low ss-count (e.g a nucleotide with a score of 0 is bound to another nucleotide in all predicted 
structures). The selected SR binding sites show partially open structures with a high ss-count 
and partially closed structures with a low ss-count, which is suitable for binding of an AON. 
B) Schematic representation of the GFAP gene. Exons are represented by boxes and the red 
bar indicates the target site of the AON, which binds to SR binding sites. C) Human astrocytes 
differentiated from immortalized human NSCs were treated with synthetic AONs targeting 
exon 7+ or a control AON for 72 hours. Exon skipping is assessed by q-RT-PCR of α and δ 
and the GFAPδ/α ratio (n=3). Data were normalized to the reference genes GAPDH and 18s 
and are presented as mean + SEM. * p<0.05, **< p 0.01.
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not only GFAP but the whole IF network including nestin and vimentin was 
redistributed. Taken together, histone acetylation in astrocytes regulates i) 
the transcription rate of GFAP, ii) GFAP isoform usage, and iii) the assembly 
of GFAP and the whole IF network of astrocytes. A schematic overview of the 
effect of HDAC inhibition in astrocytes is presented in Figure 6.

A decrease of GFAP might suggest that upon increased histone acetylation, 
the astrocytes are stimulated to adapt a more immature phenotype. Mature 
astrocytes in vivo show the lowest levels of histone acetylation compared to 
NSCs or neurons (Hsieh et al., 2004). Furthermore, histone deacetylation is 
important for the differentiation of NSCs towards astrocytes marked by GFAP 
expression (Asano et al., 2009b). By increasing the histone acetylation in 
astrocytes with HDAC inhibitors, the maturation state of the astrocytes might 
be affected.This hypothesis is further supported by the change in the GFAP 
isoform ratio in favour of GFAPδ expression. In mature human astrocytes, 
expression of the alternative transcript GFAPδ is low, whereas GFAPα 
expression is the predominant GFAP transcript indicating low alternative 
splicing of GFAP (Roelofs et al., 2005a). As our data demonstrate, an 
increase of acetylation enhances GFAPδ expression relative to the canonical 
form α. Vice versa, low acetylation levels in differentiated astrocytes might 
reduce alternative splicing of GFAP resulting in low GFAPδ but high GFAPα 

Figure 6. Schematic overview of the effect of HDAC inhibition in astrocytes. Schematic 
overview of the regulation of GFAP transcription, isoform usage, and filament assembly in 
astrocytes with increased histone acetylation. Inhibition of HDACs leads to increased histone 
acetylation and changes in the transcription rate in the cell. As a result, expression of GFAP 
is decreased while the ratio between the GFAP isoforms δ/α is increased. Moreover, the IF 
proteins GFAP and vimentin are redistributed in the presence of increased histone acetylation. 
According to our hypothesis, and as depicted by red arrows, reduced transcription of GFAP 
favours expression of the alternative transcript GFAPδ, which leads to an increase in the 
GFAPδ/α ratio and an aggregation of the IF network. Hence, changes in the GFAP expression 
levels and a different isoform usage might lead to a re-organization of the IF network which 
aggregated next to the nucleus.
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expression. The specific function and the role of GFAPδ is still unknown. Its 
high expression in NSCs suggests that GFAPδ might plays a specific role 
in the formation of the IF network in NSCs and is not of importance after 
differentiation into astrocytes.

The observed change in GFAP isoform usage dependent on the 
transcription rate of the gene is in line with a close interaction of transcription 
and alternative splicing. A causal relation between epigenetic modifications 
and alternative splicing is discussed in two ways. The first hypothesis 
states that a change in histone acetylation could influence the RNA Pol II 
elongation rate. Hence, co-transcriptional splicing is altered upon a changed 
transcription velocity. The second hypothesis states that histone acetylation 
marks can be recognized by adaptor proteins that, in turn, recruit splicing 
factors to the pre-mRNA and thereby changes alternative splicing (Luco et 
al., 2011). Both mechanisms could take place at the GFAP gene dependent 
on the degree of acetylation. 

In line with the first hypothesis, the ratio between constitutive and 
alternative splicing increased upon lower GFAP transcription levels induced 
by HDAC inhibition, suggesting a dependency on transcription speed. 
A correlation of promoter activity and alternative splicing of GFAP was 
previously demonstrated for a GFAP minigene. Total GFAP expression was 
enhanced upon increased promoter activity of the minigene, but the increase 
of the alternative forms δ and κ was less pronounced (Blechingberg et al., 
2007). An effect of transcription on alternative splicing of the endogenous 
GFAP gene in astrocytes was confirmed here. Decreased transcription 
of GFAP upon HDAC inhibition resulted in a more pronounced reduction 
of GFAPα expression than δ. This indicates that at lower GFAP promoter 
activity, alternative splice sites usage decreases less than constitutive splice 
sites usage resulting in an increase of the GFAPδ/GFAPα ratio. 

At low concentrations of SB, alternative splicing of GFAP was induced 
dependent on expression and binding of SR proteins. Upregulation of 
SR protein expression upon stimulation of GFAPδ expression suggests 
involvement of a chromatin adaptor model in the regulation of GFAPδ 
expression. Recognition of the acetylation marks in exon 7+ by an adaptor 
protein could be responsible for the recruitment of the SR splicing factors to 
exon 7+ and thereby induce its inclusion (Luco et al., 2011). Enrichment of 
SR protein expression in primary human NSCs with high endogenous levels 
of GFAPδ further supports this hypothesis.

Recently, dysregulation of alternative splicing of GFAP was associated 
with leukodystrophies, rare genetic disorders which affect glial cells in the 
white matter of the central nervous system. Astrocytes of patients with 
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vanishing white matter (VWM) disease, a genetic disorder with mutations 
in the eukaryotic translation initiation factor 2B (elF2B), show a specific 
overexpression of GFAPδ, but not GFAPα resulting in a increase in the 
GFAPδ/α ratio (Huyghe et al., 2012;Bugiani et al., 2011). Correlating with high 
GFAPδ expression, a reduction of hnRNPH1, F and C mRNA expression was 
observed (Huyghe et al., 2012). Intriguingly, proteins of the hnRNP family 
influence the inclusion of exons by binding to SR binding sites to inhibit SR 
protein binding (Wahl et al., 2009). The crucial importance for SR protein 
binding for GFAPδ expression shown in this study strongly suggests that 
reduced HNRNP levels and subsequently increased SR protein binding to 
exon 7+ is responsible for the induction of GFAPδ expression in patients with 
VWM disease. This example highlights the importance of a tight regulation of 
the splicing process with direct implications for human diseases.

Interestingly, in VWM disease as well as Alexander’s disease (AxD), a 
genetic disorder characterized by heterozygous mutations in GFAP itself 
(Quinlan et al., 2007), dysregulation of GFAP expression is associated with 
abnormal astrocyte morphology. In patients with VWM disease, astrocytes 
display short processes in comparison to fine arborisations of astrocytes in 
control tissue (Huyghe et al., 2012). In AxD, mutations in GFAP result in 
aggregation of the mutant protein in so-called Rosenthal fibers, a hallmark of 
the disease (Quinlan et al., 2007;Flint et al., 2012). As previously discussed, 
aggregation of the GFAP network and changes in the astrocyte morphology 
might contribute to similarities in the clinical phenotype of patients carrying 
mutations in elF2B or GFAP (Huyghe et al., 2012).

We here demonstrate that suppression of histone acetylation triggers a 
re-organization of the GFAP network, which is the first report on aggregation 
of the endogenous GFAP protein and additional IF proteins vimentin and 
nestin in vitro. Previously, general GFAP overexpression or incorporation of 
high concentrations of GFAPδ in an existing GFAP network was shown to 
result in compromised assembly of the GFAP filaments (Kamphuis et al., 
2012;Roelofs et al., 2005; Nielsen et al., 2002;Roelofs et al., 2005). The 
data presented here indicate that also an increased GFAPδ/GFAPα ratio in 
the presence of reduced GFAP transcription lead to a re-organization of the 
GFAP network. Similar as upon GFAPδ overexpression (Moeton et al., in 
revision), aggregation of GFAP is followed by a redistribution of the whole IF 
network. As our data show, histone acetylation is a crucial regulator of this 
process. 

A  link between histone acetylation and altered GFAP expression and 
aggregation was recently reported in the context of AxD. Interestingly, an 
AxD patient was identified which carried, in addition to a mutation in the GFAP 
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gene, a mutation in the HDAC6 gene, which was associated with a more 
severe phenotype of AxD (Melchionda et al., 2013). The mutated HDAC6 
protein displayed reduced histone de-acetylation activity, partially resembling 
a general HDAC inhibition performed in our study. Moreover, HDAC6 
mutation in fibroblasts caused an aggregation of acetylated α-tubulin in the 
perinuclear region, indicating a dysregulation of the microtubule-organizing 
centre. Since the IF network and microtubules are closely interconnected 
to form the cytoskeleton of a cell, mutations in HDAC6 and GFAPδ might 
synergistically trigger an abnormal morphology of astrocytes. 

Together with our finding of a re-organization of the IF network upon 
HDAC inhibition, this data suggests that HDACs could have a modulatory 
role in diseases with abnormal morphology of astrocytes associated to 
GFAP dysregulation. Aggregation of the GFAP network was associated with 
incomplete maturation of astrocytes in patients with leukodystrophy (Mignot 
et al., 2004). In line with a role of HDACs in this process, our data show that 
HDAC inhibition might influence the maturation of astrocytes by reducing total 
GFAP expression and decreasing the GFAPδ/GFAPα ratio, which resembles 
a more immature GFAP isoform pattern.

In conclusion, our data from primary human astrocytes and astrocytoma 
cells demonstrate that inhibition of HDACs results in reduced transcription of 
GFAP and, in agreement with our hypothesis, a differential isoform usage. A 
decreased transcription rate of GFAP favoured expression of the alternative 
GFAPδ isoform dependent on the binding of the splice regulators of the SR 
proteins family. Moreover, a disturbance of the tight regulation of histone 
acetylation in astrocytes induced an aggregation not only of GFAP filaments 
but the whole IF network in astrocytes. Taken together, histone acetylation 
in astrocytes regulates i) the transcription rate of GFAP, ii) GFAP isoform 
usage, and iii) the assembly of GFAP and the whole IF network of astrocytes. 
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Supplementary data:

Supplementary figure 1. HDAC inhibition induces apoptosis in a time-dependent manner. 
A) The DNA was stain with propidium iodide (PI) after 72 hours of vehicle (Control) or SB 
treatment (SB). In addition, cells were stained for cleaved caspase 3. B) Cultures treated for 5 
days with SB showed a high number of PI positive cells, which were not present in the control 
condition. The presence of cleaved-caspase 3 confirmed the induction of apoptosis upon 
HDAC inhibition for 5 days. The scale bars represent 50 μm.

4 Supplementary figure 2. Design of AONs targeting SR binding sites in exon 7+ of the 
GFAPδ transcript. A) Identification of SR binding sites in exon 7+ of the GFAP gene. Human 
splicing finder software output (version 2.4.1) showing putative splice enhancer motives. 
Selected SR binding sites are underlined in red. The output is based on the presence of 
multiple RESCUE-ESE or PESE sites and/or overlapping ESE finder sites. B) Secondary 
structure formation of AON and AON-target complexes. Single strand folding of the AON used 
to induce exon skipping. B) Dimer formation of the same AON.C) Structure of the AON-exon 
7+ complex. The sequence of exon 7 and exon 7+ was used as input sequence. Structures 
are generated with the RNA structure 4.6 software using the fold RNA single strand (A) and 
fold RNA bimolecular (B, C) options.
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Primer Forward sequence Reverse sequence

Actin GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

18s TTCGTATTGCGCCGCTAGA TGGCAAATGCTTTCGCTCT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

GFAPα CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG

GFAPδ TCCAACCTGCAGATTCGAGG GGGAATGGTGATCCGGTTCT

GFAPκ GTCAGTACAGCAGGGCCTCG AGGAGCGCTGCAGTGTCACG

Vimentin CGTACGTCAGCAATATGAAAGTGTG TCAGAGAGGTCAGCAAACTTGGA

Nestin GATCTAAACAGGAAGGAAATCCAGG TCTAGTGTCTCATGGCTCTGGTTTT

HDAC3 CACCATGCCAAGAAGTTTGA CCCGAGGGTGGTACTTGAG

Jun TGTGCGCGCAGCCCAAACTA CGAGGCGTTGAGGGCATCGT

SR 1 GCGGTCTGAAAACAGAGTGG CTTCACGCATGTGATCCT

SR 2 AGGTCGCGATCGAAGAGTC CACTGCTTGCCGATACATCA

SR 6 AGCCGCAGTAGATCTCGAAG AACGTGATCGACCTTTGCTC

SR 7 AAAAGGATCGAGGTATTTCCAAT GCTGCTTCTTGGTCGTGAA

U2AF2 CAGGCCTCACGACTACCAG GGGACCACAGTGGACACAA

Supplementary table 1. Primers used in this study.

Antibody Species Company, Cat # Concentration

Cleaved caspase 3 Rabbit Cell Signalling, # 9661 1:500

GFAPδ Rabbit Manufactured in house 
(10-05-2001 Bleed)

1:250

GFAP-pan Mouse Dako, Z0334 1:2000

GFAP-pan Rabbit Sigma, G3893 1:2000

Nestin Mouse Chemicon, Mab353 1:1500

Vimentin Chicken Chemicon, AB5733 1:2000

Supplementary table 2. Antibodies used for immunocytochemistry.
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Abstract
Glial fibrillary acidic protein (GFAP) is an intermediate filament protein 

expressed in astrocytes and neural stem cells. The GFAP gene is alternatively 
spliced and expression of GFAP is highly regulated during development, upon 
brain damage, and in neurodegenerative diseases. GFAPα is the canonical 
splice variant and is expressed in all GFAP-positive cells. In the human 
brain, the alternatively spliced transcript GFAPδ marks specialized astrocyte 
populations, such as subpial astrocytes and the neurogenic astrocytes in the 
human subventricular zone. We here show that shifting the GFAP isoform 
ratio in favour of GFAPδ, by selectively silencing the canonical isoform GFAPα 
with short hairpin RNAs, induced a change in integrin, a decrease in plectin, 
and an increase in expression of the extracellular matrix component laminin. 
Together, this did not affect cell proliferation, but resulted in a significantly 
decreased motility of astrocytoma cells. In contrast, a downregulation of all 
GFAP isoforms led to less cell spreading, increased integrin expression, 
and a 100-fold difference in the adhesion of astrocytoma cells to laminin. In 
conclusion, isoform-specific silencing of GFAP revealed distinct roles of a 
specialized GFAP network in regulating the interaction of astrocytoma cells 
with the extracellular matrix through laminin.
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Introduction
Glial Fibrillary Acidic Protein (GFAP) is an intermediate filament (IF) 

protein, which is widely used as a marker for mature astrocytes. GFAP 
expression is highly regulated during development and in pathology. Besides 
in mature gray and white matter astrocytes, GFAP expression is also found in 
radial glia during development, adult neural stem cells (NSCs), and reactive 
astrocytes (Middeldorp et al., 2010; Roelofs et al., 2005; Sanai et al., 2004; 
Sofroniew and Vinters, 2010). IF expression is cell type specific (Chung et 
al., 2013). For this reason, IF proteins are frequently used to determine the 
origin of tumors, also in the brain (Ho and Liem, 1996). GFAP marks tumors 
that originate from astrocytes (Deck et al., 1978; Louis et al., 2007; Rousseau 
et al., 2006; Rutka et al., 1997; Yung et al., 1985). The level of GFAP 
expression in these tumors varies between patients (Rebetz et al., 2008). 
The level of GFAP expression seems not to be associated with the tumor 
malignancy grade, as a high GFAP expression has been correlated both to a 
less malignant (Jacque et al., 1978; Niu, 2011; Velasco et al., 1980) as well 
as to a more malignant phenotype (Choi et al., 2009; Heo et al., 2012). High 
grade glioma subtypes can be discerned based on the correlated expression 
of the IF proteins nestin, vimentin, synemin and GFAP (Skalli et al., 2013).

It is important to realize that the GFAP gene is alternatively spliced, and to 
date 10 different isoforms have been detected in the human brain (Kamphuis 
et al., In Press; Middeldorp and Hol, 2011). The majority of literature on 
GFAP in astrocytic tumors, however, does not discriminate between the 
different isoforms, as the antibodies and primers used recognize several 
GFAP isoforms. The alternatively spliced isoform GFAPδ is highly expressed 
in specific human astrocyte subpopulations, including the neurogenic 
astrocytes of the subventricular zone. Thus, GFAPδ can be used as a marker 
for NSCs of the developing and adult human brain in this niche (van den 
Berge et al., 2010; Middeldorp and Hol, 2011; Roelofs et al., 2005). As there 
are indications that cells with NSC characteristics are present in human brain 
tumors (Vescovi et al., 2006), it is important to take the GFAPδ splice isoform 
into account when studying glioma. Indeed, we and other have shown that 
GFAPδ is present in astrocytoma cells (Middeldorp et al., 2009a; Perng et 
al., 2008). In astrocytic tumors, there are indications that the expression 
levels of GFAPδ correlate with the malignancy grade (Choi et al., 2009; Heo 
et al., 2012). 

In contrast to GFAPα, and due to a different C-terminal tail, GFAPδ by 
itself is assembly compromised. It requires additional type III IF expression for 
proper filament formation (Nielsen and Jorgensen, 2004; Perng et al., 2008; 
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Roelofs et al., 2005). Importantly, the expression levels of the GFAPδ protein 
is a crucial determinant of proper GFAP network formation. Expression of 
GFAPδ at high concentrations induces a collapse of the IF network (Nielsen 
and Jorgensen, 2004; Perng et al., 2008; Roelofs et al., 2005). Changing the 
GFAP IF network has been shown to affect astrocyte physiology. Non isoform 
specific silencing or knockout of GFAP has been shown to influence astrocyte 
morphology, proliferation, motility and adhesion (Lepekhin et al., 2001; Rutka 
and Smith, 1993; Rutka et al., 1994; Weinstein et al., 1991). Up till now the 
function of specific GFAP isoforms in these processes has not been studied. 
As GFAPδ is highly expressed in specific astrocyte subpopulations, such as 
neurogenic astrocytes and astrocytomas, we anticipated that a change in the 
ratio of GFAPα to GFAPδ, in favor of GFAPδ, leads to a functional change in 
these cells. 

We here demonstrate efficient and specific silencing of GFAPα, thereby 
changing the ratio in favor of GFAPδ, using an isoform-specific shRNA 
resulting in an endogenous shift of IF network composition. We analyzed the 
effect of GFAP isoform knockdown on cell morphology, motility, cell adhesion, 
and extra cellular matrix (ECM) protein expression, astrocyte functions that 
are intimately linked to IF protein expression. To identify the function of a 
specialized IF network we compared the GFAPα specific knockdown to the 
silencing of all GFAP isoforms. 

   
Material and Methods

Cell culturing

All cells were cultured at 37ºC under a humidified 5% CO2 / 95% air 
atmosphere. HEK-293T cells and the U373 human astrocytoma cell line were 
cultured in Dulbecco’s modified Eagle medium (DMEM) Glutamax (Gibco) 
supplemented with 10% fetal bovine serum (FBS, Gibco) and antibiotic 
mixture of 10 U/ml penicillin G and 10 mg/ml streptomycin (Invitrogen). For 
replating, cells were washed with Versene (171 mM NaCl, 5.37 mM Na2HPO4, 
3.35 mM KCl, 1.8 mM KH2PO4, 855 μM EDTA), trypsinized (using 0.25% 
trypsin) and resuspended in FBS containing medium. Cells were either split 
for maintaining the line (twice per week) or plated for experiments.

shRNA constructs

Lentiviral shRNA expression plasmids from the The RNAi Consortium 
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(TRC) Mission library (Root et al., 2006) were obtained from Sigma-Aldrich. 
The plasmids express 52 basepair shRNA molecules with 21-nucleotide (nt) 
mRNA specificity, driven by the ubiquitously active U6 snRNA promoter in the 
pLKO.1 vector backbone. The human GFAP shRNA constructs used were: 
GFAPα: TRCN0000083733 (5’-cccttcttactcacacacaaa-3’, targeting nt 2674-
2694 which is in the 3’ UTR of the NM_002055.4 GFAPα transcript, and pan 
GFAP: TRCN0000083736 (5’-gcctatagacaggaagcagat-3’, targeting nt 577-
597 of NM_002055.4 which is part of exon 2, present in all major GFAP 
isoforms (Middeldorp and Hol, 2011). The SHC002 non-targeting shRNA 
construct (5’-caacaagatgaagagcaccaa-3’; Sigma-Aldrich), with no homology 
to human sequences, was used as control shRNA. 

Lentiviral vector production and creation of stable knockdown lines

Lentiviruses encoding a non-targeting control shRNA or a shRNA 
targeting GFAPα or pan GFAP were produced  as described before (Naldini 
et al., 1996a, 1996b) with some alterations. In short, 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. 
To this end, the total 90 μg of DNA were mixed with PEI (67.5 ng/μl), and 
incubated for 15 min at RT, before adding the mix 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.

U373 cells were plated in 24-well plate with 25,000 cells per well. The 
next day cells were transduced with lentiviral particles encoding either a non-
targeting control shRNA (NTC), panGFAP shRNA (panGFAP KD) or GFAPα 
shRNA (GFAPα KD) with a multiplicity of infection (MOI) of 0.5. Medium was 
refreshed after 16 hours. Three days after transduction, cell medium was 
replaced by medium containing 1 ug/ml puromycin (Sigma Aldrich). Cells 
were grown, split and kept in puromycin-containing medium, to ensure that 
only transduced cells survive. Puromycin was removed at least 3 days before 
the functional experiments were performed. 
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RNA isolation, cDNA synthesis and quantitative real-time PCR

For RNA isolation, cells were harvested and total RNA was isolated 
with Trisure (Bioline) 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). Subsequently, RNA was reverse-transcribed with Quantitect 
Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol. 
The cDNA was stored at -20°C for later use in the qPCR reaction. qPCR 
was performed in 96-well plates, with a final volume of 10 µl/well using 
the SYBR Green PCR kit (Applied Biosystems). Each reaction volume 
contained 5 µl of SYBR Green mix, 3.5 µl of H2O, 1 µl of cDNA sample, and 
0.5 µl of primer mix (sense and antisense primers, each 2 pmol/µl). The 
plate was sealed before the qPCR program was started with the following 
cycling conditions: 2 min at 50°C; 10 min at 95°C; 15 s at 95°C, and 1 min 
at 60°C for 40 cycles. After the amplification protocol, a dissociation curve 
was constructed by ramping the temperature from 60 to 90°C. To correct for 
differences in cDNA amounts between samples, we normalized the target 
PCR to the geomean values of PCRs to the reference genes hypoxanthine 
phosphoribosyltransferase (HPRT), major histocompatibility complex 1 
(MHCI), actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
Data was corrected for interexperimental differences as described in Ruijter 
et al. 2006 (Ruijter et al., 2006). For specific knockdown samples, significance 
was tested using a Mann-Whitney test. All other qPCR data was tested using 
a Kruskal-Wallis with a Dunn’s post hoc test. The primers used are listed in 
Supplementary table 1.

Immunocytochemistry

Cells were incubated in SuMi  buffer (50 mM Tris, 150 mM NaCl, 0.25 
% gelatine and 0.5% Triton X-100, pH 7.4) for 10 min permeabilizing cells 
and blocking aspecific binding sites. Cells were incubated with primary 
antibodies diluted in SuMi as stated in table 1 overnight at 4°C. Cells were 
washed 3 times in Phosphate Buffered Saline (PBS) before incubated in 
secondary antibodies diluted in SuMi together with the nuclear dye Hoechst 
(Sigma). Cells were washed and either stored in PBS or embedded in Mowiol 
(100 mM Tris Buffered Saline (TBS) pH 8.5, 25% Glycerol, 10% Mowiol) 
and stored at 4°C. All secondary antibodies were from Jackson Immune 
Research and diluted 1:1400 in SuMi. Micrographs were taken with a Leica 
(Leica microsystems) epifluorescent microscope with a 20x objective or with 
a Leica SP5 confocal with a 63x objective. 
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Protein measurements and western blots

Cells were washed with Versene before being scraped with a cell 
scraper into 100 µl of cold lysis buffer consisting of suspension buffer (100 
mM NaCl, 10 mM Tris-HCl (pH 7.6), 1 mM Ethylenediaminetetraacetic acid 
(EDTA)) with 1% Triton-x100 and added protease inhibitors (100 μg/ml 
phenylmethanesulfonylfluoride (PMSF, Roche Diagnostics) and 0.5 μg/ml 
Leupeptin (Roche Diagnostics). Cells were vortexed and incubated on ice 
for 5 min before spun at 11.7 x g for 1 min. The supernatant was taken off and 
stored at -20°C in a fresh tube. Protein concentrations were measured using a 
BCA kit (Pierce, Thermo Scientific) according to manufacturer’s descriptions. 
Proteins were mixed with 2X loading buffer (2X: 100 mM Tris pH 6.8, 4% 
SDS, 20% glycerol, 200 mM dithiothreitol and bromophenol blue) and boiled 
for 5 min at 95°C before loading on a 7.5% SDS-PAGE reducing gel. After 
electrophoresis, proteins were blotted on Whatman Protran membranes (GE 
Healthcare) using a semi-dry Trans-Blot system (Biorad) for 1 hour. Blots 
were incubated with SuMi for 10 min before incubation overnight at 4°C with 
primary antibodies. Blots were subsequently washed in TBS-T (100 mM Tris-
Hcl pH 7.4, 150 mM NaCl with 0.2% Tween-20) 3 times before secondary 
antibodies, diluted in SuMi, were incubated for 1 hour at room temperature 
(RT). Blots were washed again 3 times in TBS-T before scanned with an 
Odysee scanner (LI-COR). Primary antibodies used are listed in table 1. 
Secondary antibodies used are IRdye 800 (1:2000) (LI-COR, NE, USA) and 
Dyelight Cy5 (1:4000) (Jackson Immune Research).

Motility assays

Cells were plated on glass dishes coated with PLL (20 μg/ml) or laminin 
(10 μg/ml).  PLL and laminin coatings were incubated at 37°C for 1 hour. 
PLL-coated dishes were washed in versene and air dried before cells were 
seeded, while laminin coating was not washed or dried. Cells were allowed 
to adhere for 24 hours before cells were tracked overnight. Every 10 min a 

Antibody Manufacturer Dilution Cat #
panGFAP Dako Dako 1:4000 (1:8000 WB) Z0334

hGFAPδ Manufactured in house 
(10-05-2001 Bleed) 1:1000 (1:3000 WB) -

hGFAPα Santa Cruz 1:1300 WB Sc-6170
Vimentin Chemicon 1:5000 AB5733

Table 1. Antibodies used for immunocytochemistry.
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picture was taken with a Zeiss Axiovert 2000 (Zeiss microscopy). Cells were 
kept at 37°C and 5% CO2 in a pre-heated and humidified incubation chamber 
(OKO labs) during the imaging. Images were compiled into a timelapse 
sequence. For motility analysis, 25 cells were followed per condition 
in 6 independent experiments resulting in a total of 150 cells. Cell soma 
movement was manually tracked using a manual tracking Image J plugin 
(W.S. Rasband, NIH, Bethesda, MD, version 1.46f, http://imagej.nih.gov/ij/). 
The average velocity per cell was calculated and then averaged for all cells 
in one condition per experiment. Data was corrected for interexperimental 
differences as described in Ruijter et al. 2006 (Ruijter et al., 2006). The 
difference in cell velocity was tested using a non parametric Kruskal-Wallis 
test with a Dunn’s post hoc test.  

Cell cycle analysis

For cell cycle analysis, cells were washed with Versene, trypsinized, and 
fixed in ice cold 70% ethanol for 30 minutes. After washing twice with PBS 
+ 1% BSA, cells were incubated with RNAse (Boehringer, 0.5 mg/ml) for 
15 minutes to enzymatically remove RNA, which is necessary for specific 
staining of nuclear DNA. Subsequently, cells were washed with PBS + 1% 
BSA, stained with propidium iodide (PI, Sigma, 50 mg/ml) for 15 minutes, 
and washed with PBS + 1% BSA. Flow cytometry was performed on a FACS 
Canto II flow cytometer (BD Biosciences). Data analysis was done using the 
FlowJo software (Tree Star, http://www.treestar.com).

Adhesion assays

Glass coverslips were coated with PLL or laminin for 1 hour at 37°C. PLL 
coating was washed once with sterile water and air dried. Coatings were 
blocked with 1% BSA solution for 1 hour at 37°C.  Cells were trypsinized, 
resuspended in medium containing serum to inhibit the trypsin, counted and 
replated in serum-free medium  with 30,000 cells per well. At stated time 
points, cells were gently washed with Versene three times, subsequently 
fixed with 4% PFA for 10 min, and stored in PBS. Cells were stained with 
Hoechst (diluted 1:1000 in SuMi) for 1 hour, washed in PBS once, after which 
phase contrast and fluorescent pictures were taken using a Zeiss Axiovert 
2000.

Cell morphology measurements

Cells plated for single cell motility assays were used for morphology 
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measurements. The perimeter was drawn manually from phase contrast 
pictures using ImageJ. The area, perimeter and form factor was calculated 
by ImageJ. Form factor was calculated with the following formula:                                   

Form factor is used as a measure for cell morphology where perfect round 
cells will have a form factor of 1. The perimeter of at least 30 cells per 
condition was measured for 6 independent experiments. Data was corrected 
for interexperimental differences as described in Ruijter et al. 2006 (Ruijter 
et al., 2006). Differences were tested for significance using a non parametric 
Kruskal-Wallis test with a Dunn’s post hoc test. 

Statistics 

All statistical tests were performed using Graphpad Prism 6 (version 
6.02) (Graphpad Software Inc.). Differences were considered significant 
when p<0.05 at a 95% confidence interval. 

Results

Selection of target sequences for isoform-specific knockdown of 
GFAP

To change GFAP network composition in astrocytomas, we aimed at 
silencing the expression of GFAP using RNAi-based gene silencing. Based 
on the sequence information of different GFAP splice-variants (Middeldorp 
and Hol, 2011), specific target regions in the GFAP transcript were selected. 
For an isoform-specific knockdown, we focused on silencing the canonical 
isoform GFAPα, which will decrease the GFAPα/δ ratio. Shifting the ratio 
in favor of GFAPδ expression mimics the IF network in astrocytoma cells 
and neurogenic astrocytes (Choi et al., 2009; Heo et al., 2012; Martinian 
et al., 2009; Roelofs et al., 2005) and allows for the investigation of such 
a specialized GFAP network. To silence GFAPα, we targeted the 3’ UTR 
sequence, which is shared by minor GFAP isoforms such as GFAP∆exon 
6, ∆164 and ∆135, but not by the more abundant isoforms GFAPδ or κ. 
mRNA levels of ∆exon 6, ∆164 and ∆135 are low in human brain (Hol et al., 
2003; Middeldorp et al., 2009; Kamphuis et al., 2013, in press). Analysis of 
GFAP mRNA expression levels in human astrocytoma cell lines revealed 
that GFAP ∆164 mRNA was undetectable in U373 astrocytoma cells using 
specific primers (Fig 1A). ∆135 and ∆exon 6 transcripts were present, but 

4π x 
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their expression levels were significantly lower than that of GFAPα (Fig 
1A). For this reason, we selected the 3` UTR as target sequence, which in 
astrocytoma cell lines will mainly reflect the modulation of GFAPα, as ∆135 is 
approximately 100x, and ∆exon 6 is 1000x times lower expressed. In addition 
to targeting GFAPα, we selected a sequence to silence all GFAP isoforms. 
Exon 2 is a constitutive exon, present in all isoforms, and was therefore 
chosen as target (Fig 1B and 1C).

We obtained lentiviral shRNA expression constructs from the TRC 
shRNA library (Root et al., 2006) encoding either a shRNA targeting the 3’ 
UTR or exon 2 of the GFAP transcript and lentiviral particles were produced.

Validation of an isoform specific knockdown of GFAP

U373 astrocytoma cells were transduced with a non-targeting control 
shRNA (NTC), an shRNA targeting pan GFAP (pan GFAP KD) or GFAPα 
(GFAPα KD). Transduced cells were selected by puromycin to ensure a 
stable knockdown of GFAP. Efficiency and specificity of the knockdown 
was validated by analyzing GFAPα and GFAPδ mRNA expression. As 

Figure 1. Selection of target sequences for isoform-specific knockdown of GFAP. A) 
Expression of human GFAP isoforms in the U373 astrocytoma cell line. B) Table depicting 
shRNA candidates targeting human GFAP isoforms. C) Schematic representation of the 
GFAP transcript. The red bars indicate the target sites of the two shRNA candidates. Targeting 
exon 2 silences all GFAP transcripts (pan GFAP KD), whereas targeting the 3’UTR encoded 
in exon 9 mainly downregulates GFAPα (GFAPα KD). Graph bars show mean with standard 
error of the mean (SEM), n=4.
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expected, GFAPα was significantly downregulated in both the pan GFAP KD 
(~73%) and GFAPα KD cell lines (~58%) (Fig. 2A). As expected, GFAPδ 
transcript expression was also downregulated in pan GFAP KD cells (~36%). 
Intriguingly, in cells with a specific knockdown of GFAPα, expression of 
GFAPδ was significantly upregulated (~600%) (Fig. 2B). 

We confirmed these expression data at the protein level using both 
western blot and immunocytochemistry analysis. Knockdown of GFAP for 30 
days or longer resulted in silencing of GFAPα expression as confirmed by a 
pan GFAP and a specific GFAPα antibody, respectively (Fig. 2C). Consistent 

Figure 2. Isoform-specific knockdown of GFAP. A) qPCR data showed a significant 
downregulation of GFAPα transcripts in both pan GFAP KD (p=0.007) and GFAPα KD 
cells (p=0.03) compared to control cells (NTC). B) GFAPδ transcripts were significantly 
downregulated in pan GFAP KD (p=0.007) and upregulated in GFAPα KD cells (p=0.007). 
All data were normalized to reference genes HPRT, MHC II, beta actin, and GAPDH and are 
presented as mean + SEM (n=6), * < p 0.05. We confirmed the knockdown on protein level by 
western blot (C) and immunocytochemistry (D left panel). Due to an upregulation of GFAPδ 
upon knockdown of GFAPα (right), GFAPα KD cells did not show a reduction of total GFAP 
expression when stained with a pan GFAP antibody detecting all isoforms (left). NTC, pan 
GFAP KD cells, and GFAPα KD cells were stained with a pan GFAP antibody together with 
Hoechst (Hst) and vimentin (Vim). The distribution of the IF network was maintained in the 
knockdown cells compared to control cells (D right panel). Scale bars represent 100 μm in the 
left panel and 20 μm in the right panel.
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with the effect on the transcript level, the pan GFAP KD reduces GFAPδ 
expression, whereas a GFAPα-specific knockdown resulted in an increased 
expression of GFAPδ (Fig. 2C).

Previously, it has been demonstrated that GFAPδ overexpression induces 
aggregation of the GFAP filament network (Nielsen and Jorgensen, 2004; 
Perng et al., 2008; Roelofs et al., 2005). We therefore investigated whether 
the increase of endogenous GFAPδ, induced by knockdown of GFAPα, 
resulted in a similar re-organization of the IF network. To this end, U373 cells 
were stained for pan GFAP or GFAPδ. Surprisingly, no aggregation of the 
GFAP network was observed. GFAPα KD cells showed a GFAP network, 
which is present throughout the whole cytoplasm similar as in control cells 
(Fig. 2D left panels). In addition, the distribution of the IF protein vimentin 
remained unchanged (Fig. 2D right panels).

Taken together, we here demonstrated efficient and specific silencing 
of GFAPα or pan GFAP in human astrocytoma cells. Intriguingly, isoform-
specific knockdown of GFAPα induced GFAPδ mRNA and protein expression, 
indicating a compensatory upregulation of the non-targeted isoform. In 
contrast to transgene-mediated overexpression, endogenous upregulation of 
GFAPδ in the presence of a GFAPα knockdown did not result in aggregation 
of the GFAP network. 

GFAP silencing has no effect on cell proliferation 

First, we investigated the proliferative capacity of pan GFAP KD and 
GFAPα KD cells in comparison to control cells. We studied the expression 

Figure 3. Silencing of GFAP maintains the proliferation capacity of astrocytes. Silencing of 
pan GFAP or GFAPα had no effect on Ki67 expression or the cell cycle of astrocytes. A) 
qPCR data showed that Ki67 expression remained unchanged in pan GFAP KD and GFAPα 
KD cells. Data were normalized to reference genes HPRT, MHC II, beta actin, and GAPDH 
and are presented as mean with SEM (n=6), * p< 0.05. B) Bar graph showing the mean 
relative distribution of pan GFAP KD or GFAPα KD cells across the different cell cycle phases 
measured by DNA staining and subsequent FACS analysis (n=3). Error bars are SEM.
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levels of Ki67, a proliferation marker present in all cell cycle phases except 
G0. No differences in Ki67 expression levels were found in pan GFAP KD and 
GFAPα KD cells in comparison to control cells (Fig. 3A). To assess whether 
silencing of GFAP is associated with changes in cell cycle progression of 
U373 cells, we performed cell cycle analysis using flow cytometry. Neither 
silencing of pan GFAP nor of GFAPα significantly altered the percentage 
of cells in the G0/G1, S, or G2/M phase (Fig. 3B). Taken together, two 
independent assays revealed no significant effect of isoform-specific or pan 
GFAP silencing on proliferation. 

Pan GFAP, but not GFAPα, silencing alters cell morphology 
dependent on the presence of laminin

Modification of the IF network was previously associated with changes 
in astrocyte morphology (Lepekhin et al., 2001; Weinstein et al., 1991). 
Confirming a regulatory role for GFAP on cell morphology, we first determined 
whether downregulation of pan GFAP expression changed cell morphology 
in human astrocytoma cells on a standard PLL substrate (Fig. 4A upper 
row). To this end, cells were cultured on PLL and the cell area and perimeter 
were measured. From these parameters the form factor was calculated, 
which is a measure of cell morphology (Lepekhin et al., 2001). Cells with 
a stable knockdown of all GFAP isoforms (pan GFAP KD) showed a trend 
in the reduction of the area (Fig. 4A, left panel) and a significant reduction 
in cell perimeter (middle panel). However, the shape of the pan GFAP KD 
cells (form factor in right panel) was not significantly different compared to 
control. Hence, we conclude that pan GFAP KD cells display an unchanged 
general shape but were less spread out on PLL compared to control cells. 
Intriguingly, GFAPα KD cells displayed a significantly different area and 
perimeter compared to pan GFAP KD cells with no differences in comparison 
to control cells (Fig. 4B). 

Next, we studied whether these effects on morphology also occurred 
when the cells were cultured on laminin, an natural extracellular matrix 
(ECM) component that is highly abundant in the brain (Colognato et al., 
2005; Franco and Müller, 2011). We observed that the cell morphology, seen 
on laminin (Fig. 4A lower row), differed from cells on PLL (Fig. 4A top row). 
The pan GFAP KD cells still displayed a smaller area on laminin (Fig. 4C left 
panel), but the perimeter was no longer different from control (middle panel). 
This resulted in a significant change in the form factor, reflecting that cells 
displayed a more elongated morphology on laminin (Fig. 4C). 

In conclusion, our data revealed that silencing of pan GFAP expression 
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Figure 4. Silencing of pan GFAP, but not GFAPα alters morphology dependent on the 
presence of laminin. A) Phase contrast pictures of U373 cells with different GFAP network 
compositions on PLL (upper panel) or laminin (lower panel) coated coverslips. Scale bars 
represent 100 μm. B) Pan GFAP KD cells showed a significant difference in area compared 
to GFAPα KD cells (p= 0.006) on PLL. The perimeter of pan GFAP KD cells was significantly 
lower compared to both the control and GFAPα KD cells (p=0.005). The form factor, which 
is a measure of the shape of the cell, was not altered between conditions on PLL. C) When 
cells were plated on laminin coated coverslips the area of the pan GFAP KD cells was still 
lower compared to control and GFAPα KD (p=0.003). The change in perimeter seen on PLL 
was absent on a laminin substrate indicating that the cells were spread out more on laminin. 
This was also reflected in the reduction in the form factor between control cells and pan GFAP 
KD cells (p=0.007). Box plots show median with 25 and 75 percentiles. Whiskers go from 
minimum to maximum value.
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reduces the cell perimeter of human astrocytomas, and this effect is abolished 
when the cells are cultured on laminin. In contrast, cells displayed no changes 
in cell morphology upon a specific GFAPα knockdown, a situation in which 
there is an upregulation of GFAPδ expression (Fig 2B), indicating that the 
presence of GFAPδ might compensate for the lack of GFAPα.

Pan GFAP knockdown leads to higher cell adhesion to laminin and 
enhanced integrin expression  

Cell morphology is in part influenced by cell adhesion, mediated through 
interactions between integrins and the extracellular matrix. To assess whether 
the differences we observed in cell morphology are due to differences in 
cell adhesion, we performed adhesion assays. Cells were plated on PLL- or 
laminin-coated glass coverslips, washed and fixed after 0.5 and 3 hours. The 
number of cells that adhered to the coverslips was quantified by counting the 
Hoechst stained nuclei. Pan GFAP KD cells adhered slightly better to PLL 
than control cells (Fig. 5A). This difference was dramatically increased on 
laminin-coated coverslips (Fig. 5B). These data show that cells with a pan 
GFAP knockdown significantly increased their ability to bind to laminin, which 
could explain the more pronounced elongation of the cells when plated on 
laminin (Fig.4A).

Cell adhesion molecules, such as integrins, are main factors in controlling 
cell shape and adhesion (Lauffenburger and Horwitz, 1996). Since pan 
GFAP KD cells required the presence of laminin to elongate and showed 
a significantly enhanced adherence to laminin, the expression of laminin-
associated integrins was investigated. Integrins need both α and β subunits 
to form a stable dimer (Hynes, 2002). We investigated the integrin subunits 
β1 and β4, as well as α2, α3, α6, and α7. These integrin subunits hetero-
dimerize to form different integrin receptors that bind laminin (Fig. 5C). We 
observed a clear pattern of integrin expression: the pan GFAP KD cells had 
higher expression integrin expression compared to control or GFAPα KD 
cells. For integrins b1, α2, α6, and α7, these differences were significant (Fig. 
5D-I).  

Taken together, knockdown of pan GFAP enhanced the expression of 
integrins associated with binding to the ECM substrate laminin. Consistently, 
adhesion to laminin was increased in pan GFAP cells in comparison to 
control or GFAPα KD cells, and this might underlie the increased elongation 
of the cells on a laminin substrate. The adhesion capacity of GFAPα KD cells 
remained unchanged.
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Specific silencing of GFAPα downregulates integrin expression, 
reduces cell motility, and promotes the expression of laminin

GFAPα KD cells showed a marked downregulation of the laminin-
binding b1 integrin compared to controls (Fig. 5D). Since reduced b1 integrin 
expression did not lead to a significant decrease in cell adhesion to laminin 
(Fig. 5B), we investigated whether cell migration was altered. The presence 

Figure 5. The expression profile of laminin associated integrins correlates with adhesion 
properties of GFAP KD cells. A) Adhesion of pan GFAP KD cells was significantly higher on 
PLL after 0.5h (p=0.01). B) A marked increase in adhesion was observed in the pan GFAP KD 
in comparison to GFAPα KD cells on laminin after 0.5h (p=0.003) and 3h (p=0.01). C) Integrin 
α and β subunits together form a dimer. A schematic representation is shown of the integrin 
subunits that can interact with laminin. D-I) qPCR data showing integrin expression profiles. 
β1 integrin expression was significantly downregulated in GFAPα KD cells compared to pan 
GFAP KD or control cells (p=0.003). β4 showed a trend for an upregulation in pan GFAP 
KD cells compared to GFAPα KD cells. The same pattern of expression between pan GFAP 
KD cells and GFAPα KD cells was seen in α2 (p=0.01), α6 (p=0.0003) and α7 (p=0.0003). 
Data were normalized to reference genes HPRT, MHC II, beta actin, and GAPDH and are 
presented as mean + SEM (n=6), * p <0.05.
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of an IF network as well as the β1 integrin have been linked to cell motility 
in earlier studies (Lepekhin et al., 2001; Nishio et al., 2005; Rooprai et al., 
1999; Rutka et al., 1994). Cells with GFAP isoform knockdown were plated on 
laminin coated glass and imaged overnight. The cell nucleus was manually 
tracked through every frame and the average velocity was calculated over 
all frames. We observed significant lower motility in GFAPα KD cells in 
comparison to control cells. In cells with a pan GFAP knockdown, motility 
was not significantly changed (Fig. 6A). We also assessed motility on PLL 
and we observed that the reduction of cell motility in GFAPα KD cells was not 
as pronounced on PLL as on laminin. The pan GFAP KD cells did not migrate 
significantly slower than control cells (Fig. 6B). IFs connect with integrins via 
linker proteins. Plectin is a linker protein that can bind to integrin subunits as 
well as IFs (Steinböck and Wiche, 1999; Wiche and Winter, 2011). To relate 
the differences seen in migration of GFAPα KD cells to IF networks through 
integrins, we assessed differences in plectin expression. qPCR data showed 
that plectin transcript levels are indeed significantly downregulated in the 
GFAPα KD cells only (Fig. 6C). 

Astrocytes are the main producers of ECM proteins in the brain. GFAPα 
KD cells showed a decrease in laminin-specific integrin expression, but these 
cells not only migrated slower on laminin-, but also on PLL-coated glass. We 
Figure 6. Specific silencing of 
GFAPα promotes the expression 
of laminin and reduces motility 
in astrocytes. A) GFAPα 
KD cells had a reduced cell 
motility on laminin coated glass 
coverslips compared to controls 
(p<0.0001; n=6). Single cell 
motility was measured as the 
average velocity in μm/min of 
a single cell, in a sequence 
of images which were taken 
overnight. Average velocity 
was significantly reduced in 22 
GFAPα KD cells compared to 
control cells. B) The reduction 
in migration in GFAPα KD cells 
is less but still present when 
cells are plated on PLL coated 
coverslips. C) Plectin expression 
was significantly downregulated 
in GFAPα KD cells only. D) 
qPCR data on LAMA1 showed 
a significant increase in laminin 
expression in GFAPα KD cells 
in comparison to pan GFAP KD 
and control cells. Data were normalized to reference genes HPRT, MHC II, beta actin, and 
GAPDH and are presented as mean + SEM (n=6), * p< 0.05.
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therefore investigated whether the cells themselves produce laminin to create 
their own in vitro ECM. To this end, we measured the mRNA expression 
of LAMA1, an α subunit of laminin. No changes in the expression of the 
LAMA1 transcripts were observed in pan GFAP KD cells in comparison to 
control cells. Instead, we observed a significant upregulation of the LAMA1 
transcript in GFAPα KD cells (Fig. 6D).

In conclusion, our results showed that the GFAPα KD cells, still expressing 
GFAPδ, displayed lower cell motility. This was associated with an increase in 
laminin expression and a decrease in plectin and integrin expression.

Discussion
We here present that RNAi-mediated silencing of a distinct GFAP isoform 

in human astrocytoma cells results in changes in cell motility, integrin, plectin, 
and laminin expression. Efficient and specific silencing of GFAPα, using an 
isoform-specific shRNA, decreased the endogenous GFAPα/δ ratio in favor 
of GFAPδ expression, an effect which was enhanced by upregulation of 
endogenous GFAPδ by the cell itself. Modulation of the GFAP isoform ratio 
revealed that upon a specialization of the GFAP network, the expressed 
of the ECM protein laminin is increased while cell motility is decreased. In 
contrast, silencing of pan GFAP expression influenced cell morphology and 
cell adhesion. This comparative approach revealed that different IF network 
compositions influence distinct cellular functions and possibly react to ECM 
stimuli differently.

GFAP filament assembly

Isoform-specific modulation is essential to understand the functional 
consequences of alternative splicing of GFAP and its regulation in specific 
astrocyte subtypes. The alternatively spliced isoform GFAPδ is highly 
expressed in neurogenic astrocytes (van den Berge et al., 2010; Roelofs et 
al., 2005), and its expression level is a crucial determinant of the GFAP IF 
network assembly (Nielsen and Jorgensen, 2004; Perng et al., 2008). 

We here demonstrate that decreasing GFAPα expression levels induced 
an endogenous upregulation of GFAPδ, which might represent an intrinsic 
regulatory mechanism to compensate for the loss of GFAPα. However, the 
total amount of GFAP expression remained low in the cells. An induction 
of GFAPδ expression in cells with low GFAPα expression did not influence 
the distribution of the IF network. We previously reported on a collapse 
of the IF network upon transgenic GFAPδ overexpression (Perng et al., 
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2008; Roelofs et al., 2005). However as shown here, an endogenous, and 
more subtle, upregulation of GFAPδ expression in the presence of GFAPα 
silencing did not result in an IF network collapse. The endogenous induction 
of GFAPδ represents a 6.4-fold increase on mRNA level whereas CMV 
promoter transgene expression induces a dramatic overexpression (Perng 
et al., 2008). Since a collapse of the IF network, due to GFAPδ expression, 
is concentration-dependent (Kamphuis et al., 2012; Nielsen and Jorgensen, 
2004; Perng et al., 2008), we can conclude that the endogenous upregulation 
due to GFAPα knockdown is not high enough to cause a collapse of the 
network. The presence of the endogenous IF proteins vimentin (Fig. 2D) and 
nestin (not shown), ensures proper incorporation of GFAPδ in the IF network. 
In a physiological situation in the brain, GFAPδ expressing cells have not 
been shown to display a collapsed GFAP network. Hence, modulation of 
the ratio of GFAP isoforms presented here might reflect more physiological 
expression levels compared to the overexpression studies.

IF and cell morphology

The induction of GFAPδ upon knockdown of GFAPα might be sufficient 
to maintain the morphological characteristics of astrocytoma cells, since 
GFAPα knockdown cells demonstrate none of the morphological changes 
present in cells with a pan GFAP knockdown. The ability of the GFAPδ 
isoform to take over the function of GFAPα suggests that the role of GFAP 
in cell morphology does not depend on these specific isoforms but is rather 
determined by the presence of GFAP filaments within the IF network. 

In agreement with our findings in pan GFAP KD cells, knockout of all 
GFAP isoforms was shown to alter cell morphology (Lepekhin et al., 2001). 
Taken together our data highlight that a drastic re-organization of the IF 
network either by knockout or knockdown of all GFAP isoforms is needed to 
alter the morphology of astrocytoma cells.

Integrin expression and cell motility

In contrast to normal cell morphology, cells expressing a low GFAPα/δ 
ratio demonstrated significantly reduced cell motility. Changes in cell motility 
were observed before in astrocytes with a pan GFAP knockdown or in GFAP 
knockout cells (Lepekhin et al., 2001; Rutka et al., 1994). We also see a 
clear but not significant trend for lower motility in cells with a pan GFAP KD 
on laminin. The significantly lower motility in GFAPα KD cells on laminin and 
PLL implicates that the presence of GFAPδ cannot compensate for the lack of 
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GFAPα and actually exaggerates the effect on motility in comparison to pan 
GFAP KD cells. A possible explanation for the reduced motility in GFAPα KD 
cells is the significant downregulation of integrins β1 and α6. The β1 integrin 
is localized to the leading edge of migrating astrocytes (Ogier et al., 2006), 
and blocking the β1 integrin receptor has been shown to inhibit astrocyte 
migration (Nishio et al., 2005). Moreover in gliomas, blocking integrin β1 
inhibited cell migration on laminin as well as invasion into matrigel (Rooprai 
et al., 1999). Similarly, the α6 integrin subunit has been shown to increase 
migration in glioma cell lines. Although α6 can form a dimer with both β1 
and β4, migration could be inhibited with antibodies against β1, but not with 
antibodies against β4 (Delamarre et al., 2009). Reduced plectin expression 
in GFAPα KD cells supports an involvement of integrins in the reduced cell 
motility, since plectin links the IF network to the integrins. Plectin expression 
itself has been linked to cell motility as well (Katada et al., 2012). Altering 
the GFAP network therefore influences the expression of multiple proteins 
involved in the link between the ECM and IFs.  Finally, the hypothesis that the 
decreased ability of GFAPα KD cells to migrate on laminin could be integrin-
dependent is corroborated by the observed decrease in adhesion of GFAPα 
KD cells to a laminin substrate. We show that altering the GFAP isoform 
expression changes the interaction of U373 cells with the ECM. GFAP 
expression has been used for glioma diagnostics and GFAPδ expression 
has been linked to higher malignancy (Choi et al., 2009; Heo et al., 2012). 
However, it is still elusive whether and via which cellular mechanisms GFAPδ 
expression can influence tumor aggressiveness. The interaction of tumor 
cells with their ECM has significant consequences for metastasis and tumor 
growth, and indeed glioma cells preferably migrate along blood vessels, which 
contain laminin in their basal membranes (Farin et al., 2006; Goldbrunner 
et al., 1999). Our findings that the presence of GFAPδ in cells with low 
GFAPα expression alters the interaction of astrocytoma cells with laminin, 
suggests an important function in glioma invasiveness. Our data show that 
it is important to include GFAP isoform expression, especially of GFAPδ in 
relation to other IF proteins , in glioma diagnostics and classification.

Laminin expression

Interestingly, specifically GFAPα knockdown cells showed increased 
expression of the ECM component laminin itself. In contrast, downregulation 
of GFAP in pan GFAP KD cells did not have such an effect on laminin. 
Consequently, the increased laminin expression in the GFAPα KD cells 
appears to results from the simultaneous loss of GFAPα and an increase in 
GFAPδ expression, resulting in a specialized IF network composition. 
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Laminin expression has been linked to GFAP expression before. Laminin 
expression is increased in GFAP knockout mice (Menet et al., 2001). On 
the other hand, GFAP overexpression in fibroblasts has also been shown to 
increase laminin production (Toda et al., 1994). This finding is in agreement 
with an upregulation of laminin production in reactive astrocytes, which are 
characterized by an increase in GFAP expression (Palu and Liesi, 2002). 
Whether the increase in LAMA1 expression is a reaction to changes in 
integrin expression or directly driven by changes in GFAP isoform expression 
requires further investigation. 

In conclusion, we here demonstrated efficient and isoform-specific 
silencing of GFAPα, which resulted in increased GFAPδ and LAMA1 
expression, decreased plectin expression, and a reduced motility of 
astrocytoma cells. In contrast, pan GFAP knockdown changed cell morphology, 
integrin expression, and adhesion of astrocytes. Taken together, these data 
emphasize that astrocyte morphology and motility are associated to GFAP 
protein expression. Moreover, the precise GFAP isoform composition of the 
IF network is intimately linked to integrin, plectin and laminin expression. 
Altering IF network composition in astrocytoma cells influences important 
determinants of tumor invasiveness such as cell migration and adhesion, 
and thus presents a potential target for diminishing tumor infiltration.
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Transcript Forward primer Reverse Primer
GFAPα CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG

GFAPδ TCCAACCTGCAGATTCGAGG GGGAATGGTGATCCGGTTCT

GFAPk GTCAGTACAGCAGGGCCTCG AGGAGCGCTGCAGTGTCACG

GFAP∆exon 6 TGCGCGGCACGGATC CACGGTCTTCACCACGATGTT

GFAP∆ 135 TCTGCGCGGCACGGAGTA GGGAATGGTGATCCGGTTCT

GFAP∆164 GAGGCGGCCAGTTATTCCC CACGGTCTTCACCACGATGTT

Ki67 AGAGTGCGAAGGTTCTCATGC TCCGCGTTACTCTCTGCACA

ITGB1 GACGCCGCGCGGAAAAGATG GGCCCTGCTTGTATACATTCTCCA

ITGB4 TCACCTCCAAGATGTTCCAGA CCTGGTATATACCCACTTCCCC

ITGA1 CCGGTGGAAGACATGTTTGGAT TGGCCAACTAACGGAGAACCA

ITGA2 ACAGAGTTGCCCCGAGCAC TGTCCACACGCAAATCCAAAG

ITGA3 GGCCTGCCAAGCTAATGAGA GAGCAGCTCCATCCTCTGGTT

ITGA6 CTATTTTCAGATCCCGGCCTG TGGCGGAGGTCAATTCTGT

ITGA7 GGGTTGTCGCCAAACCTTC TGCCTGACAGGGAGTAGCC

LAMA1 GTTTCGAACCTCCTCGCAGA CTGCCAGCACCATTGTTGAC

MHC I CACACCTCTCCTTTGTGACTTCAA CCACCTCCTCACATTATGCTAACA

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

HPRT ATGGGAGGCCATCACATTGT ATGTAATCCAGCAGGTCAGCAA

Beta Actin GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

Plectin AGATCGAGCGGGCACGGAGT CAGCCGACCCAGGCAGTCAC

Supplementary data:

Supplementary table 1. Primers used for qPCR.
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Abstract
Glial fibrillary acidic protein (GFAP) is an intermediate filament protein 

expressed in astrocytes and neural stem cells, with the two main isoforms 
being GFAPα and GFAPδ. Expression of GFAP is highly regulated during 
development, upon brain damage, and in neurodegenerative diseases. 
Interestingly, the alternatively spliced transcript GFAPδ marks specialized 
astrocyte populations in the human brain, such as subpial astrocytes and 
the astrocytic stem cell ribbon in the subventricular zone. Here, we report on 
the development of an antisense oligonucleotide (AON)-based tool enabling 
isoform-specific silencing of human GFAPδ. Future research will focus 
on the functional consequences of silencing GFAPδ in specific astrocyte 
subpopulations that will contribute to a better understanding of astrocyte 
diversity in the brain.
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Introduction
Glial Fibrillary Acidic Protein (GFAP) is an intermediate filament protein 

and is widely used as a marker for mature astrocytes. The GFAP gene is 
alternatively spliced and to date 10 different isoforms are discovered in the 
human brain (Middeldorp and Hol, 2011).The majority of literature describing 
expression patterns of GFAP and regulation of GFAP expression relate to 
GFAPα, the canonical and most abundant isoform of GFAP. An alternatively 
spliced isoform GFAPδ is increasingly recognized as a marker for specific 
human astrocyte subpopulations. Our group previously showed that 
neurogenic astrocytes of the subventricular zone and the subgranular zone 
express GFAPδ, representing the neural stem cells (NSCs) of the developing 
and adult brain (Roelofs et al., 2005;van den Berge et al., 2010;Middeldorp et 
al., 2010). In these neurogenic astrocytes, GFAPδ mRNA is more abundant 
than in astrocytes in adjacent areas, an indication for increased alternative 
splicing. Moreover, GFAPδ is present in the subpial zone of the brain (Roelofs 
et al., 2005). GFAPδ expression is induced under pathological conditions e.g. 
in balloon cells in epilepsy (Martinian et al., 2009), in astrocytic tumors (Choi 
et al., 2009), and in astrocytomas (Heo et al., 2012). Interestingly, GFAPδ 
immunoreactivity increases with tumor malignancy (Choi et al., 2009) and 
therefore GFAPδ expression can be used as a disease marker. 

GFAPδ is generated by splicing of an alternative exon located in the 
seventh intron, termed exon 7+. The alternative exon substitutes the classical 
exons 8 and 9 at the 3` end of the GFAP transcript. The sequence of exon 
7+ is shared by the isoform GFAPκ, which encodes in addition the first 338 
nucleotides of intron 7. GFAPκ is the most recently discovered isoform and 
its expression is less well studied in the human brain (Blechingberg et al., 
2007). In the cell, GFAPδ is important for the specific composition of the 
cytoskeleton (Perng et al., 2008). Due to a different C-terminal tail, GFAPδ 
by itself is assembly compromised requiring GFAPα expression for proper 
filament formation (Perng et al., 2008; Roelofs et al., 2005). Importantly, 
the ratio between GFAPα and GFAPδ is crucial for proper GFAP network 
formation (Perng et al., 2008). Expression of GFAPδ at high concentrations 
induces a collapse of the GFAP filament network (Roelofs et al., 2005; Nielsen 
et al., 2002). Reduction of all GFAP isoforms (pan GFAP) has been shown 
to influence astrocyte morphology, proliferation, and motility (Lepekhin et al., 
2001; Rutka et al., 1994; Weinstein et al., 1991). However, whether also a 
specialized cytoskeleton that contains GFAPδ filaments influences astrocyte 
functions is still elusive. 

In that respect, silencing of endogenous expression levels of GFAPδ is 
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an essential tool to investigate the functional consequences of incorporation 
of the splice-variant in the GFAP network. Targeting specific isoforms for RNA 
based gene silencing is performed by siRNA sequences that are processed 
by the endogenous cellular RNAi machinery, resulting in cleavage of target 
mRNAs (Paddison et al., 2002). Targeting unique sequences within or at 
the boundaries of alternatively spliced exons allows knockdown of specific 
isoforms. This was successfully shown for the class Ia PI3-kinase catalytic 
α subunit and for the VEGF isoform VEGF165, which are both disease-
associated isoforms implicated in tumor angiogenesis (Shen et al., 2007 
;Zhang et al., 2004). 

The functional consequences of an integration of the GFAPδ protein in 
the intermediate filament network of neurogenic or reactive astrocytes are 
still elusive. This study presents the design of a GFAPδ specific shRNA 
that will allow for the investigation of GFAPδ specific functions in different 
astrocyte subpopulations.

Material and Methods

Cell culture

Cells were cultured at 37ºC under a humidified 5% CO2 / 95% air 
atmosphere. HEK-293T cells and the U373  human astrocytoma cell line 
were cultured in Dulbecco’s modified Eagle medium (DMEM) Glutamax 
supplemented with 10% fetal bovine serum (FBS) and antibiotic mixture of 
10 U/ml penicillin G and 10 mg/ml streptomycin (all Invitrogen, Carlsbad, 
CA).

shRNA design

We designed 62-nucleotide short hairpin RNA sequences to silence 
human GFAPδ according to the method described in (Rubinson et al., 2003). 
Each shRNA sequence comprised a selected siRNA sequence targeting the 
human GFAP mRNA (NCBI Accession Number GFAPδ NM_001131019.2) 
in both sense and antisense orientations, separated by a 6 nucleotide loop 
and followed by 5 thymidine residues as an RNA polymerase III transcription 
termination signal. AgeI and EcoRI restriction sites were incorporated at the 
5’ and 3’ ends, respectively. 
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Plasmid construction

All primers and oligonucleotides used were synthesized by Eurogentec 
(Seraing, Belgium) and all restriction enzymes were from New England 
Bioloabs (Ipswich, MA, USA). For the production of lentiviral vectors, the 
pLKO.1-puro construct was used (kind gift from Dirk Geerts, Department 
of Pediatric Oncology/Hematology Sophia Children’s Hospital Erasmus 
University, Rotterdam, The Netherlands). The puromycin resistance marker 
was removed and eGFP, isolated from a pcDNA3-eGFP vector (Invitrogen, 
Carlsbad, CA), was inserted at the restriction sites BamHI and KpnI. DNA 
fragments encoding each shRNA targeting GFAPδ were generated by 
annealing two complementary oligonucleotides. The resulting double-
stranded DNA fragments were inserted between the AgeI and EcoRI sites 
of the pLKO.1-eGFP vector. A pLKO.1 vector expressing a non-targeting 
control shRNA  (SHC002) was obtained from the MISSIONTM TRC-Hs 1.0 
library (Root et al., 2006). Also for this construct, the puromycin resistance 
marker was removed and eGFP inserted as described above.

Lentiviral vector production and transduction

Lentiviruses encoding a non-targeting control shRNA or a shRNA 
targeting GFAPδ were produced and titered as described before (Moeton et 
al., under review). U373 cells were plated in 24-well plate with 25.000 cells 
per well. The next day cells were transduced with Lentiviral particles either 
encoding a non targeting control shRNA (NTC) or GFAPδ shRNA (GFAPδ 
KD) with a multiplicity of infection (MOI) of 0.5. Medium was refreshed after 
16 hours. RNA was harvested at several different timepoints to validate the 
knockdown on the mRNA level.

RNA isolation, cDNA synthesis and quantitative real-time PCR

For RNA isolation, cells were harvested and total RNA was isolated with 
Trisure (Bioline, London, UK) 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, Wilmington, DE, USA). Subsequently, RNA was reverse-
transcribed with Quantitect Reverse Transcription Kit (Qiagen) according to 
the manufacturer’s protocol. The cDNA was stored at -20°C for later use 
in the qPCR reaction. qPCR was performed in 96-well plates, with a final 
volume of 10 µl/well using the SYBR Green PCR kit (Applied Biosystems, 
Inc., Foster City, CA, USA). Each reaction volume contained 5 µl of SYBR 
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Green mix (2 µl concentrated), 3.5 µl of H2O, 1 µl of cDNA sample, and 
0.5 µl of primer mix (sense and antisense primers, each 2 pmol/µl). The 
plate was sealed before the qPCR program was started with the following 
cycling conditions: 2 min at 50°C; 10 min at 95°C; 15 s at 95°C, and 1 min 
at 60°C for 40 cycles. After the amplification protocol, a dissociation curve 
was constructed by ramping the temperature from 60 to 90°C. To correct for 
differences in cDNA amounts between samples, we normalized the target 
PCR to the geomean values of PCRs to the reference genes hypoxanthine 
phosphoribosyltransferase (HPRT), MHC II , beta actin and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Results

Selection of GFAPδ-specific sequences

Our study aims to silence the expression of GFAPδ using RNA based 
gene silencing. Based on the sequence information of different GFAP splice-
variants (Middeldorp and Hol, 2011), the transition of exon 7 to exon 7+ was 
selected as target sequence to silence GFAPδ. Exon 7+ is an alternative 
exon encoded in the isoforms δ and κ. The transition between the constitutive 
exon 7 and the alternative exon 7+ is exclusive for GFAPδ, since GFAPκ 
transcripts retain the intron between exon 7 and exon 7+ forming exon 7b 
(Fig 1A).

Target accessibility of transition exon 7 / exon 7+

The limited length of the isoform-specific sequences required special 
attention in the design of a GFAPδ specific shRNA. To this end, several 
antisense oligonucleotides (AONs) were analyzed regarding their secondary 
structure formation and interaction of the AON with the target sequence. 

First, we determined if the transition of exon 7 to exon 7+ is accessible 
to AONs. RNA forms secondary structures immediately after transcription in 
a dynamic process. Dependent on the nucleotide composition, sequences 
show stretches of single strand folding or open (accessible) structures. We 
predicted the energetically most stable structure of exon 7 and exon 7+ with 
the m-fold software (version 2.3, http://mfold.rna.albany.edu/?q=mfold/RNA-
Folding-Form2.3, data not shown). For exon 7 / 7+, 25 different structures 
were predicted. The single stranded (ss)-count for all energetically likely 
structures was calculated. The ss-count states the number of structures in 
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which a nucleotide is likely to be single stranded. This analysis revealed 
that the transition of exon 7 / 7+ is partially closed and partially accessible 
allowing the binding of AONs (Fig. 1B).

Design of AON sequences targeting GFAPδ
Due to the limited length of the target sequence, we applied several 

different bioinformatic tools to identify functional siRNA candidates. In 
order to determine the optimal sequence composition, we first applied the 
thermo scientific and Invitrogen siRNA design tools (http://rnaidesigner.
lifetechnologies.com/rnaiexpress/). None of the design programs predicted 
functional siRNA candidates in the GFAPδ specific sequence (data not 
shown). Functionality of siRNA candidates is predicted by design tools 
according to a set sequence composition (Reynolds et al., 2004), which 
is not fulfilled by the GFAPδ specific sequence. Alternatively, we selected 
siRNA sequences in the transition of exon 7/7+ by moving the AON for each 
candidate one position to the left in the target sequence (Table 1). 

Figure 1. Identification of GFAPδ-specific 
sequences and the analysis of their secondary 
structure formation. A) Schematic representation 
of GFAP splice variants α, κ, and δ. The bar 
indicates the target for the GFAPδ-specific shRNA. 
Transition exon 7 / 7+ is an exclusive target site 
for GFAPδ transcripts that is not encoded in 
GFAPα or GFAPκ. B) Analysis of the secondary 
structure formation of exon 7 and 7+ of human 
GFAP using M-fold software with default settings. 
The single strand (ss)-count output of transition 
exon 7 / 7+ is shown; 25 putative structures were 
predicted. Open structures have a high ss-count 
(close to 25 indicates that the nucleotide is single stranded in the majority of structures) and 
closed structures have a low ss-count (e.g. a nucleotide with a score of 0 is bound to another 
nucleotide in all predicted structures).
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An important factor in the design of AONs is the GC percentage. A GC 
percentage higher than 40% increases the affinity of the AON to the target 
sequence. Nevertheless, too high GC percentages (> 60%) were shown to 
increase dimerization and decrease AON efficiency (Aartsma-Rus, 2012). All 
candidates have a percentage > 40% and < 60% (see table 1) indicating a 
sufficient target binding capacity.

Next, we investigated the thermodynamic properties of the AON 
candidates. A stretch of five Gs is present in the center of the GFAPδ specific 
sequence. Stretches of three or more Gs and Cs increase the likelihood of 
hybridization, either by folding of the AON itself or the formation of dimers 
between AONs (Aartsma-Rus, 2012). When this occurs, the ability of the 
AON to bind to the target sequence will be reduced.  In order to analyze 
the influence of the stretch on folding of the antisense strand, the RNA 
structure 4.6 software was applied. Structures of RNA single strand folding 
(Fig. 2A) and RNA bimolecular folding (Fig. 2B) were generated. Using the 
guide strand as the input sequence, none of the candidates displayed a high 
probability for secondary structure formation with Gibbs free energy >-4 
for the 21-mer AONs. Calculation of the bimolecular folding revealed that 
AON 1, 7 and 8 have a higher likelihood of self hybridization than the other 
candidates. Therefore they were excluded from further analysis. For the 
remaining candidates, we investigated the interaction of the AON candidates 
with the target sequence. To this end, the binding energy of the AON and 
the nucleotide sequence of transition exon 7 / 7+ was calculated (Fig. 2C). 
We continued our experiments with AON 3, 4 and 5, which show the highest 
binding energy of AON-target complexes.

Besides a high functionality of siRNA sequences, specificity of the 
candidate is crucial. Off-target effects regulate unintended genes, resulting in 

Table 1. GFAPδ shRNA candidates.The GC content was calculated by the oligonucleotides 
properties calculator (http://www.unc.edu/~cail/biotool/oligo/index.html) and the basic melting 
temperature (Tm) for single stranded RNA was predicted.

shRNA candidate GC content     Tm AON sequence
shRNA 1 57% 56 TTTGCCCCCTCGAATCTGCAG
shRNA 2 52% 54 TTTTGCCCCCTCGAATCTGCA
shRNA 3 57% 56 CTTTTGCCCCCTCGAATCTGC
shRNA 4 57% 56 GCTTTTGCCCCCTCGAATCTG
shRNA 5 52% 54 TGCTTTTGCCCCCTCGAATCT
shRNA 6 57% 56 GTGCTTTTGCCCCCTCGAATC
shRNA 7 57% 56 GGTGCTTTTGCCCCCTCGAAT
shRNA 8 57% 56 TGGTGCTTTTGCCCCCTCGAA
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aspecifc effects. To this end, we tested the candidates for several specificity 
criteria. None of the candidates encoded immune-stimulatory sequences 
shown to activate the interferon system, which is especially important to avoid 
toxicity in vivo (Patzel et al., 2005). Second, interaction of the shRNA with 
the endogenous microRNA system can lead to unspecifi c effects (Jackson 
et al., 2006). Intriguingly, imperfect binding of microRNAs but also siRNA 
sequences to seed regions in the 3’UTR results in silencing of genes. We 
used the GESS software to determine specificity, taking imperfect binding 

Figure 2. Secondary structure formation of the AON and AON-target complexes. A) Example 
of single strand folding of AON candidate shRNA 5 and dimer formation between the same 
AON (B). In C) the structure and the binding energy of the AON-target complex is shown. 
Structures are generated with the RNA structure 4.6 software using the fold RNA single strand 
(A) and fold RNA bimolecular (B, C) options.
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into account [(Sigoillot et al., 2012), software package online available as 
supplementary information]. Candidates 2 and 4 meet the specificity criteria 
and were selected as final candidate for the GFAPδ specific knockdown. 
The sequences were cloned into lentiviral vectors and viral particles were 
produced.

Validation of isoform specific knockdown of GFAPδ
Efficiency and specificity of the shRNA candidates was tested by 

transduction of U373 astrocytoma cells and analyzing GFAPα and 
GFAPδ mRNA expression. The control vector encodes a non-targeting 
shRNA that lacks an identifiable mRNA target. Candidate 4 (GFAPδ KD) 
significantly reduced GFAPδ and not GFAPα expression in comparison to 
the non-targeting shRNA (Fig. 3A and 3B). Candidate 2 failed to specifically 
downregulate GFAPδ (data not shown). Despite an efficient knockdown of 
GFAPδ transcripts, no downregulation of the GFAPδ protein was detectable 
in cells kept in culture for one month or longer (data not shown). 
Outlook

RNA based gene modulation possesses the unique potential for alteration 
of gene expression within a normal regulatory environment. Rapid progress 
in the design and delivery of short antisense oligonucleotides allows efficient 
isoform-specific applications of RNA interference.

Here we present RNA based silencing of a distinct GFAP isoform, 
GFAPδ. Efficient downregulation of GFAPδ mRNA was achieved in 
human astrocytoma cells despite the fact that online available design tools 
determined no optimal siRNA sequences in the transition of exon 7 / exon 
7+. Most design tools predict functionality according to an optimal sequence 
composition determined by retrospective analysis of siRNA data sets (Mysara 

Figure 3. Validation isoform specific knockdown of GFAPδ mRNA. Expression analysis of the 
GFAP isoforms GFAPα and GFAPδ after transduction with lentiviral vectors encoding shRNAs 
targeting specifically GFAPδ or a non-targeting shRNA (NTC). All data were normalized to 
reference genes beta actin, and GAPDH and are presented as mean + SEM (n=5), * < p 0.05.
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et al., 2011; Ahmed and Raghava, 2011; Reynolds et al., 2004), not met by 
the GFAPδ specific sequence. Thus, although design algorithms improve the 
chances of selecting an effective AON, shRNA sequences that do not fulfill 
the criteria of commonly used algorithms can still be effective.

Despite an efficient knockdown of GFAPδ transcripts, no downregulation 
of the GFAPδ protein was detectable in cells that were kept in culture for 
one month or longer. 99% of the cells were GFP positive indicating high 
transduction efficiency (data not shown). In order to select cells with the highest 
expression of GFP, cells were sorted for high GFP intensity. Surprisingly, 
the sorted cells also displayed no knockdown of the GFAP protein (data not 
shown). It can be excluded that the expression of the shRNA is lost due to 
cell division since lentiviral transduction ensures longterm expression due to 
an integration of the expression construct in the host DNA.

Previously, our lab demonstrated efficient isoform-specific, as well as 
pan GFAP knockdown on the protein level (Moeton and Kanski et al., in 
preperation). To this end, either the 3’UTR or exon 2 of the GFAP gene was 
targeted to silence GFAPα or all GFAP isoforms respectively. In contrast to 
the approach presented here, the GFAPα or pan GFAP shRNA expression 
constructs encoded a puromycin resistance. Selection of the transduced 
cells with puromycin to generate a stable cell line resulted in knockdown 
of the GFAP protein up to 90%. This data from our lab emphasize that for 
silencing of GFAP expression selection of transduced cells with puromycin 
is essential. In contrast, sorting for GFP expression failed to select a pure 
population of transduced cells on the longterm. Due to a high and stable 
expression of GFAP in the cell, already a small amount of untransduced 
cells might be sufficient to mask a knockdown on the protein level. Based 
on these observations, it is expected that the generation of a stable cell line 
expressing the GFAPδ-specific shRNA designed here would result in efficient 
knockdown of the GFAPδ protein. 

In summary, the GFAPδ-specific shRNA construct developed in this 
study is an essential tool to identify the functional consequences an 
incorporation of the GFAPδ splice variant in the GFAP network of astrocytes. 
Specific silencing of GFAPδ will reveal whether the expression of GFAPδ in 
distinct astrocyte subpopulations such as neurogenic astrocytes or reactive 
astrocytes modulates the astrocyte characteristics of the respective cell 
type. This knowledge is of crucial importance for a better understanding of 
astrocyte diversity in the brain.  



Chapter 4

108

 4

References
Aartsma-Rus A (2012) Overview on AON design. Methods Mol Biol 867:117-129.
Ahmed F, Raghava GP (2011) Designing of highly effective complementary and 

mismatch siRNAs for silencing a gene. PLoS One 6:e23443.
Blechingberg J, Holm IE, Nielsen KB, Jensen TH, Jorgensen AL, Nielsen AL (2007) 

Identification and characterization of GFAPkappa, a novel glial fibrillary acidic 
protein isoform. Glia 55:497-507.

Choi KC, Kwak SE, Kim JE, Sheen SH, Kang TC (2009) Enhanced glial fibrillary 
acidic protein-delta expression in human astrocytic tumor. Neurosci Lett 463:182-
187.

Heo DH, Kim SH, Yang KM, Cho YJ, Kim KN, Yoon dH, Kang TC (2012) A 
histopathological diagnostic marker for human spinal astrocytoma: expression of 
glial fibrillary acidic protein-delta. J Neurooncol 108:45-52.

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, Lim L, Linsley PS (2006) 
Widespread siRNA “off-target” transcript silencing mediated by seed region 
sequence complementarity. RNA 12:1179-1187.

Lepekhin EA, Eliasson C, Berthold CH, Berezin V, Bock E, Pekny M (2001) 
Intermediate filaments regulate astrocyte motility. J Neurochem 79:617-625.

Martinian L, Boer K, Middeldorp J, Hol EM, Sisodiya SM, Squier W, Aronica E, 
Thom M (2009) Expression patterns of glial fibrillary acidic protein (GFAP)-delta 
in epilepsy-associated lesional pathologies. Neuropathol Appl Neurobiol 35:394-
405.

Middeldorp J, Boer K, Sluijs JA, De FL, Encha-Razavi F, Vescovi AL, Swaab DF, 
Aronica E, Hol EM (2010) GFAPdelta in radial glia and subventricular zone 
progenitors in the developing human cortex. Development 137:313-321.

Middeldorp J, Hol EM (2011) GFAP in health and disease. Prog Neurobiol 93:421-
443.

Mysara M, Garibaldi JM, Elhefnawi M (2011) MysiRNA-designer: a workflow for 
efficient siRNA design. PLoS One 6:e25642.

Nielsen AL, Holm IE, Johansen M, Bonven B, Jorgensen P, Jorgensen AL (2002) A 
new splice variant of glial fibrillary acidic protein, GFAP epsilon, interacts with the 
presenilin proteins. J Biol Chem 277:29983-29991.

Paddison PJ, Caudy AA, Bernstein E, Hannon GJ, Conklin DS (2002) Short hairpin 
RNAs (shRNAs) induce sequence-specific silencing in mammalian cells. Genes 
Dev 16:948-958.

Patzel V, Rutz S, Dietrich I, Koberle C, Scheffold A, Kaufmann SH (2005) Design of 
siRNAs producing unstructured guide-RNAs results in improved RNA interference 
efficiency. Nat Biotechnol 23:1440-1444.

Perng MD, Wen SF, Gibbon T, Middeldorp J, Sluijs J, Hol EM, Quinlan RA (2008) 
Glial fibrillary acidic protein filaments can tolerate the incorporation of assembly-
compromised GFAP-delta, but with consequences for filament organization and 
alphaB-crystallin association. Mol Biol Cell 19:4521-4533.

Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS, Khvorova A (2004) 
Rational siRNA design for RNA interference. Nat Biotechnol 22:326-330.

Roelofs RF, Fischer DF, Houtman SH, Sluijs JA, Van HW, Van Leeuwen FW, Hol 
EM (2005) Adult human subventricular, subgranular, and subpial zones contain 



Technical note on GFAP isoform targeting

109

 4

astrocytes with a specialized intermediate filament cytoskeleton. Glia 52:289-
300.

Rubinson DA, Dillon CP, Kwiatkowski AV, Sievers C, Yang L, Kopinja J, Rooney 
DL, Zhang M, Ihrig MM, McManus MT, Gertler FB, Scott ML, Van PL (2003) A 
lentivirus-based system to functionally silence genes in primary mammalian cells, 
stem cells and transgenic mice by RNA interference. Nat Genet 33:401-406.

Rutka JT, Hubbard SL, Fukuyama K, Matsuzawa K, Dirks PB, Becker LE (1994) 
Effects of antisense glial fibrillary acidic protein complementary DNA on the growth, 
invasion, and adhesion of human astrocytoma cells. Cancer Res 54:3267-3272.

Shen HL, Xu W, Wu ZY, Zhou LL, Qin RJ, Tang HR (2007) Vector-based RNAi 
approach to isoform-specific downregulation of vascular endothelial growth factor 
(VEGF)165 expression in human leukemia cells. Leuk Res 31:515-521.

Sigoillot FD, Lyman S, Huckins JF, Adamson B, Chung E, Quattrochi B, King RW 
(2012) A bioinformatics method identifies prominent off-targeted transcripts in 
RNAi screens. Nat Methods 9:363-366.

van den Berge SA, Middeldorp J, Zhang CE, Curtis MA, Leonard BW, Mastroeni D, 
Voorn P, van de Berg WD, Huitinga I, Hol EM (2010) Longterm quiescent cells in 
the aged human subventricular neurogenic system specifically express GFAP-
delta. Aging Cell 9:313-326.

Weinstein DE, Shelanski ML, Liem RK (1991) Suppression by antisense mRNA 
demonstrates a requirement for the glial fibrillary acidic protein in the formation 
of stable astrocytic processes in response to neurons. J Cell Biol 112:1205-1213.

Zhang L, Yang N, Liang S, Barchetti A, Vezzani C, Huang J, O’Brien-Jenkins A, 
Rubin SC, Coukos G (2004) RNA interference: a potential strategy for isoform-
specific phosphatidylinositol 3-kinase targeted therapy in ovarian cancer. Cancer 
Biol Ther 3:1283-1289.

Funding
This project is funded by the Netherlands Organization for Scientifc Research (NWO; VICI 
grant to E.M.H. [865.09.003]).





C. Mamber*, R. Kanski*, L. Kooijman, W. Kropff,       
A. Kompatscher, E.M. Hol

*authors contributed equally to this work

V
Targeting Gfap isoforms in the 
adult mouse subventricular zone 
using RNA interference



Chapter 5

112

 5

Abstract
     The subventricular zone (SVZ) is the largest neurogenic niche in 

the adult brain. Throughout a lifetime, adult neural stem cells, termed 
B1 astrocytes, produce neuroblasts via an intermediate progenitor cell. 
Astrocytes express several isoforms of the intermediate filament protein Glial 
Fibrillary Acidic Protein (GFAP). The canonical isoform GFAPα, as well as an 
alternatively spliced isoform GFAPδ, are highly expressed in the SVZ. GFAPδ 
is linked to adult neurogenesis via the Notch pathway. This study aims to 
explore the role of GFAPδ in adult mouse SVZ neurogenesis by specifically 
knocking down Gfapδ transcripts in vivo. Two separate RNA interference 
(RNAi) approaches were employed. Short hairpin RNA (shRNA) and exon 
skipping constructs were designed to specifically target Gfapδ transcripts. 
In addition, three different viral vector delivery systems (Lentivirus VSV-G, 
AAV4, and AAV5) were tested for their ability to transduce the adult mouse 
SVZ. Both Lentivirus VSV-G and AAV5 were successfully able to transduce 
the SVZ, however not in a cell-type specific fashion. In contrast, AAV4 was not 
efficient in transduction of the SVZ. Both shRNA and exon skipping silencing 
approaches failed to downregulate Gfapδ in a stable manner over a long 
time period. Importantly, the Gfap isoform transcript expression found in vitro 
did not always translate to the in vivo situation. Interestingly, off-target effects 
were discovered - possibly masking effects of the RNAi in vivo. All together, 
this study highlights the importance of an in depth in vitro RNAi screening 
and proper, cell type-specific construct delivery for successful RNAi in the 
SVZ.
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Introduction
     Glial Fibrillary Acidic Protein (GFAP) is an intermediate filament 

(IF) protein expressed by radial glia, mature astrocytes, and neural stem 
cells (NSCs; Imura et al., 2003; Mellodew et al., 2004; Woodhams et al., 
1981). The Gfap gene is alternatively spliced and has 10 different isoforms 
in the mouse brain to date (Kamphuis et al., 2012). The majority of literature 
describing expression patterns of GFAP and regulation of GFAP expression 
mainly relate to GFAPα, the canonical and most abundant isoform of GFAP. 
An alternatively spliced isoform, GFAPδ, encodes an alternative exon 7+, 
which replaces exon 8 and 9 of GFAPα resulting in a different C-terminal tail 
(Condorelli et al., 1999; Singh et al., 2003). Due to the different C-terminal 
tail, GFAPδ by itself is assembly compromised requiring GFAPα expression 
for proper filament formation (Perng et al., 2008; Roelofs et al., 2005). 
Thereby, the GFAPα/GFAPδ ratio is a crucial element to the IF network. In 
IF-free cells, a GFAPα/GFAPδ ratio of 3:1 is necessary for proper network 
formation (Kamphuis et al., 2012; Perng et al., 2008; Roelofs et al., 2005). 
To date, it is not clear whether an aberrant network formation has functional 
consequences. IFs play important roles in cytomechanics and cell signaling 
(Lepekhin et al., 2001; Pallari and Eriksson, 2006). GFAPδ itself, has been 
found to specifically interact with presenilin (Nielsen et al., 2002). Presenilin 
is part of the proteolytic complex that cleaves Notch, a crucial regulator of 
stem cell biology. It is via this pathway that GFAPδ is thought to be linked 
with neurogenesis.

      Neurogenesis continues after birth and into adulthood. The largest 
neurogenic niche of the adult brain is the subventricular zone (SVZ; Allen, 1912; 
Doetsch et al., 1997). Adult NSCs, termed B1 astrocytes, thought to be direct 
descendants of radial glia, reside here and have astrocytic characteristics 
(Burns et al., 2009; Kriegstein and Alvarez-Buylla, 2009). These cells divide 
throughout a lifespan and eventually give rise to neuroblasts destined for 
the olfactory bulb (Petreanu and Alvarez-Buylla, 2002). In humans, GFAPδ 
is a stem cell marker as it is predominantly expressed in radial glia and 
adult NSCs of the SVZ (Middeldorp et al., 2010; Roelofs et al., 2005; van 
den Berge et al., 2010). In mouse brain, GFAPδ is expressed in virtually all 
GFAPα positive cells throughout the brain (Kamphuis et al., 2012; Mamber et 
al., 2012). In summary, GFAPδ is highly expressed and therefore an integral 
part of the IF network of NSCs in both species and silencing of GFAPδ is an 
essential tool to investigate its function in the neurogenic system in vivo.

     Targeting a specific isoform for RNA based gene silencing can be 
performed in two ways. Most frequently, gene expression is downregulated 
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by siRNA sequences, which are processed by the endogenous cellular RNAi 
machinery, resulting in cleavage of target mRNAs (Paddison, 2002). Targeting 
unique sequences within or at the boundaries of alternatively spliced exons 
allows knockdown of specific isoforms. This was shown for the class Ia PI3-
kinase catalytic α subunit and for the VEGF isoform VEGF165, which are 
both disease-associated isoforms implicated in tumor angiogenesis (Shen 
et al., 2007). As alternative to siRNA-mediated mRNA degradation, masking 
of splicing regulators with AONs is an efficient tool to silence alternative 
transcripts, previously demonstrated for a disease-associated isoform of the 
microtubule-associated protein tau (MAPT; (Kalbfuss et al., 2001). Splice 
modulation by AONs also show great potential as therapeutic tool. Synthetic 
AONs are used in Phase III clinical trials for Duchenne Muscular Dystrophy 
(DMD), in which removal of an exon allows the synthesis of a shorter but 
partially functional dystrophin protein (Verhaart and Aartsma-Rus, 2012). 
Thereby, different mouse models of DMD provided proof of concept of the 
exon skipping technique and allowed for further improvements (reviewed in 
(Aartsma-Rus, 2012; Nakamura and Takeda, 2011).        

    Targeting splice regulatory sequences encoded in the alternative exon 
itself, such as exonic splice enhancers (ESEs), was shown to be efficient in 
induction of exon skipping (Aartsma-Rus, 2012).  ESEs are bound by SR 
proteins that recruit the splicing machinery to the exon and thus facilitate 
splicing (Tacke and Manley, 1999). Masking the binding sites of SR proteins 
with AONs hinders the recognition of an exon, resulting in its exclusion from 
the transcript and silencing of the alternative isoform. 

     Just as there are multiple ways to downregulate specific transcript 
expression, there are multiple ways to deliver constructs in vivo. There 
have been many targeting strategies explored in the adult mouse SVZ 
(reviewed by Mamber et al., 2010). Of these, viral vectors hold the most 
promise for long-term, targeted construct delivery. Lentiviral vectors have 
been used to successfully deliver shRNA to the adult SVZ (Andreu-Agullo 
et al., 2012; Kokovay et al., 2012). Lentiviral vectors can be packaged in 
different envelopes, directing their tropism. Of these envelopes, the vesicular 
stomatitis virus (VSV-G) envelope has the broadest tropism, transducing all 
CNS cell types (Lichty et al., 2004; Watson et al., 2002). Unlike lentiviral 
vectors, adeno-associated viral vectors (AAVs) hardly integrate into the 
host’s genome (McCarty et al., 2004; Young et al., 2000). However, they do 
offer the possibility for a more targeted astrocytic delivery. For example, both 
AAV serotypes, AAV4 and AAV5, have been reported to have an astrocyte 
tropism (Di Pasquale et al., 2003; Liu et al., 2005; reviewed in Mamber et al., 
2010).
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       Here we explore the potency of two RNA interference approaches 
along with three delivery vehicles in the modulation of Gfap isoforms in the 
adult mouse SVZ in vivo. By exploring different RNA interference approaches 
and various delivery systems, the optimal system able to specifically 
downregulate Gfapδ within the adult mouse SVZ can be selected. Functional 
consequences of the integration of the GFAPδ protein in the IF network 
on cellular functions are still elusive. Silencing of Gfapδ using RNA based 
modulation is especially suited to study the role of the alternative GFAP 
isoform within a normal regulatory environment. However, off-target effects 
as observed in this study highlight the importance of in depth screening of 
RNAi candidates and the need for cell type specific construct delivery. 

Material and Methods

Animal Ethical Statement

     All experiments were carried out under the approval of the Animal 
Experimentation Committee of the Royal Netherlands Academy of Arts and 
Sciences (KNAW) with accordance to the European Community Council 
directive of November 24, 1986 (86/609/EEC). All efforts were made in 
order to minimize both the number and suffering of the animals involved in 
the current study. Throughout the study, animals were housed in a 21.5ºC 
housing facility with 12 hour light/dark cycles. Food and water was provided 
ad libitum. 

shRNA design

     64-nucleotide potential shRNA sequences to silence mouse Gfap 
isoform Gfapδ in a specific manner were designed as previously described 
(Rubinson et al., 2003). Each shRNA sequence comprises a selected siRNA 
sequence targeting the mouse Gfap mRNA (NCBI Accession Number GFAPδ 
NM_010277.3) in both sense and antisense orientations, separated by a 9 
nucleotide loop and followed by 5 thymidine residues as an RNA polymerase 
III transcription termination signal. Bgl II and Hind III restriction sites were 
incorporated at the 5’ and 3’ ends, respectively. 

     Potential siRNA sequences for Gfapδ were selected with the help 
of the Dharmacon siDesign tool (http://www.dharmacon.com/designcenter/
designcenterpage.aspx) to identify functional siRNA sequences, 
considering seed-dependent off-target effects. The algorithm of Yamada 

http://www.dharmacon.com/designcenter/designcenterpage.aspx
http://www.dharmacon.com/designcenter/designcenterpage.aspx
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and colleagues was applied to the identified sequences to exclude near-
perfect match candidates (http://sidirect2.rnai.jp/). In order to predict RNA 
duplex thermodynamics and assess target accessibility, the m-fold software 
(http://www.bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-form1.cgi) and 
RNAstructure 4.6 software was used. See table 1 for the sequence of target 
candidates. 

Plasmid construction

     All primers and oligonucleotides used in this study were synthesized 
by Eurogentec and all the restriction enzymes produced by New Englang 
Biolabs (NEB). DNA fragments encoding each shRNA were generated by 
annealing two complementary oligonucleotides and the resulting double 
stranded DNA fragments were inserted between the Bgl II and Hind III sites 
of the pSuper expression vector.

     For the production of lentiviral vectors, shRNA cassettes were 
recovered from the pSuper-shRNA vector and inserted into the pRRLsinPPTh 
lentiviral vector, expressing GFP under the cytomegalovirus (CMV) promoter 
3’ flanked by a woodchuck hepatitis posttranscriptional regulatory element 
(WPRE) and a H1 RNA polymerase promoter expression cassette.

     The GFP sequence was removed and mCherry (pCS2+ mcherry, gift 
of Dr. Paula van Tijn, Hubrecht laboratory, Utrecht, The Netherlands) was 
inserted at the restriction sites BamHI and BsrGI.  As control, a lentiviral 
vector was produced encoding a shRNA lacking homology to the mouse 
transcriptome, targeting the Arabidopsis Thaliana FUSA 5 gene.

U7 snRNA construct design

     U7 snRNA constructs specific for exon 7+ of the mouse Gfap gene were 
engineered from the pAAV-U7ex51-AON-A1 adeno-associated viral vector 

Name Target sequence Position

δ-1 CAATCAGTGCTAAGCTTCA 3‘UTR

δ-2 GTGCTAAGCTTCATAGATG 3‘UTR

δ-3 AGATTCGAGGGGGCAAAAG 7/7+

NTC AGATCCTCTGTTCTCTCTC -

Table 1. Target sites for shRNA candidates in mouse Gfap transcripts. These are the target 
sequences and their position of the shRNA candidates targeting Gfapδ as well all the Non-
targeting control (NTC) sequence.

http://sidirect2.rnai.jp/
http://www.bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-form1.cgi
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encoding a modified murine U7 snRNA gene (kind gift from Dr. Goyenvalle, 
MRC Functional Genomics Unit, Department of Physiology, Anatomy and 
Genetics, University of Oxford, Oxford, UK). Sequences targeting the human 
dystrophin exon 51 were replaced by antisense sequences targeting exon 7+ 
of mouse Gfap mRNA. For AAV vector production, the different U7 snRNA 
fragments were introduced at the XbaI site of the pSMD2 AAV2 vector as 
previously described (Goyenvalle et al., 2009).

     Potential ESE sequences were selected with the online tools ESEfinder 
(http://rulai.cshl.edu/cgi-in/tools/ESE3/esefinder.cgi?process=home), PESX 
(http://cubweb.biology.columbia.edu/pesx/) and Rescue-ESE (http://genes.
mit.edu/burgelab/rescue-ese/). The construct ESE δ-a carries antisense 
sequences targeting two internal splicing enhancers (see Table 2). The 
choice of targeting two sequences when designing ESE δ-a was directed 
by the previous observation that a combination of antisense sequences 
in U7 snRNA seems to increase efficiency (Suter et al., 1999) and also 
maintains the same size as the tailed U7 construct ESE δ-b. ESE δ-b 
encodes a complementary sequence to a potential ESE site and a 16-nt long 
nonhybridizing tail (TATGATAGGGACTTAGGGTG) carrying high-affinity 
binding sites for the hnRNP A1 protein (Goyenvalle et al., 2009). For the 
selected AONs, secondary structure formation was aimed to reduce with the 
help of the m-fold software (http://www.bioinfo.rpi.edu/applications/mfold/cgi-
bin/rna-form1.cgi).

Cell culture

     All cells were cultured at 37ºC under a humidified 5% CO2 / 95% 
air atmosphere. HEK-293T cells and the DBT mouse astrocytoma cell line 
(Mourad et al., 2005) were cultured in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) and an antibiotic 
mixture of 1% penicillin/streptomycin (all Invitrogen, Carlsbad, CA). 

     Primary neural stem cells (NSCs) cultures from P0 to P3 mice were 
established as previously described (Mamber et al., 2012). After cultures 
were established, typically following one week, cells were plated at a final 

Name AON sequence

ESE δ-a TCTTGTGACTTTTTGGCCTTCCCCTTCGCAGGGCTCCATTTTCAATCTGGTGAGC

ESE δ-b TCTTGTGACTTTTTGGCCTTCCCCTTCTATGATAGGGACTTAGGGT

Table 2. ESE candidates targeting splice signals in exon 7+ of the Gfap transcript. These 
are the target sequences of the ESE candidates targeting Gfapδ and Gfapκ. Underlined 
sequences represent the SR protein binding motifs.

http://rulai.cshl.edu/cgi-in/tools/ESE3/esefinder.cgi?process=home
http://cubweb.biology.columbia.edu/pesx/
http://www.bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-form1.cgi
http://www.bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-form1.cgi
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concentration of 120 000 cells/well 24-well dishes (Nunc, Roskilde, Denmark). 
Spheres were dissociated every 5-8 days. The medium was supplemented 
with 10 ng/ml bFGF and 20 ng/ml EGF two times a week. Cells were cultured 
at 37°C with 5% CO2. For the AAV transduction experiments 35 000 cells 
were seeded in a 24-well plate.

Lentiviral vector production

     HEK 293T cells (1x106) were plated in a 15 cm dish and allowed 
to adhere overnight. Then, cells were transfected with a total of 45 µg of 
the three plasmids (Envelope, Packaging, Construct) per dish, using 
polyethylenimine (Hendriks et al., 2007). Viral particles were packaged as 
described before (Naldini et al., 1996) using the pMD2.G and pCMVΔR8.74 
packaging plasmids. In short, conditioned medium was replaced 16 hours after 
transfection and collected 24 hours later. Supernatants were ultracentrifuged 
at 22 000 rpm (rotor SW28, Beckman-Coulter) for 2.5 hours. The resulting 
pellet was resuspended in PBS (pH 7.4), aliquoted and frozen at -80 ºC until 
further use.

     To measure viral titers, a dilution series across five orders of magnitude 
of viral stock solutions was used for astrocyte transduction. After 2 days 
of incubation at 37°C, the number of fluorescent cells at the different viral 
dilutions was counted and the viral titer was estimated in transducing units/ 
ml (TU).

AAV production

     AAV production was carried out as described previously (Hermens et 
al., 1999). Briefly, HEK 293T cells (1x106) were plated in a 15 cm dish and 
allowed to adhere overnight. HEK293 cells were co-transfected with pSMD2 
AAV2 vector encoding the modified U7 gene and pD6 encoding the AAV rep 
and AAV cap genes for pseudovirus 5 or 4. The medium was replaced after 
12 hours and cells were lysed 72 hours after co-transfection. Vector particles 
were purified from cell lysates using an iodixanol gradient and subjected to 
ultracentrifugation at 69 000 rpm, 16°C (rotor SW28 , Beckman-Coulter) for 
70 minutes. Titers were measured by quantitative real-time PCR. 

In vitro transductions

     DBT astrocytoma cells (2.5x104) or primary mouse astrocytes (5x104) 
were plated in 24 well plates and allowed to adhere overnight. Cells were 
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transduced with AAV- or lentivirus in a total volume of 500 μl of their respective 
medium mentioned above. A multiplicity of infection (MOI) of 100 was used 
for transduction with AAV as well as lentiviral particles. 

Viral Vector Injections

     The viral injection protocol was modified from Mason et al., 2010. In 
short, a pulled borosilicate glass capillary (1.5/ 0.86 mm, Clark Electromedical 
Instruments, England) was attached to a Hamilton syringe via polyethylene 
tubing (0.4/ 0.8 mm; Jencons Scientific, East Grinstead, UK). The Hamilton 
syringe (26S gauge, 10 µl) was then mounted into one of two Harvard 
PHD2000 microinjection pumps (Harvard Apparatus) and the glass capillary 
was secured onto one of two extended arms of a stereotaxic frame. A heating 
pad was placed at the base of the stereotaxis to help maintain the body 
temperature of the mice. 

     Adult (3-month-old) male C57BL/6 mice (Harlan, Venray, the 
Netherlands) were used for all in vivo experiments. Mice were sedated with 
an i.p. injection of FFM anesthesia [Hypnorm (fentanyl/fluanisone; Janssen 
Pharmaceuticals, Beerse, Belgium) Dormicum (midazolam; Roche, Almere, 
the Netherlands): Sterile Water; 1: 0.5: 2.5; Dose 10 µl/g)]. Once animals 
were properly sedated, the mice were fixed into a stereotact. Their skull 
was exposed and injection coordinates (0.6 AP, 1.4 ML, -2.2 DV; relative to 
bregma) to target the SVZ were determined. A small drill was used to make 
a hole in the skull, without puncturing the dura. For viral spread analysis, 0.5 
µl of virus (LV VSV-G-CMV-GFP, AAV4-CMV-GFP, or AAV5-CMV-mCherry; 
titer matched at 1 x 109 TU) was loaded into the pulled glass capillary 
individually for each animal. Virus was injected at a rate of 0.1 µl/minute and 
the glass capillary was retracted 2 minutes after completion of injection. For 
Gfap isoform modulation, each shRNA virus or AON virus was paired with 
an internal control (LV-GFP for shRNA δ-1 and AAV5-mCherry for ESE δ-a) 
that was injected in the contralateral hemisphere. Each virus had its own 
individual injection system and was injected at a rate of 0.2 μl/ minute. 2 
µl of virus was loaded into the needle for each separate injection. All Gfap 
isoform viral injections were titer matched at 3.4 x 109 TU. After surgery, 
mice recovered in a 37ºC chamber and received postoperative analgesia 
(Finadyne; AUV Groothandel BV, Cuijk, the Netherlands; 1:10 in saline; i.p.).

 
Tissue Processing

     For immunohistochemical processing, mice were transcardially 
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perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline 
(PBS, pH 7.4) at 1 week, 3 weeks, or 6 weeks after viral injections. Brains 
were preserved and processed as described previously (Mamber et al., 
2012). For RNA analysis, mice were asphyxiated with an overdose of CO2/
O2 and decapitated. Their brains were then macrodissected using RNAse 
free surgical tools. In short, left and right olfactory bulbs were cut off and 
separately put into TRIsure (Bioline). Two coronal sections were made from 
the rostral half of the brain. The left and right SVZ, striatum, and cortex were 
then macrodissected. All tissue was homogenized with an Ultra Turrax in 
TRIsure and subsequently processed as stated below. 

Immunohistochemistry

     Immunohistochemistry was performed as described previously 
(Kamphuis et al., 2012). See Table 3 for a list of all primary antibodies. The 
secondary antibodies used in this study are as follows: Donkey anti-Goat 
DyLight/Alexa 488, Donkey anti-Rabbit Cy3, Donkey anti-Rabbit Alexa488, 
Donkey anti-Rabbit Cy5, Donkey anti-Mouse Alexa488, Donkey anti-Mouse 
Cy3, and Donkey anti-Mouse Cy5 (Jackson Immunoresearch). All secondary 
antibodies were diluted to a final concentration of 1:1400. The stained sections 
were analyzed using a Zeiss Axioplan Neofluar fluorescence microscope 
(Zeiss, Göttingen, Germany). 

RNA isolation, cDNA synthesis and quantitative real-time PCR

     For RNA isolation, cells were harvested and total RNA was isolated 
with TRIsure according to the manufacturer’s protocol. The resulting RNA 
pellet was dissolved in RNAse free water. The RNA concentration was 

Antibody Product Information Dilution

Goat anti GFAP C-19 Santa Cruz; sc-617 1:500

Rabbit anti GFAPδ Bleeding date: 10.12.2003* 1:500

Rabbit anti pan-GFAP DAKO; MO761 1:2000

Mouse anti pan-GFAP Sigma; G3893 1:4000

Mouse anti GFP Chemicon; MAB3580 1:400

Rabbit anti RFP MBL; PM005 1:2000

Table 3. Primary antibody list. This is an overview of all primary antibodies and their dilutions 
used in this study. Asterisk signifies that the specificity of GFAPδ was previously shown in 
Kamphuis et al., 2012.
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determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). Subsequently, RNA was reverse-
transcribed with the Quantitect Reverse Transcription Kit (Qiagen) according 
to the manufacturer’s protocol. The cDNA was stored at -20°C for later use 
in the quantitative real-time PCR (qPCR) reaction. qPCR was performed in 
96-well plates, with a final volume of 10 µl/well using the SYBR Green PCR 
kit (Applied Biosystems, Inc., Foster City, CA, USA). Each reaction volume 
contained 5 µl of SYBR Green mix (2 µl concentrated), 3.5 µl of H2O, 1 µl 

Transcript Forward sequence Reverse sequence

Rn18s GGACCAGAGCGAAAGCATTT TCGTCTTCGAACCTCCGACTT

ActB GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

Dcx ACATCTGCTAAAAGCCCAGGC TGTTGAGAGCTGACTGCTGGA

Ki67 CCATCATTGACCGCTCCTTTA TCTTGACCTTCCCCATCAGG

Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

Gfapα GGAGATGCGGGATGGTGAG ACCACGTCCTTGTGCTCCTG

Gfapδ TCTCCAACCTCCAGATCCGA TGACTTTTT /// GGCCTTCCCCT

Gfapκ AGCCTTCGTGACCCTCCAC AGATGCATGCCCTAGGATCCT

Gfap-pan AAGCCAAGCACGAAGCTAACGA TTGAGGCTTTGGCCCTCC

Hes5 ACCAGCCCAACTCCAAGCT AAGGCTTTGCTGTGTTTCAGG

Hprt ATGGGAGGCCATCACATTGT ATGTAATCCAGCAGGTCAGCAA

Ilb GAGCTGAAAGCTCTCCACCTCAATG TCCTTTGAGGCCCAAGGCCACA

Il6 ACAAAGCCAGAGTCCTTCAGAGAGA GGAGAGCATTGGAAATTGGGGTAGG

Nestin TGCCCTAGAGACGGTGTCTCA AATCGCTTGACCTTCCTCCC

Pax6 ACCACACCTGTCTCCTCCTTTACA GGCATCGGCGGCAAA

Psmb5 TCGAAATGCTTCACGGAACC CACCTGCTGTGGCCCG

Sox2 AAAAAACCACCAATCCCATCC CCCCCAAAAAGAAGTCCCAA

Tnfα CAAAATTCGAGTGACAAGCCTG GCGCTGGCTCAGCCAC

Vimentin TCCAGAGAGAGGAAGCCGAA GCAAGGATTCCACTTTCCGTT

Table 4. qPCR primer list. This table gives an overview of all the primers used in the current 
study. All shRNA data was normalized to the geomean of the reference genes: 18s, Gapdh, 
Hprt, Actb. ESE data was normalized to the geomean of Gapdh, Hprt, Actb, Rn18s, and 
Psmb5.
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of cDNA sample, and 0.5 µl of primer mix (sense and antisense primers, 
each 2 pmol/µl). The plate was sealed before the qPCR program was started 
with the following cycling conditions: 2 min at 50°C; 10 min at 95°C; 15 s 
at 95°C, and 1 min at 60°C for 40 cycles. After the amplification protocol, 
a dissociation curve was constructed by ramping the temperature from 60 
to 90°C. All shRNA data was normalized to the geomean of the reference 
genes: Rn18s, Gapdh, Hprt, Actb. ESE data was normalized to the geomean 
of Gapdh, Hprt, Actb, Rn18s, and Psmb5. Gene expression in primary 
astrocytes was normalized to Gapdh and Rn18s. Data from DBTs were 
normalized to Actb, Gapdh, Hprt and Rn18s. GeNorm (Vandesompele et al., 
2002; http://medgen.ugent.be/~jvdesomp/genorm/) was used to determine 
the most stable combination of reference genes for each data set. For a 
complete list of all primers, see Table 4.

Results

Selection of shRNA sequences targeting Gfapδ 

     Our study aims to specifically modulate the expression level of one 
distinct Gfap isoform, Gfapδ, using RNA based gene silencing. GFAPδ 
is expressed together with the canonical isoform GFAPα in neurogenic 
and mature astrocytes in the mouse brain (Mamber et al., 2012). Similar 
as Gfapα (Kamphuis et al., 2012), Gfapδ was found to be differentially 
expressed between brain regions - with the highest expression found in the 
CA1 region of the hippocampus and the SVZ (Figure 1A). Based on the 
sequence information of the different Gfap splice-variants (Kamphuis et al., 
2012), specific target regions in the Gfap transcripts were determined.

Figure 1. Target sites for RNA based silencing of Gfapδ transcripts. A) Transcript levels of 
Gfapδ differ amongst brain regions of the adult mouse brain. B) Schematic representation of 
Gfap splice variants Gfapα, Gfapδ, and Gfapκ. The bars (inverted T bars) indicate the target 
sites of the shRNA candidates. Transition exon 7 / 7+ is an exclusive target site for Gfapδ 
transcripts. Targeting the 3’UTR encoded in exon 9 theoretically silences Gfapδ and Gfapκ.
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     In order to specifically silence Gfapδ, the transition of exon 7 to exon 
7+ was selected as target sequence. Exon 7+ is an alternative exon encoded 
in the isoforms Gfapδ and Gfapκ. The transition between the constitutive 
exon 7 and the alternative exon 7+ is exclusive for Gfapδ, since Gfapκ 
transcripts retain the intron between exon 7 and exon 7+. Besides targeting 
the transition of exon 7 to exon 7+, additional sequences in the 3`UTR of 
Gfapδ were selected (Figure 1B).  The sequence of the 3’ UTR is shared 
by Gfapκ; thus targeting this region will reflect modulation of both Gfapδ 
and Gfapκ. Nevertheless, in comparison to the limited target sequence (~30 
nucleotides) of transition exon 7 to exon 7+, the 3`UTR holds more potential 
functional siRNA sequences determined by different siRNA design tools 
(data not shown).

Silencing of Gfapδ using shRNA constructs 

     In the first approach, Gfapδ was silenced using shRNA sequences 
encoded in lentiviral vectors. To this end, shRNA candidates for the selected 
target sequences were designed (see Table 1), cloned into a lentiviral 
backbone, and viral particles were produced. Specificity of the shRNA 
candidates was tested in vitro by transduction of primary mouse astrocytes. 
A control vector (NTC) encoding a non-targeting shRNA that lacks an 
identifiable mouse mRNA target was used. Analysis of the expression levels 
of Gfapδ and Gfapα by qPCR 8 days after transduction revealed a trend for 
the downregulation of Gfapδ (Figure 2A), but not Gfapα (Figure 2B) or Gfapκ 
(Figure 2C) using shRNA candidate δ-1. This result indicates the potential 
of the shRNA candidate to silence Gfapδ. All other candidates failed to 
specifically silence Gfapδ or Gfapκ expression (data not shown). 

In vivo modulation of the adult SVZ

     As the shRNA candidates showed a trend to specifically downregulate 

Figure 2. Transduction of primary astrocytes with shRNAs targeting Gfapδ. qPCR analysis of 
mouse primary astrocytes 8 days after transduction with lentiviral particles encoding shRNAδ-1 
or a control shRNA (NTC). Expression data of the Gfap transcripts α or δ is normalized to the 
reference genes Rn18s and Gapdh are presented as mean + SEM (n= 3).
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Gfapδ in vitro, it was decided to examine their efficacy in vivo. The adult 
SVZ was selected as target area since GFAPδ is highly expressed in this 
area by adult NSCs in both the human and the mouse brain. A series of viral 
targeting experiments was designed to optimize brain injection coordinates 
and determine the efficacy of the VSV-G envelope of a Lentivirus as well as 
the AAV5 and AAV4 serotypes of targeting the SVZ. 

     0.5 μl virus (AAV4, AAV5, or Lentivirus VSV-G) containing a reporter 

Figure 3. Analysis of viral spread throughout the SVZ. Lentivirus VSV-G (A-F) and AAV5 
(G-L) have remarkably different spreads. The SVZ was divided into 6 areas for analysis: AP 
1.18mm – 1.10mm (A,G); AP 0.98mm – 0.86mm (B,H); 0.74mm – 0.26mm (C,I); 0.14mm 
– -0.10mm (D,J); -0.58mm – -0.82mm (F,L); -0.22mm – -0.46mm (E,K) relative to bregma. 
Lentivirus VSV-G is majorly confined to the caudal half of the SVZ (C-D) and has a high affinity 
to transduce neuroblasts (arrow, A). AAV5 has a wider spread that Lentivirus VSV-G which 
also includes more rostral SVZ areas (G-H). AAV5 also has a high affinity than Lentivirus 
VSV-G to transduce the choroid plexus (arrow, L). AAV5 transduces more GFAP+ astrocytes 
and DCX+ neuroblasts within the SVZ than Lentivirus VSV-G. Moreover, both Lentivirus 
VSV-G and AAV5 favor transducing neuroblasts over astrocytes (M). That said, however, both 
Lentivirus VSV-G (arrows, N-O) and AAV5 (arrows, P-Q) transduce both cell types within the 
SVZ. mCherry+ neurons can even be found in the RMS (O) and olfactory bulb 3 weeks after 
transduction (arrow, Q). Transgene expression is shown in red; nuclei are shown in blue. 
Scale bars are 10 μm. Abbreviations: Gl - granular layer of OB; LV – lateral ventricle; mCh – 
mCherry; RMS – rostral migratory stream
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gene was injected at the following coordinates:  0.6 AP, 1.4 ML, -2.2 DV – 
relative to bregma. Brains were then analyzed 3 weeks later for viral spread. 
AAV4 failed to transduce the SVZ, instead transducing the ependymal wall 
and choroid plexus (Supplementary figure 1). Both AAV5 and lentivirus 
VSV-G were able to transduce the adult SVZ. Lentivirus VSV-G was able 
to transduce neuroblasts, as seen by transduced migrating neuroblasts 
in the RMS (Figure 3A, M-N). Lentivirus VSV-G also had a more lateral-
caudal spread than AAV5 (Figure 3B-F). AAV5 had a more disperse rostral 
spread than Lentivirus VSV-G (Figure 3G-K). AAV5 also transduced more 
medial regions than Lentivirus VSV-G (Figure 3J). Additionally, AAV5 was 
more likely to transduce the choroid plexus than Lentivirus VSV-G (Figure 
3L). Both Lentivirus VSV-G and AAV5 were not cell type specific , as it was 
present in astrocytes and neuroblasts (Figure 3M-Q). AAV5 transduced a 
higher percentage of GFAP+ and DCX+ cells within the SVZ than Lentivirus 
VSV-G. Notably, the tropism of both Lentivirus VSV-G and AAV5 tended 
towards transducing neuroblasts over astrocytes. In summary, AAV4 is not 
able to transduce the SVZ. The viral spread of AAV5 was the most conducive 
to target the SVZ. However, the Lentivirus VSV-G viral spread was also 
capable of transducing the SVZ, just to a lesser extent than AAV5. In light 
of Lentivirus VSV-G’s capability of SVZ transduction combined with the fact 
that it integrates into the host’s genome, it was decided to inject shRNA δ-1 
packaged in a Lentivirus VSV-G in order to acquire sustained long-term 
transgene expression.

Effects of shRNA δ-1 on the IF network in vivo

     A Lentivirus VSV-G packaged with a shRNA δ-1, an NTC, or GFP 
construct was injected into the adult SVZ. Gfap expression was analyzed 
on both transcript and protein levels 3 and 6 weeks post-transduction (p.t.). 
At 3 weeks p.t., the shRNA δ-1 did not significantly affect Gfapα (Figure 4A) 
or Gfapδ (Figure 4B) expression in the cortex, OB, striatum, or SVZ. There 
was, however, a trend of decreased Gfapκ expression within the striatum 
(Figure 4C). This observed decrease in Gfapκ expression fits well with the 
lateral spread of the Lentivirus VSV-G but is in contrast to the in vitro data 
(see Figure 2). GFAP isoform expression was then analyzed on protein 
level (Figure 4D-G). There was a trend for increased expression of GFAPδ 
on the δ-1 transduced SVZ compared to the NTC transduced SVZ (Figure 
4G). GFAPk protein levels were not investigated as the GFAPk antibody 
fails to yield a staining pattern in the mouse brain (Kamphuis et al., 2012). 
This increase in GFAPδ protein expression did not translate into an overall 
increase of other GFAP isoforms, as marked by the pan-GFAP antibody.
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     Six weeks p.t. with shRNA δ-1, there is still no change in Gfapα 

or Gfapδ transcript expression (Supplementary figure 2A-B). The trend of 
decreased Gfapκ expression in the striatum after 3 weeks persists at the 6 
week timepoint (Supplementary figure 2C). Again, there is a noticeable high 
variance within the NTC transduced hemispheres across all targeted brain 
regions compared to both Control and shRNA δ-1 conditions. GFAPδ protein 
expression normalizes at 6 week p.t. and there is still no significant change in 
pan-GFAP protein expression (Supplementary figure 2D-F). Together, these 
results indicate that shRNA δ-1 may be able to reduce the transcript levels 
of Gfapκ consistently over a relatively long period of time. As Gfap isoform 
transcript changes may also affect expression levels of other astrocytic IFs 
(personal communication Moeton et al.), vimentin and nestin transcripts were 
then investigated. Despite the slight decrease in Gfapκ at 3 and 6 weeks p.t. 
and the slight increase of GFAPδ at 3 weeks p.t., there is no effect on other 
astrocytic IFs in the SVZ or striatum at all investigated timepoints (Table 5). 
All together this data suggests that the shRNA δ-1 has mild effects on Gfap 
isoform expression and negligible effects on other IFs. For an overview of all 
shRNA δ-1 results, see Table 5.

Figure 4. Gfap isoform expression 3 weeks post-transduction with δ-1. Gfapα transcript 
expression is unchanged after introduction of δ-1 (A). δ-1 transduction induces the non-
significant downregulation of Gfapδ in the SVZ and striatum when compared to NTC (B). δ-1 
transduction leads to a trend in the downregulation of Gfapκ transcript expression within the 
SVZ and the striatum when compared to NTC (p = 0.057; C). GFAPδ staining (D-F) reveals 
an upregulation of GFAPδ protein on the δ-1 ipsilateral side when compared to NTC (G). All 
transcript expression data are normalized to reference genes (δ-1 n=4; NTC n=3; Control 
n=4). All protein is analyzed by comparing the raw fluorescent intensity of GFAPδ or pan-
GFAP staining recorded at identical settings (n=2). Data are analyzed with a Mann Whitney 
and displayed as mean ± s.e.m. Scale bar is 200 µm (D) and 25 µm (E-F). Abbreviations: Ctx 
– cortex; OB – olfactory bulb; Str – striatum; SVZ – subventricular zone
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δ-1: 0.223 ± 0.111 
NTC: 0.863 ± 0.045

δ-1: 0.086 ±  0.006
NTC: 0.135 ± 0.039 

δ-1: 0.011 ±  0.001
NTC: 0.017 ± 0.005 

δ-1: 1.3E-6 ±  3.1E-7
NTC: 2.2E-6 ± 8.9E-7

δ-1: 1.1E-4 ±  1.8E-5
NTC: 1.3E-4 ± 4.2E-5

δ-1: 0.022 ±  0.002
NTC: 0.033 ± 0.006 

δ-1: 9.1E5±  4.3E4
NTC: 2.4E6 ± 9.8E5

δ-1: 0.192 ±  0.009
NTC: 0.222 ± 0.048 

δ-1: 6.8E-4 ±  2.1E-4
NTC: 9.6E-4 ± 6.2E-4 

δ-1: 0.063 ±  0.017
NTC: 0.074 ± 0.025

δ-1:  0.059 ± 0.016 
NTC: 0.071 ± 0.042

δ-1:  0.005 ± 0.002 
NTC: 0.007 ± 0.004

δ-1: 3.9E-5 ± 2.1E-5  
NTC:  9E-5 ± 5.5E-5

δ-1: 0.043 ± 0.012 
NTC: 0.093 ± 0.05

δ-1: 0.006 ± 0.002 
NTC: 0.009 ± 0.003

δ-1: 1.1E-4 ± 2.9E-5 
NTC: 2E-4 ± 7.5E-5

δ-1: 0.107 ± 0.024 
NTC: 0.122 ± 0.007

δ-1: 7.9E-4 ± 1.7E-4 
NTC: 9.7E-4 ± 1.7E-4

δ-1: 3.3E-6 ± 8.2E-7 
NTC: 6E-6 ± 2.4E-6

δ-1: 0.052 ± 0.013 
NTC:  0.085± 0.033

δ-1: 0.135 ± 0.034 
NTC: 0.142 ± 0.022

δ-1: 1.5E6 ± 7.2E5 
NTC:  3.8E6± 2.4E5

δ-1: 0.004 ± 0.001 
NTC: 0.003 ± 0.002

δ-1: 0.007 ± 0.002 
NTC: 0.005 ± 0.002

n=2

n=2

δ-1: 0.059 ± 0.016 
NTC: 0.071 ± 0.042

δ-1: 0.008 ± 0.002 
NTC:  0.013± 0.003

δ-1: 0.006 ± 0.002 
NTC: 0.007 ± 0.004

δ-1: 3E-4 ± 9.8E-5 
NTC: 0.002 ± 0.002

δ-1: 3.9E-5 ± 2.1E-5 
NTC: 9.1E-5 ± 5.5E-5

δ-1: 0.043 ± 0.012 
NTC: 0.094 ± 0.051

δ-1: 0.006 ± 0.002 
NTC: 0.009 ± 0.003

δ-1: 1.1E-4 ± 2.9E-5 
NTC: 2E-4 ± 7.5E-5

δ-1: 0.107 ± 0.024 
NTC: 0.122 ± 0.007

δ-1: 7.9E-4 ± 1.7E-4 
NTC: 9E-4 ± 1.7E-4

δ-1: 3.3E-6 ± 8.2E-7 
NTC: 6E-6 ± 2.5E-6

δ-1: 5.2E-6 ± 1.8E-6 
NTC: 4E-6 ± 1.8E-6

δ-1: 5.2E-6 ± 1.8E-6 
NTC: 2E-6 ± 5.9E-7

δ-1: 5.9E-6 ± 1.4E-6 
NTC: 5E-6 ± 4.5E-6

δ-1: 0.052 ± 0.013 
NTC: 0.085 ± 0.033

δ-1: 1.5E6 ± 7.2E5 
NTC: 3.8E6 ± 2.4E6

δ-1: 0.136 ± 0.034 
NTC: 0.142 ± 0.022

δ-1: 0.192 ± 0.009 
NTC: 0.222 ± 0.048

δ-1: 6.8E-4 ± 2.1E-4 
NTC: 9E-4 ± 6.2E-4

δ-1: 0.635 ± 0.016 
NTC: 0.074 ± 0.025

δ-1: 0.004 ± 0.001 
NTC: 0.003 ± 0.002

δ-1: 0.007 ± 0.002 
NTC: 0.005 ± 0.002

n=2

n=2

Table 5. Temporal overview of δ-1 regional effects. This table provides an overview of all 
the collected δ-1 data. Beige indicates data points that did not differ between δ-1 and NTC. 
Grey represents data points that were investigated. Blue indicates that there was a slight 
downregulation in areas transduced with δ-1 compared to NTC. Red represents a slight 
upregulation in areas transduced with δ-1 compared to NTC. All transcript expression data 
are normalized to reference genes (δ-1 n=4; NTC n=3). All protein is analyzed by comparing 
the raw fluorescent intensity of GFAPδ or pan-GFAP staining recorded at identical settings 
(n=2). Data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. Abbreviations: 
OB – olfactory bulb; Str – striatum; SVZ – subventricular zone

shRNA δ-1 does not affect inflammation or the SVZ niche in vivo

     The upregulation of GFAP has been tied to reactive astrocytes and, 
in turn, to an inflammatory response (Pekny and Pekna, 2004; Orre et al., 
submitted). To study if effects seen with Gfap expression were possibly tied 
to an inflammatory response, transcript levels of Tnfα, Ilb, and Il6 (Figure 
5B) were investigated. These inflammation markers did not change 3 weeks 
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 5p.t. or 6 weeks p.t. (Table 5). Together the expression of Tnfα, Ilb, and Il6 
indicate that Lentivirus VSV-G, itself, and all used constructs do not lead to 
a significant inflammatory response. Next the consequence of shRNA δ-1 in 
the SVZ niche was investigated using Sox2 (expressed by both astrocytes 
and NSCS), Ki67 (division), and Dcx (neuroblasts). As the SVZ produces 
neuroblasts destined for the OB, both areas were carefully analyzed. After 
3 weeks p.t., the expression of Sox2 (Figure 5C), Ki67, and Dcx (Figure 5D) 
transcripts remain stable across the δ-1 and NTC conditions. Furthermore, 
this stability in Sox2, Ki67, and Dcx (Table 5) carried over to the 6 week 
timepoint. Thus, the subtle effects on Gfap isoform expression seen using 
shRNA δ-1 did not result in the modulation of the SVZ niche. 

Silencing of Gfapδ using exon skipping technique

     As the shRNA δ-1 construct packaged in the Lentiviruses VSV-G viral 
vector was not efficient in modulating Gfap isoforms, an alternate strategy 
to silence Gfapδ was designed. Namely, an AON aimed to silence the 
expression of Gfapδ by skipping the alternative exon 7+ was constructed. 
Masking of splice regulatory motifs within the alternative exon interferes with 
its recognition and results in exclusion of the target exon from the transcript. 

Figure 5. The effect of δ-1 on inflammation and the SVZ niche 3 weeks p.t. There are no 
significant changes in the inflammatory response marked by Tnfα (A) and and Il6 (B) gene 
expression 3 weeks post-transduction. 3 weeks post-transduction, expression of δ-1 within the 
SVZ does not affect expression of stem cell markers such as Sox2 (A) or Dcx gene expression 
within the SVZ or OB (D). All transcript expression data are normalized to reference genes 
(δ-1 n=4; NTC n=3). Data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. 
Abbreviations: OB – olfactory bulb; SVZ – subventricular zone.
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This approach hypothetically silences Gfapδ expression however; expression 
of Gfapκ could consequently be altered too, since exon 7+ is also included 
in the Gfapκ transcript. 

     In order to determine optimal target sequences within exon 7+, first the 
presence of exonic splice enhancer (ESE) sequences was analyzed. Next, 
candidate AONs with a length of ~45 nucleotides were designed targeting 
either two putative ESE sites (ESE δ-a) or encoding a complementary 
sequence for one ESE site and a nonhybridizing tail carrying high-affinity 
binding sites for the hnRNP A1 protein (see Table 2). The candidate sequences 
were cloned into the murine U7 small nuclear RNA (snRNA) gene encoded in 
an AAV2 backbone. The modified U7 snRNA gene is frequently used as tool 
for the modulation of alternative splicing (Geib and Hertel, 2009; Goyenvalle 
et al., 2009; Vaillend et al., 2010). Originally, U7 snRNA was found to be 
involved in histone pre-mRNA 3′-end processing. However, by modifying the 
RNA binding site, the U7 snRNA can also bind to the target pre-mRNA. The 
antisense sequence embedded in the modified U7 snRNA is then directed 
to the nucleus, protected from degradation and facilitates inclusion into the 
spliceosome (Schümperli and Pillai, 2004).

     Masking splice enhancer motifs or recruiting splice inhibitory proteins 
aims to result in exclusion of exon 7+ and downregulation of Gfapδ. Exon 
skipping efficiency was tested by transient transfection of DBT astrocytoma 
cells. DBT cells express Gfapα and Gfapδ. The ratio of Gfapα/Gfapδ is 
used as indication for the capacity of the candidate AON to skip exon 7+. 
Transfection of candidate AON 1 showed a trend for decreased Gfapδ levels 
compared to a control AON targeting the muscle protein dystrophin. Gfapα 
levels remained stable and there was a slight decrease in Gfapδ transcripts 

Figure 6. Gfap expression in astrocytoma cells transfected with an AON targeting ESE sites 
in exon 7+. A) Gfapα and Gfapδ expression 48 hours after transfection with AON candidate 
ESE δ-a or ESE δ-b in DBT astrocytoma cells. Candidate ESE δ-a showed a trend (p=0.1) 
for the downregulation of Gfapδ without significantly affecting Gfapα expression. B) This shift 
in Gfap isoform expression by candidate ESE δ-a also shifts the Gfapα/Gfapδ ratio (p=0.25). 
Expression data of Gfapα and Gfapδ is normalized to a set of reference genes (ActB, Hprt, 
Gapdh, and Rn18s) and presented as mean + SEM (n= 3).
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(Figure 6A). Nevertheless, no significant change in the Gfapα/Gfapδ ratio 
was observed (Figure 6B). A low transfection efficiency of approximately 
30-40% was determined using an AAV5 vector encoding green fluorescent 
protein (data not shown). The low transduction efficiency in vitro might mask 
the potential of the AON to skip exon 7+.

ESE δ-a effect on the IF network in vivo

      To explore an alternative delivery strategy, the ESE δ-a was packaged 
into an AAV5, which was shown to be more efficient to limit the transduction 
to the SVZ (see Figure 3). An AAV5 carrying an ESE δ-a construct was 
injected into the brain at the same coordinates used for viral spread analysis. 

Figure 7. GFAP protein and transcript expression in the SVZ 3 and 6 weeks post-transduction 
with ESE δ-a. ESE δ-a and mCherry containing AAV5s target the SVZ. Moreover, the 
expression of both of these viruses does not cause a visible change in GFAPα expression 
(A). GFAPδ protein expression does not change in the SVZ 3 weeks p.t (B). After 6 weeks 
p.t., pan-GFAP expression looks to be downregulated in the ESE δ-a transduced SVZ (C-F). 
Introduction of ESE δ-a leads to no significant change of Gfapα transcripts 3 weeks p.t. (G). 
There is a trend in the reduction of Gfapδ transcripts in the striatum when compared to control 
3 weeks p.t. (p=0.2; H). Gfapκ transcripts also show a decreased trend in the striatum 3 weeks 
p.t. (p=0.1; I). All transcript expression data are normalized to reference genes (n=3). All 
protein is analyzed by comparing the raw fluorescent intensity of GFAPδ or pan-GFAP staining 
recorded at identical settings (n=2). Data are analyzed with a Mann Whitney and displayed 
as mean ± s.e.m. Scale bars represent 200 μm (A;D) and 50 μm (E-F).  Abbreviations: Ctx – 
cortex; OB – olfactory bulb; Str – striatum; SVZ – subventricular zone.
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As a control, an AAV5 carrying mCherry was injected into the contralateral 
hemisphere. AAV5 is nicely able to transduce the adult SVZ, as seen by the 
mCherry expression wrapping the control lateral ventricle (Figure 7A). Despite 
the successful transduction of the SVZ, there were no observable changes 
in the protein expression of GFAPδ (Figure 7B) or other GFAP isoforms, 
as marked by the pan-GFAP antibody (Table 6) 3 weeks p.t. At 6 weeks 
p.t., there is a slight, non-significant decrease in pan-GFAP staining on the 
ESE δ-a transduced hemisphere (Figure 7C-F). GFAPδ protein expression 
remains stable 6 weeks p.t. (Table 6). 

     Next, Gfap transcript expression was analyzed 3 and 6 weeks p.t. 
The ESE δ-a had no effect on Gfapα transcript expression in the cortex, 
OB, striatum, or SVZ when compared with control (Figure 7G). ESE δ-a 
transduction resulted in the trend of decreased Gfapδ (Figure 7H) and Gfapκ 
(Figure 7I) transcripts within the striatum, but not within SVZ, 3 weeks p.t. 
After 6 weeks, Gfapα transcripts remained stable (Table 6). Gfapδ transcripts 
normalized, resulting in no significance difference between ESE δ-a and 
control hemispheres (Table 6). Interestingly, Gfapκ transcripts showed a 
noticeable increased trend in the ESE δ-a transduced striatum (Table 6). 
For an overview of all ESE δ-a data, see Table 6. Other astrocytic IFs, such 
as vimentin and nestin, showed a decreased trend in the SVZ 3 weeks p.t. 
(Figure 8A-B). This decrease in vimentin and nestin normalized at 6 weeks 
p.t., showing no significant difference in transcript expression between ESE 
δ-a and control (Table 6). In summary, ESE δ-a was able to induce only 
subtle, transient changes in IF transcript expression. 

ESE δ-a induces slight changes in inflammation and the SVZ niche

      Introduction of ESE δ-a has no effect on inflammatory markers 
Tnfα and Ilb 3 weeks p.t. within the SVZ and OB (Table 6). 6 weeks p.t., 
however, the ESE δ-a transduced SVZ shows an increase in Ilb expression 
(Figure 8C), but no significant change in Tnfα transcript expression (Table 
6). Interestingly, inflammatory changes only occur after the effect of ESE 
δ-a on Gfap expression has dissipated. To access the effect of ESE δ-a 
on the neurogenic niche Sox2 (astrocytes, NSCs), Ki67 (division), and Dcx 
(neuroblasts) transcript expression was analyzed within the SVZ and OB. 
The SVZ shows a trend in decreased expression of Sox2, Ki67, and Dcx 
expression 3 weeks p.t. (Figure 8D-F).  Especially Ki67 shows a clear reduction 
in expression upon ESE δ-a transduction. However since the present study 
was designed as a pilot study, with the low number of animals used, no 
statistical significance can be reached.  Taken together, these decreases 
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imply an impaired neurogenic system containing less proliferative potential 
when compared to control. This ESE δ-a induced impairment subsequently 
normalizes 6 weeks p.t. (Table 6), indicating that the neurogenic niche is able 
to sufficiently recover after ESE δ-a transduction. To try to understand the 
root of the decreased proliferative potential seen at 3 weeks p.t., other factors 
were investigated. Pax6 is a pro-neuronal transcription factor expressed by 
proliferative C cells. Hes5 is a downstream target  of Notch signaling. Both of 
these genes are crucial to a healthy, functioning neurogenic niche. However, 
both Pax6 and Hes5 transcript expression do not change at 3 weeks p.t. 
(Table 6). 

     As constructs delivered with AAV5 do not commonly integrate into the 
host’s genome, it is possible that the ESE δ-a construct begins to wash-out 
around 3 weeks p.t. and is completely absent 6 weeks p.t. Therefore, it was 

3 Table 6. Temporal overview of ESE δ-a regional effects. This table provides an overview 
of all the collected ESE δ-a data. Beige represents data points that did not differ between ESE 
δ-a and Control. Blue indicates that there was a slight downregulation in areas transduced 
with ESE δ-a and Control. Red represents a slight upregulation in areas transduced with ESE 
δ-a and Control. Grey indicates data points that were not shown. All transcript expression 
data are normalized to reference genes (n=3). All protein is analyzed by comparing the raw 
fluorescent intensity of GFAPδ or pan-GFAP staining recorded at identical settings (n=2). 
Data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. Abbreviations: Ctrl – 
control; OB – olfactory bulb; Str – striatum; SVZ – subventricular zone.

Figure 8. Effects of ESE δ-a 3 and 6 weeks post-transduction. 3 weeks p.t. of ESE-δ-a, there 
is a trend of decreased vimentin (p = 0.1; A) and nestin (p = 0.1; B) transcript expression in 
the SVZ. After 6 weeks p.t., there is a trend for increased Ilb expression in the SVZ when 
compared to control (p = 0.1; C). After ESE δ-a transduction, Sox2 expression remains 
unchanged in the OB but shows a trend (p=0.1) for decreased transcript expression within the 
SVZ 3 weeks p.t. (D). Ki67 (E) and Dcx (F) transcript expression show a similar pattern with 
no change in the OB but a trend (p=0.1) towards decreased transcript expression 3 weeks 
p.t. All transcript expression data are normalized to reference genes (n=3). Data are analyzed 
with a Mann Whitney and displayed as mean ± s.e.m. Abbreviations: OB – olfactory bulb; SVZ 
– subventricular zone.
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hypothesized that decreased proliferation seen at 3 weeks p.t. was the result 
of some aberrant processes occurring before the 3 week time point. This 
hypothesis was further evidenced by the normal levels of Pax6 and Hes5 
within the SVZ at 3 weeks p.t. The normal level of these transcripts indicate 
that restorative mechanisms leading towards a normal SVZ transcript profile 
at 6 weeks p.t. are already active at 3 weeks p.t. 

ESE δ-a effects 1 week post-transduction

     As alterations in the SVZ could not be linked to changes in Gfap 
expression at 3 weeks p.t., it was hypothesized that ESE δ-a may exert its 
effects on Gfap at an earlier timepoint. Therefore, the effect of ESE δ-a was 
investigated at 1 week p.t. ESE δ-a transduction was not able to change 
Gfap isoform expression 1 week p.t. (Figure 9A-C). In accordance with the 

Figure 9. Effects of ESE δ-a 1 week post-transduction. Gfapα (A), Gfapδ (B), and Gfapκ (C) 
transcript expression remain unchanged 1 week after introduction of ESE δ-a.  In accordance 
with transcript data, there is no change of GFAPδ protein expression in the SVZ (D). Vimentin 
remains unchanged in the SVZ (E). There is trend of decreased nestin transcript expression in 
the SVZ 1 week after ESE δ-a introduction (p=0.1; F). ESE δ-a transduction has no effect on 
Sox2 transcript levels in the SVZ and OB 1 week p.t. (G). There is a trend of increased Ki67 
expression (p=0.1; H) and a trend of increased Ilb in the OB (p=0.2; I). All transcript expression 
data are normalized to reference genes (n=3). All protein is analyzed by comparing the raw 
fluorescent intensity of GFAPδ or pan-GFAP staining recorded at identical settings (n=2). 
Data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. Abbreviations: Ctx – 
cortex; OB – olfactory bulb; Str – striatum; SVZ – subventricular zone.
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transcript data, GFAPδ (Figure 9D) and other GFAP isoforms (data not shown) 
remained at control levels. There was also no significant effect of ESE δ-a 
on vimentin transcript expression within the SVZ (Figure 9E). Surprisingly, 
ESE δ-a induced a trend in the downregulation of nestin with the SVZ (Figure 
9F). Although this downregulation is convincing, low power combined with 
non-parametric testing did not result in a significant difference. Despite the 
unchanged Sox2 transcript expression (Figure 9G), there was a trend for 
increased Ki67 (Figure 9H), but not Dcx transcript expression (Table 6) in 
the OB of the ESE δ-a injected hemisphere. This increase in proliferation 
in the ESE δ-a OB was not due to changed Notch signaling in the SVZ, as 
seen by Hes5 expression (Table 6). In accordance with the 3 and 6 week 
time points, there was no significant change in Tnfα transcript levels 1 week 
p.t. (Table 6). However, there was a trend of increased Ilb expression in the 
OB (Figure 9I). As AAV5 injected into the SVZ does not spread to the OB, 
this inflammatory response may be caused by off target effects of ESE δ-a 
in migrating neuroblasts.

Discussion
     Expression of GFAP, the main marker of astrocytic cells, is highly 

regulated during development, upon brain damage, and in neurodegenerative 
diseases (reviewed in Middeldorp and Hol, 2011). In the developing and 
adult human brain, expression of an alternative isoform, GFAPδ, is detected 
in neurogenic regions where it specifically marks NSCs but not surrounding 
astrocytes (Middeldorp et al., 2010; Roelofs et al., 2005; van den Berge et 
al., 2010). In the mouse brain, GFAPδ is an integral part of the IF network 
of NSCs and astrocytes. In vitro, overexpression GFAPδ is able to induce 
aberrant network formation however; the function of GFAPδ remains elusive. 
This study focuses on silencing expression levels of Gfapδ in the adult mouse 
SVZ in order to explore the role of GFAPδ in an integral neurogenic niche in 
vivo. To this end, two different approaches, aimed to downregulate GFAPδ, 
were applied.

Silencing of Gfapδ using an isoform-specific shRNA construct

     Previously, pan-Gfap was successfully silenced in vitro and in vivo 
using RNAi. Transfection of human astrocytoma cell lines with an antisense 
Gfap construct resulted in downregulation of pan-GFAP protein expression 
(Rutka et al., 1994). In primary mouse astrocytes, delivery of shRNAs using 
lentiviral transduction, a similar approach as used in this study, resulted in 
efficient reduction of pan-GFAP on protein level (Desclaux et al., 2009). In 
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addition, a combined RNAi approach targeting both Gfap and Vimentin was 
significantly able to decrease pan-GFAP expression in the rat spinal cord 
(Toyooka et al., 2011). These studies indicate that it is possible to modulate 
Gfap expression using RNAi in vitro and in vivo. It must be noted, however, 
that all of these previous RNAi endeavors have always targeted pan-Gfap, 
making no distinction amongst the several known Gfap isoforms. This current 
study is the first that attempts to silence a specific mouse Gfap isoform, 
Gfapδ, both in vivo and in vitro.

     As a first approach, a shRNA construct targeting the 3`UTR shared by 
Gfapδ and Gfapκ was designed. Interestingly, targeting the 3`UTR resulted 
in a trend of downregulation of Gfapk in vivo, despite the fact that this 
downregulation was never seen in vitro. Though shRNA δ-1 showed a trend 
to specifically downregulate Gfapδ in vitro, there was no silencing of Gfapδ 
expression 1, 3 or 6 weeks p.t. in vivo. These observations could echo other 
studies which show that the transcription of Gfap is differentially regulated in 
vivo and in vitro (Lee et al., 2006; Yeo et al., 2013). 

     Interestingly, data from human astrocytes demonstrated that modification 
of Gfap isoform expression induces a compensatory upregulation of non-
targeted isoforms. Specifically, Gfapδ RNA and protein were upregulated 
upon a knockdown of Gfapα (Moeton et al., in preparation). These data 
indicate that human astrocytes are able to employ a compensatory 
mechanism that tries to control Gfap isoform expression. Upon modulation 
of Gfapδ in the mouse SVZ, Gfapα expression remains unchanged which 
differs from a compensatory upregulation of the non-targeted isoform in 
human cells. Moreover in the mouse SVZ, targeting Gfapδ resulted in a trend 
towards upregulation of the targeted isoform on protein level. The observed 
upregulation of GFAPδ had no effects on adult neurogenesis or on the IF 
network, itself, as seen by stable nestin and vimentin transcript expression. 
Taken together, these findings from human and mouse point towards a 
differential regulation of Gfap isoform expression between these species. 
The differential expression of Gfapδ observed in these two species further 
argues for an altered Gfap regulation. In comparison to non-neurogenic brain 
regions, the ratio of Gfapα/Gfapδ is decreased in the human SVZ in favor 
of Gfapδ expression (Roelofs et al., 2005) yet remains stable throughout a 
mouse brain (Mamber et al., 2012). Hence, both the expression of Gfapδ in 
neurogenic astrocytes in the SVZ as well as a tight regulation of the Gfapα/
Gfapδ ratio is specific to the human brain.
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Off-target effects and a low transduction efficiency limits the 
knockdown efficiency of shRNA δ-1 

     It is important to note that upregulation of GFAPδ seen in the mouse 
SVZ was not tied to an inflammatory response. Upregulation of IFs such as 
Gfap and vimentin is a hallmark of reactive astrocytes in the injured brain. 
However, in the case of a Gfap upregulation in response to neuroinflammation, 
total Gfap expression is enhanced and the ratio between Gfap isoforms 
remains stable (Kamphuis et al., 2012). Moreover, there was not an induction 
of vimentin expression or inflammatory signaling - supporting the notion that 
the observed induction of Gfapδ is not a sign of reactivity of astrocytes.  

     However, the NTC construct gave rise to the very variable effects. 
Consequently, significant changes in variance amongst the shRNA δ-1 and 
NTC compared to control were observed (data not shown) suggesting that the 
NTC may produce some off-target effects. shRNA constructs are notorious 
for their ability to induce off-target effects and induce a cell’s innate immune 
response (Bridge et al., 2003; Ehlert et al., 2010; Hutson et al., 2012). These 
significant changes in variance still held true when the shRNA δ-1 and NTC 
conditions are compared to each other. This indicates that shRNA δ-1 and 
NTC may disrupt biological processes and disrupt them differently. Although 
a disruption of biological process cannot be proven with the number of 
animals in the current experiments, the significant changes in variance could 
mask potential effects of shRNA δ-1 in vivo. 

     Importantly, it is difficult to interpret the shRNA δ-1 data as many 
astrocytes within the SVZ were not transduced. This low transduction 
efficiency might mask the knockdown efficiency of the shRNA construct. As 
observed in human astrocytoma cells, a pure population of transduced cells 
is required to detect a knockdown of the GFAP protein in vitro. Surprisingly, 
already a small amount of untransduced cells can mask a knockdown on 
the protein level (unpublished observation). Interestingly, silencing of Gfap 
may alter proliferation of astrocytes (Moeton et al., in preparation). Hence 
in a mixed population, untransduced cells with higher GFAP expression 
and higher proliferation capacity might overshadow low GFAP expression 
present in transduced cells. Additionally, the Lentivirus VSV-G used to deliver 
the shRNA in vivo demonstrated a higher tropism for neuroblasts than for 
astrocytes and resulted in low transduction of GFAP positive cells. These 
data indicate that the modulation of Gfapδ expression in only a subset of 
astrocytes in the SVZ does not result in a modulation of the SVZ niche.
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Silencing of Gfapδ using exon skipping technique

     As an alternative to the modulation of Gfapδ using a shRNA-
mediated knockdown, an exon skipping technique was designed. Masking 
splice regulatory motifs is expected to skip exon 7+ and to silence Gfapδ 
expression. As AAV5 was better able to transduce more of the SVZ than 
Lentivirus VSV-G, AA5 was chosen as the optimal delivery vehicle. Moreover, 
AAV5 has been previously shown to efficiently transduce astrocytes in vivo 
(Davidson et al., 2000; reviewed by Mamber et al., 2010). However, AAV5 
yielded a low transduction efficiency in vitro using a mouse astrocytoma cell 
line, limiting the validation of the designed ESE candidates. Previous studies 
report on low transduction efficiency for astrocytic cells using natural AAV 
serotypes. Creation of novel AAV variants by random mutagenesis could 
increase transgene expression in vitro (Koerber et al., 2009). 

     The trend of decreased Gfapδ levels induced by ESE δ-a in vitro was 
only confirmed in the in vivo study 3 weeks p.t. in the striatum. Gfapκ was 
also downregulated at that timepoint. Interestingly, Gfapδ was upregulated 
1 week p.t. in the OB and 6 weeks p.t. in the striatum. Together, these data 
suggest two things. First, ESE δ-a in combination with AAV5, is able to 
downregulate Gfapδ. This effect takes time to be significantly seen and is not 
Gfapδ specific, as Gfapκ is also downregulated. This downregulation of both 
Gfapδ and Gfapk is expected since the exon targeted for skipping (exon7+) 
is included in both transcripts. Secondly, AAV5 transgene delivery could have 
resulted in only a transient expression of ESE δ-a. This transient delivery, 
in turn, results in a “wash out” effect at 6 weeks p.t. There is even a trend 
in the upregulation of Gfapδ transcripts in reaction to expression of ESE 
δ-a. Induction of Gfapκ expression upon targeting by ESE δ-a resembled 
the induction of GFAPδ after transduction with the shRNA construct. Hence, 
two different techniques indicate that modulation of Gfap isoform expression 
may result in an upregulation of the mRNA targeted by RNAi. How binding of 
antisense oligonucleotides can lead to an induction of transcript expression 
is unclear. Recently, an upregulation of mRNA expression was shown in 
the presence of AONs which target promoter regions of a gene (Turunen 
et al., 2009). However, since the constructs used in this study target the 
3’UTR or exon 7+ and not the promoter region, the increase in GFAP isoform 
expression is unexpected.  
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An unspecific tropism of AAV5 led to off-targets in the neurogenic 
niche

     Similar to the shRNA approach, transduction of ESE δ-a did not 
result in a significant decrease in Gfapδ expression. There were, however, 
significant changes observed in the SVZ neurogenic niche. These changes 
are most probably off target effects caused by unspecific tropism of AAV5. 
AAV5, like Lentivirus VSV-G, is unable to target a specific cell type. It is 
also able to transduce neuroblasts in vivo. The off-target delivery of ESE 
δ-a to migrating neuroblasts may account for the upregulation in Gfapδ and 
Ki67 in the OB 1 week p.t. As neuroblasts do not express Gfap themselves, 
the upregulation of Gfapδ must come from OB astrocytes. These off-target 
effects seen in the OB seem to signal back to the SVZ. Although the OB 
is not necessary for SVZ proliferation, it can influence SVZ proliferation 
(Kirschenbaum et al., 1999; Mandairon et al., 2003). Moreover, the most 
drastic effects of OB to SVZ signaling are seen when the OB is damaged 
(Mandairon et al., 2003). This OB to SVZ signaling can be seen by the 
early downregulation of nestin at 1 week p.t. The downregulation of nestin 
persists into the 3 week time point where there is a massive downregulation 
of other important components of the neurogenic niche. Ki67 is also severely 
decreased at 3 weeks p.t. Accordingly, Dcx (a marker for neuroblasts) and 
Sox2 (a stem cell/ astrocyte markers) are also downregulated. All together, 
these temporal effects illustrate a reduced proliferative potential of the SVZ 
3 weeks p.t. The impairment of the SVZ neurogenic niche at 3 weeks p.t. 
completely fades at 6 weeks p.t., indicating that the ESE δ-a constructs have 
washed out and the SVZ begins to recover. The SVZ niche is not yet fully 
recovered as evidenced by the upregulation of Ilb. Taken together these data 
indicate that ESE δ-a induced off target effects in neuroblasts that traveled to 
the OB. These off-target effects in the OB subsequently signaled back to the 
SVZ, halting proliferation. The “wash-out” effect of ESE δ-a combined with 
the constant turn-over of neuroblasts in the OB allows for the SVZ neurogenic 
niche normalize at later timepoints. 

Outlook

      The effect of ESE δ-a transduction did not result in a significant 
decrease in Gfap expression. For further approaches to modulate Gfap in vivo, 
an efficient in vitro screening for a more potent ESE candidate is essential as 
ESEs are also able to mediate off-target effects. Previous studies report an 
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exon skipping approach success rate of up to 50%. However, it must be kept 
in mind that some exons are more difficult to skip than others (Aartsma-Rus, 
2012). Lentiviral delivery of the ESE would allow for an efficient screening 
due to high transduction efficiency in vitro and long-term stability in vivo. 
Non-viral delivery of the splice regulatory ESEs should be considered as an 
alternative approach as well. 

     Successful splice modulation was reported in the CNS of a mouse 
model of spinal muscular atrophy (SMA), where synthetic AONs induced the 
inclusion of an alternative exon restoring functional protein expression (Hua 
et al., 2010; Passini et al., 2011; Williams et al., 2009). Importantly, silencing 
of Gfapδ using exon skipping is possible (Kanski et al., in preperation). 
Targeting ESE sites in exon 7+ with synthetic AONs, resulted in efficient 
silencing of Gfapδ in human astrocytes. This finding provides the “proof of 
principle” that skipping of exon 7+ results in silencing of Gfapδ. Hence it is 
expected that with an improved experimental design, exon skipping has the 
potential to silence Gfapδ expression in the adult mouse SVZ. 

     In conclusion, targeting the alternative transcripts Gfapδ or Gfapκ with 
two different RNAi approaches failed to significantly downregulate Gfapδ in a 
stable manner, although delivery of each construct efficiently transduced the 
SVZ. Interestingly when Gfapk and Gfapδ were downregulated, there was 
never any Gfapα compensation – which further evidences the differences 
between human, and mouse Gfap regulation. Based on this study, it is 
impossible to say what role, if any, GFAPδ plays in the adult mouse SVZ 
neurogenic niche. As seen from in vitro experiments with human astrocytoma 
cells, a pure population of targeted cells is needed in order to visualize any 
effects of Gfap isoform modulation. Therefore, proper knockdown efficiency of 
the constructs used in this study can only be properly tested in vitro if 100% of 
cells are targeted. For translation to the in vivo situation, all astrocytes within 
the SVZ should be targeted to see if GFAPδ has an effect on this neurogenic 
niche. One strategy to accomplish this would be to create a loxP mouse 
with the successful RNAi construct. By placing the RNAi construct behind 
a loxP-stop-loxP site or inverted between two loxP sites, the RNAi could be 
expressed at any given timepoint. Recombination could then be induced by 
delivery of Cre driven by the gfa2 promoter packaged in a lentiviral vector 
in a Mokola envelope (as reviewed by Mamber et al., 2010). In order to 
avoid striatal astrocyte transduction, the virus should be delivered to several 
levels of the SVZ (via multiple injections) or into the lateral ventricles. Such 
improved screening of shRNA and ESE candidates combined with tailored 
astrocytic delivery in vivo should improve the modulation of Gfap and reduce 
the off-target effects seen throughout this study.
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Supplementary data:

Supplementary figure 1. AAV4 does not transduce the SVZ parenchyma. AAV4 carrying a 
GFP construct under a CMV promoter was injected into the SVZ parenchyma. GFP staining 
reveals that AAV4 preferentially transduces the choroid plexus (arrow; A). Using a higher 
magnification, a punctate pattern along the ependymal layer (arrows) can be seen (B). No 
GFP+ punctae can be seen in GFAP+ cells. Scale bars are 250 µm (A) and 50 µm (B). 
Abbreviations: LV – lateral ventricle.

Supplementary figure 2. Gfap isoform expression 6 weeks post-transduction with δ-1. 
Gfapα and Gfapδ transcript expression are unchanged after introduction of δ-1 (A, B). Gfapκ 
transcript expression within the SVZ remains slightly downregulated when compared to control 
or NTC (p = 0.057) but is unchanged in the striatum (C). GFAP staining (D) reveals that there 
is no significant change in GFAPδ or pan-GFAP expression amongst δ-1, NTC, and control 
groups. All transcript expression data are normalized to reference genes (δ-1 n=4; NTC n=3; 
Control n=4). All protein is analyzed by comparing the raw fluorescent intensity of GFAPδ 
or pan-GFAP staining recorded at identical settings (n=2). Data are analyzed with a Mann 
Whitney and displayed as mean ± s.e.m. Scale bar is 200 µm. Abbreviations: Ctx – cortex; 
OB – olfactory bulb; Str – striatum; SVZ – subventricular zone.
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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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 6activity, but did not affect GFAP expression (Fig. 3E). These data indicate 
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.



Chapter 6

160

 6
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.
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Abstract
Astrocytes are crucial cells for proper neuronal functioning in the 

developing and adult brain. Glial fibrillary acidic protein (GFAP) is the main 
and characteristic intermediate filament (IF) protein in astrocytes. Expression 
of GFAP is highly regulated in reactive astrocytes, upon brain damage 
and in neurodegenerative diseases. The molecular mechanisms for GFAP 
upregulation, and the role of the enhanced IF protein levels in the astrocyte’s 
response to brain insults are still not completely elucidated. In this context, 
Notch signaling emerges as an important regulator of GFAP expression in 
reactive astrocytes. Here, we demonstrate that an increase in proteasome 
activity is a potent stimulus for GFAP expression. The proteasome is one 
of the major protein degradation systems in the cell and its dysregulation 
is implicated in many brain diseases. We screened several molecular 
compounds for their ability to increase proteasome activity in astrocytes, 
in vitro, and found two compounds - an opioid receptor antagonist and a 
purinergic receptor antagonist. The increase in proteasome activity was 
paralleled by an increase of immunoproteasome subunit expression and, 
importantly, an increase in GFAP expression. By using specific inhibitors 
for the immunoproteasome and Notch activity showed that both of this 
compounds, independently, could prevent the proteasome mediated GFAP 
activation. These results further strengthen our earlier reported link between 
the proteasome and GFAP regulation and indicate that the immunoprotesome 
activity and Notch signaling are vital players in this regulation. This study 
brings us one step closer to understand the molecular mechanisms underlying 
astrocytic GFAP regulation in the healthy and injured brain. 
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Introduction
Astrocytes represent the major population of glial cells 

in the adult mammalian brain. After brain damage and in 
neurodegenerative diseases, astrocytes respond to the injury by a 
process termed ‘reactive gliosis’. This involves morphological and molecular 
changes, including an upregulation of IF proteins among which the astrocyte 
specific GFAP IF protein (Middeldorp and Hol, 2011; Sofroniew and Vinters, 
2010). The molecular pathways underlying the upregulation of GFAP and the 
downstream effects of this upregulation are not fully understood. Previously, 
our group showed that proteasome activity is involved in the regulation of 
GFAP transcript levels in astrocytes (Middeldorp et al., 2009). The ubiquitin 
proteasome system is the main protein degradation system in the cell. It 
plays a key role in degrading aberrant and damaged proteins. In addition, it 
is involved in a variety of other vital cellular processes, such as regulation 
of the cell cycle, cellular differentiation, and signal transduction; likely via 
degrading short-lived proteins such as cell cycle proteins and transcription 
factors (Ciechanover and Brundin, 2003; Ciechanover, 1994). The 
proteolytic complex of the proteasome - the 20S core - is a barrel shaped 
dimeric complex composed of two rings of seven, non-identical, proteolytic 
β-subunits together with two rings of seven, non-proteolytic α-subunits 
(Klare et al., 2007). The inner β-rings contain active sites attributed to β1 
(caspase-like), β2 (trypsin-like), or β5 (chymotrypsin-like) catalytic subunits 
(Gaczynska et al., 1996; Orlowski and Wilk, 2000). The immunoproteasome 
is a variant of the constitutive proteasome and is mainly induced by 
inflammatory signaling. It harbors slightly different catalytic β subunits (LMP2, 
β 1i, Psmb8), MECL1 (β2i, Psmb10), (LMP7, β5i, Psmb9) compared to its 
constitutive counterparts, making the immunoproteasome more suitable for 
MHC class I antigen generation (Gaczynska et al., 1994; Hisamatsu et al., 
1996). In addition to peptide generation for MHC, the immunoproteasome 
has also been suggested to be directly involved in regulation of inflammatory 
signaling (Groettrup et al., 2010). Neuroinflammation is a characteristic of 
neurodegenerative diseases, such as Alzheimer’s Disease (AD) [reviewed in 
(Frank-Cannon et al., 2009)]. In human AD brain tissue we have observed an 
increased expression of immunoproteasome subunits and their proteolytic 
activity. The β1i and β2i subunit immunoreactivity was more intense in reactive 
astrocytes marked by elevated levels of GFAP (Orre, Kamphuis, Dooves, et 
al., 2013).  In view of its role in gene expression and in inflammation we 
hypothesized that an enhanced immunoproteasome activity underlies the 
increase in GFAP expression in reactive astrocytes. Previously we have 
shown that the inhibition of total proteasome activity in astrocytes leads to a 
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strong downregulation of GFAP mRNA expression (Middeldorp et al., 2009).
Another important regulator of GFAP expression is Notch signaling 

[reviewed in (Kanski et al., 2013)]. Notch is a key regulator of cell fate 
decisions of neural stem cells during development, and Notch signaling 
induces astrocyte differentiation via stimulation of GFAP expression 
(Namihira et al., 2009). The expression of Notch persists in the adult brain in 
mature astrocytes (Ables et al., 2011; Orre, Kamphuis, Lana, et al., 2013). In 
reactive astrocytes, key developmental pathways, such as Notch signaling, 
are activated (reviewed in (Robel et al., 2011)). This Notch activation might 
be involved in the upregulation of GFAP (reviewed in (Ables et al., 2011)). 
Interestingly, Notch signaling was shown to be activated by proteasomal 
activity through degradation of its negative regulator Numb (Nie, 2002). 

In this study we investigated the effect of proteasome activation on 
reactivity of astrocytes, as measured by an increased GFAP expression and 
an increased immune signaling. We screened a number of small molecules 
for their ability to activate the proteasome in astrocytes, and subsequently 
assessed their role in the activation of the immunoproteasome and the 
regulation of GFAP expression. Moreover, we studied whether Notch signaling 
is involved in the process of GFAP regulation upon proteasome activation.

Materials and methods

Cell culture 

All cells were cultured at 37°C under a humidified 5% CO2 / 95% air at-
mosphere. DBT, mouse astrocytoma cells, have a stable GFAP expression 
(Mourad et al., 2005) and  were cultured in Dulbecco’s modified Eagle medi-
um (DMEM) supplemented with 10% fetal calf serum (FCS) and an antibiotic 
mixture of 1% penicillin/streptomycin (all Invitrogen, Carlsbad, CA).

Cell treatments

For treatment with the proteasome activator compounds, the cells were 
plated at a density of 10,000 cells per well (24-well plate), 8 hour prior to 
treatment. Subsequently, the cells were treated with the proteasome 
activators #1- 9 at 5μM for 24h or the corresponding concentration of mock 
control (dimethyl-sulfoxide (DMSO)), followed by assessment of proteasome 
activity, protein expression (immunocytochemistry), or mRNA expression 
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(quantitative real-time PCR). For total proteasome inhibition, cells were 
treated with MG132 40 μM overnight (Affinity Research). Specific inhibition 
of the b5i subunit was performed with 200nM of the b5i inhibitor ONX-0914 
(previously named PR-957). For inhibition of Notch activity, DAPT, N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl (Sigma-Aldrich Corp., 
St. Louis, MO, USA) was dissolved in DMSO and added to the cells with 
a final concentration of 250nM for 24 hours. DMSO (final concentration of 
0.3%) was applied in the control condition.

Proteasome activity, immunocytochemistry and image analysis

After treatment of cells with the different proteasome activators, the 
cells were washed with phosphate buffered saline pH 7.4 (PBS) followed by 
incubation with BODIPY-epoxomicin, a cell permeable proteasome activity 
probe (Florea et al., 2010) at 300nM at 37°C in a 5% CO2 incubator for 1h. 
After probe incubation the cells were washed with PBS, pH 7.4 and fixed in 
4% paraformaldehyde in PBS, pH 7.0, at room temperature for 10 minutes. 
Cells were blocked in PBS, supplemented with 10% normal donkey serum 
and 0.4% Triton X-100, incubated overnight with anti GFAP (rabbit polyclonal, 
DakoCytomation, Z0334, final concentration: 1:2000) antibody, diluted in 3% 
normal donkey serum and 0.4% Triton X-100 in PBS at 4°C. For fluorescence 
visualization, the cells were incubated in with Alexa488 conjugated secondary 
antibody (Jackson Immunoresearch Laboratory Inc, final dilution: 1:700), and 
Hoechst as a nuclear dye in PBS at room temperature for 1h. After washing 
500 μl PBS was added to the wells and images were obtained using a Zeiss 
Axiovert 135M inverted microscope and a Sony XCD-X700 digital camera 
system. Two images at 10x magnification per treatment condition were 
taken. The same exposure time was used for DMSO controls and activator 
treated cells for both the proteasome activity probe (Cy3 channel) and the 
GFAP (Alexa 488 channel). The Image J software was used to extract and 
measure the gray values obtained from both channels. The mean gray value 
intensity was used for quantification of probe intensity (proteasome activity) 
and GFAP expression. Adobe Photoshop was used to arrange the TIFF files 
for presentation and Image J was used for calculating and measuring gray 
value intensity. 

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 
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determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). The reverse transcriptase and real-time 
quantitative PCR reactions as well as the quantification and normalization 
procedures were performed as previously described (Kamphuis, Orre, et al., 
2012). Primers used in this study are listed in see Supplementary table 1.

Ingenuity pathway analysis of GFAP regulation pathways

To find genes/ proteins involved in GFAP regulation together with 
regulation of Notch (Hes1), Tgfb, Immunoproteasome (Psmb8) and activator 
# 2 pathways we performed an Ingenuity pathway analysis. Molecules 
involved in regulation of each of these different pathways were obtained 
from Ingenuity Pathway Analysis (IPA, Ingenuity systems, Qiagen, USA). 
Subsequently, these lists were overlaid and molecules that were involved 
in GFAP and in regulation of at least two of the other above-mentioned 
pathways were shown in (Fig. 7C). 

Statistical analysis

Data was analyzed using GraphPad Prism software (GraphPad Software, 
San Diego, CA, USA).  Significance was assessed using a non-parametric 
Mann–Whitney test. Differences existed amongst groups were considered 
significant at p < 0.05. 

Results

Increased proteasome activity correlate with increased GFAP 
expression

A small library screen was previously performed (Ovaa, unpublished data) 
to identify molecules that have an ability to increase the proteasome activity in 
various cell types. In the current study, we tested 12 potent compounds from 
the initial screen for their ability to activate the proteasome in an immortalized 
mouse astrocytoma line. The astrocytes were treated with each compound 
at a concentration of 5 μM for 24h; these conditions were based on previous 
studies (Ovaa, unpublished data). Subsequently, the proteasome activity 
was assessed in living cells by adding a cell permeable, fluorescently labeled 
(Bodipy (-Cy3)) proteasome activity probe to the cells, as described before 
(Florea et al., 2010; Orre, Kamphuis, Dooves, et al., 2013). The cells were 
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then immunolabeled for GFAP followed by quantification of both the probe 
and the GFAP labeling intensity. Out of the 9 compounds #2 and #4 (black 
fill), an opioid receptor antagonist and a purinergic receptor antagonist, 
respectively, showed an ability to enhance the proteasome activity in the 
astrocytes (Fig. 1A, D-F).  Both of these (black fill) compounds also showed 
the strongest GFAP labeling compared to the other compounds (Fig. 1B, 
G-I). Analysis of the proteasome activity and GFAP staining intensity for all 
the 9 compounds revealed a positive correlation between proteasome activity 
and GFAP protein expression (Fig. 1C). GFAP expression and proteasome 

Figure 1. Proteasome activity corresponds with GFAP protein expression. A) Proteasome 
activity in mouse astrocytoma cells treated with proteasome activators and measured with 
a fluorescently labelled BODIPY-epoxomicin proteasome activity reporter. (B) GFAP protein 
expression in DBT cells. (C) The proteasome activity showed a positive correlation with the 
GFAP expression; upon a moderate increase in proteasome activity the correlation to GFAP 
was linear, after this, the GFAP expression reached a plateau and was not influenced further. 
The y-axis depicts GFAP expression, and the y-axis depicts the corresponding proteasome 
activity, both as % of control. (D-F) show images of the proteasome activity probe in control 
(D), activator #2 (E) and activator #4 (F) stimulated astrocytes. (G-F) display corresponding 
GFAP immunostaining of the astrocytes, scale bars 50μm.
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activity seems to increase in a linear way with small increases in proteasome 
activity; larger increases in proteasome activity appear not to increase GFAP 
expression further. All 9 molecules were also screened for their effect on GFAP 
mRNA expression levels. In accordance with the proteasome activity and 
GFAP staining, both activators #2 and #4 were able to increase Gfap mRNA 
transcript levels, while the other activator compounds had only little effect 
on Gfap mRNA expression (Fig. 2A). After this initial screening process, we 
proceeded with activator #2 and #4 to further assess their capacity to regulate 
different GFAP isoforms; we showed in an earlier study that the canonical 
isoform Gfapα and an alternative splice variant of GFAP, Gfapδ, are both 
upregulated in reactive astrocytes (Kamphuis, Mamber, et al., 2012). The 
expression of the GFAP isoforms, was determined 24h after treatment with 
activator #2 and #4. Both activators had a clear effect on Gfapα expression 
and caused about a three-fold increase compared to controls (Fig. 2B), while 
no effect was observed on the expression of Gfapδ (Fig. 2C).   

In summary, we identified two compounds, activator #2 and #4 that both 
showed an ability to increase proteasome activity in astrocytoma cells in 
vitro. This increase in proteasome activity also led to a significant increase in 
GFAPα mRNA expression and a more intense GFAP staining.

Increased expression of the immunoproteasome in response to 
proteasome activation

In order to explore whether induction of the constitutive or 
immunoproteasome could be responsible for the increase of proteasome 

Figure 2. Activation of the proteasome enhances Gfap expression. (A) The activators were 
screened for their ability to modulate Gfap mRNA expression in cultured astrocytes. The cells 
were treated with the activators at 5uM for 24h before isolation of mRNA and assessment of 
GFAP expression (n=3). (B) Followup experiments were done to assess the mRNA expression 
of two different GFAP isoforms (B) Gfapα and (C) Gfapδ, separately, upon treatment with 
activator #2 and #4. Both substances increased the expression of Gfapα, while Gfapδ 
expression remained stable (n=4). Bars depict mean and error bars depict SEM, * p < 0.05.
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activity, we analyzed the gene expression of the different proteolytic subunits 
of the proteasome in response to activator #2 or #4. None of the two activators 
had an effect on the expression of the proteolytic subunits of the constitutive 
proteasome (β1, β2, β5; Fig. 3A). However, treatment with activator #2 led 
to an enhanced expression of all immunoproteasome subunits (β1i, β2i, β5i) 
compared to the control with a 3.4-, 1.6-, and 10.3-fold increase, respectively; 
while activator #4 lead to a 4.2-fold increase in β1i, and an 11.2-fold increase 
in β5i expression (Fig. 3B). The endogenous expression of these subunits 
in untreated cells is very low, and is only induced upon activator treatment.  
Previously, our group showed that gene expression of immunoproteasome 
subunits corresponds well with their activity (Orre, Kamphuis, Dooves, et al., 

Figure 3. Proteasome activators increase the expression of immunoproteasome subunits. 
The mRNA expression of proteasome subunits was analyzed after activator #2 and #4 
treatment of the astrocytes. (A) Graphs show the expression of the constitutive proteolytic 
proteasome subunits, β1, β2 and β5 and graphs in (B) show the expression of the proteolytic 
immunoproteasome subunits β1i, β2i and β5i. Bars depict mean and error bars depict SEM, 
* p < 0.05, n=4-5.
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2013). Hence, an increase of the immunoproteasome transcript levels may 
underlie the increase in proteasome activity upon treatment with activator #2 
and #4.  

Astrocytes increase anti-inflammatory signaling in an 
immunoproteasome dependent manner

The immunoproteasome is suggested to play an important role not only in 
generation of peptides for MHC class I presentation, but also in innate immune 
signaling (Groettrup et al., 2010; Muchamuel et al., 2009; Orre, Kamphuis, 
Dooves, et al., 2013). Previously, inhibition of the immunoproteasome activity 
in microglia and blood monocytes has been shown to significantly reduce 
the induction of proinflammatory innate immune molecules (Muchamuel et 
al., 2009; Orre, Kamphuis, Dooves, et al., 2013). Therefore, we here asked 
whether the activator #2- or #4-induced increase in immunoproteasome 
expression, would lead to an increased expression of pro-inflammatory 
molecules. Interestingly, the expression of the pro-inflammatory molecules, 
Il6 and Tnfα did not significantly change upon activator stimulation; Il6 rather 
showed a trend for a decreased expression (Fig. 4 A-B). On the contrary, 
expression of the anti-inflammatory molecules Tgfb and IL-4 were increased 
after treatment with activator #2 and #4 (Fig. 4 C-D). Il-4 expression showed 
a clear albeit non- significant trend for an upregulation upon activator #2 
treatment.

Figure 4. Proteasome activator #2 and #4 do not promote a pro-inflammatory phenotype 
in astrocytes, but increase expression of the anti-inflammatory molecule Tgfb and Il-4. The 
expression of both pro- inflammatory molecules Il6 (A) and Tnfa (B) and the anti-inflammatory 
molecules Tgfb (C) and Il4 (D) were analyzed 24 hours after treatment with 5 μM of the 
proteasome activators #2 and #4. Bars depict mean and error bars depict SEM, * p < 0.05, 
n=4.
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Induction of Gfap expression upon proteasome activation is 
prevented by inhibition of β5i immunoproteasome activity

Next, we assessed whether activation of the β5i immunoproteasome 
is of crucial importance for an upregulation of Gfap expression upon 
proteasome activation, using activator #2. It has previously been shown in 
our lab that a total inhibition of proteasome activity leads to a rapid and near 
complete reduction of Gfap transcript levels in human astrocytoma cells 
(Middeldorp et al., 2009). To address the question whether an increase in 
β5i activity is vital for GFAP upregulation upon activator # 2 treatment, we 
inhibited the β5i immunoproteasome activity using ONX0914 - a molecule 
specifically targeting the β5i immunoproteasome activity (Muchamuel et al., 
2009), in samples treated with activator #2.  The astrocytes were incubated 
with activator #2 overnight, to activate the immunoproteasome, followed by 
addition of the irreversible β5i inhibitor for the last 6 hours at a concentration 
previously used in earlier studies (Muchamuel et al., 2009; Orre, Kamphuis, 
Dooves, et al., 2013); for treatment scheme see Fig. 5A. We used both 
imaging of cells and flow cytometry as readout of the proteasome activity. 
Our data shows that inhibition with ONX0914 reduced the proteasome 
activity of the activator # 2 treated astrocytes, to a level comparable to that of 
mock treated controls (Fig. 5 B-C). The expression levels of Gfapα followed 
the pattern of the proteasome activity; cells treated with the β5i inhibitor 
together with activator #2 showed a reduced Gfapα expression compared 
to cells treated with activator #2 alone (Fig. 5D). The Gfapα expression in 
the inhibited, activator # 2 treated samples was more comparable to that 
of mock treated controls. The expression of Gfapδ was not affected by any 
of the treatments (Fig. 5E). Interestingly, inhibition of the β5i activity in the 
activator #2 treated samples did not prevent the upregulation of Tgfb (Fig. 
5F). Inhibition of β5i alone without activating the proteasome did not affect 
Gfapα, Gfapδ, or Tgfb mRNA expression (Supplementary fig. 1). Moreover, 
we used the general proteasome inhibitor MG132 as a positive control to 
show that total block of the proteasome activity abolishes expression of Gfapα 
as shown previously (Middeldorp et al., 2009)(Fig. 5D). Taken together, here 
we show that Gfapα is increased upon (immuno)proteasome activation and 
decreased upon proteasome inhibition, demonstrating a strong correlation 
between Gfapα expression and proteasome activity. In contrast, regulation of 
Gfapδ expression remained stable upon modulation of proteasome activity 
(Fig. 5E). Importantly, in astrocytes with enhanced proteasome activity 
induced by activator #2 treatment, specific inhibition of β5i prevented the 
increase of Gfapα expression, but did not compromise the increase of the 
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Fig. 7A). Interestingly, MG132, on the contrary to ONX0914 caused a marked 
reduction of Tgfb expression (Fig. 5E). 

Proteasome activation promotes Notch signaling in astrocytes

Notch signaling is regulated by proteasome activity (Nie, 2002), and has 
been shown to be an important regulator of astrocyte reactivity (Morga et al., 
2009). Notch activation has been discussed before to be responsible for the 
upregulation of GFAP in reactive astrocytes (reviewed in Ables et al., 2011). 
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Based on this hypothesis, we investigated whether proteasome activation 
could induce Notch signaling, which in turn, could stimulate Gfap expression.

First, we analyzed the regulation of Notch signaling upon activation of 
the proteasome.  To this end, we activated the proteasome with activator #2 
and analyzed the expression of the Notch downstream target gene Hes-1, 
as readout for Notch activity. Stimulation of proteasome activity significantly 
enhanced expression of Hes-1, a sign for activation of the Notch pathway. The 
upregulation of Hes-1 was dependent on Notch activity since the inhibition of 

3 Figure 5. Inhibition of the immunoproteasome abolishes activator # 2 induced Gfapα 
and Tgfb expression. (A) Treatment scheme for inhibition of the immunoproteasome using 
ONX0914 in cells treated with activator #2; astrocytes were first treated with activator #2 
alone (5μM) before the ONX0914 inhibitor (200 nM) was added for the last 6h of treatment. 
(B-C) Inhibition of the immunoproteasome using ONX0914 reduced activator #2 induced 
proteasome activity in astrocytes as shown by image analysis and flow cytometry. (B) Shows 
representative images of astrocytes treated with mock (left), activator #2 only (middle), or 
a combined treatment with activator #2 and ONX0912 (right), followed by a 2h incubation 
with the proteasome activity probe. The graph shows intensity quantification of the probe 
fluorescence, bars show probe intensity as fold over mock controls derived from 3 tiled 
images. (C) Shows the flow cytometric data of the probe intensity in cells treated as described 
in (A); quantification of the geometric mean of the probe intensity is shown in the bar graph. 
(D-F) Gene expression of Gfapα (D), Gfapδ (E), and Tgfb (F) in astrocytes treated with 
vehicle (Control), the proteasome inhibitor MG132, activator #2, or activator #2 together with 
ONX0914 as described in (A). Bars show normalized expression as fold over mock treated 
control, error bars show SEM. * p < 0.05, ** p < 0.01 compared to controls, ### p< 0.001 
compared to activator # 2, n= 5-7.

Figure 6. Inhibition of Notch activity prevents 
activator # 2 induced Gfap and Tgfb 
expression. Gene expression of the Notch 
target Hes-1 (A), Gfapα (C), and Tgfb (D) in 
cells simultaneously treated with the Notch 
inhibitor DAPT and activator # 2. (B) Shows 
Hes-1 expression after treatment of activator 
#2 together with the β5i-inhibitor ONX0914 
for the last 6h of the 24h activator treatment. 
Bars show normalized expression, as fold 
over mock treated control, error bars show 
SEM. * p < 0.05, ** p < 0.01 compared to 
controls, # p < 0.05, ## p < 0.01 compared 
to activator # 2, n=5-7.
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Figure 7. Schematic overview of the regulation of Gfapα and Tgfb upon proteasome activation 
via the Notch pathway in astrocytes. (A-B) Display a schematic overview of the regulation 
of Gfapα and Tgfb upon proteasome activation that is dependent on (A) inhibition of the 
immunoproteasome, or (B) inhibition of Notch signaling. (A) Activation of the proteasome leads 
to an increase in Notch activity and, in the condition of the activation of the Notch pathway, an 
increase of Gfapα and Tgfb expression. As shown in literature and depicted in orange, Tgfb 
signaling potentiates the expression of GFAP (Stipursky et al.,2007). Sustained high GFAP 
levels, in a negative feedback loop, decrease Notch signaling (Orre et al.,submitted; Kanski 
et al. in prep.). When inhibiting the immunoproteasome with a β5i inhibitor, the activator #2 
induced upregulation of Gfapα, but not Tgfb expression was abolished. (B) Shows a schematic 
overview of the regulation of Gfapα and Tgfb upon proteasome activation in the presence of 
the Notch pathway inhibitor DAPT. Notch inhibition, concurrent with activator #2 stimulation, 
abolished the activator #2 induced increase in Gfapα while the Tgfb expression showed a 
non-significant reduction. (C) Ingenuity pathway analysis interaction map showing molecules 
involved in GFAP regulation, that also interact with Tgfb-,immunoproteasome subunits (β5i 
– Psmb8)-, Notch (Hes1)-, or activator #2- pathways. Only molecules interacting with Gfap 
and at least two of the other pathways are depicted. Molecules in gray are involved in all 5 
pathways. Molecules in blue are involved in GFAP and three other pathways, including Tgfb, 
and molecules in green are involved in all pathways but not Tgfb.
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the pathway using the γ-secretase inhibitor DAPT - a potent inhibitor of the 
Notch pathway - reduced Hes-1 expression levels induced by activator #2 
significantly, thus counteracting the upregulation of Hes-1 induced by activator 
#2 (Fig. 6A). Treatment of cells with DAPT and activator #2 was performed 
simultaneously. As argued above, the mechanism of activator #2 may work 
via an activation of the immunoproteasome, which would predict that β5i 
inhibition (ONX0914) could block the #2 dependent increase of Hes-1. As 
shown in (Fig. 6B), ONX0914 treatment was indeed sufficient to counteract 
the effect of activator #2 and reduced Hes-1 expression significantly (Fig. 6B), 
while ONX0914 treatment alone did not have any significant effect on Hes-1 
expression (Supplementary fig 1). To conclude, these data show that Notch 
activity is indeed regulated by proteasome activity in astrocytes. Importantly, 
inhibition of the immunoproteasome is sufficient to prevent Notch activation 
(Fig. 7A-B).

Based on its regulatory role on GFAP expression, we here investigated 
whether Notch activity is necessary for the upregulation of Gfapα upon 
proteasome activation. The Gfap expression was determined in cells 
simultaneously treated with activator #2 and the y-secretase inhibitor DAPT.  
Intriguingly, the astrocytes displayed reduced Gfapα expression compared 
to cells treated with activator #2 alone and comparable expression levels 
to control cells (Fig. 6C). Thus, when inhibiting the activator #2-mediated 
induction of Notch signaling, the upregulation of Gfapα expression was 
also prevented. These data show that activation of the Notch pathway is 
necessary for the observed Gfapα induction upon proteasome activation, 
indicating that the Notch pathway is an integral component of the regulatory 
cascade initiated by proteasome activation (see scheme Fig. 7A-B). In 
addition, inhibition of Notch activity in cells treated with activator #2 showed 
some preventive effect (although not significant, p = 0.11) on the induction of 
Tgfb (Fig. 6C). 

A pathway analysis was performed using the ingenuity pathway analysis 
software to find common interaction targets between immunoproteasome 
activation, GFAP, Notch signaling, Activator #2 (opioid receptor interactions/
signaling), and Tgfb. This analysis revealed that the immune molecules 
TNFα and LPS (gray molecules) interact with all pathways, while the ubiquitin 
protein C (UbC), involved in protein degradation, and the transcription factor 
STAT3 are interacting with all pathways apart from TGFβ (green molecules). 
Three molecules, the hormone beta-estradiol, the transcription factor Ap-1 
and the immune molecule IL-6 (blue molecules) were found to interact with 
GFAP, TGFβ and two other pathways (Fig. 7C).
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Discussion
Reactive gliosis is mainly characterized by increased GFAP expression 

within astrocytes in the brain. However, the precise molecular mechanism 
underlying this GFAP induction remains poorly understood. In this study we 
activated the proteasome with two small molecular compounds in astrocytes, 
which resulted in an increase in GFAPα expression. These result are in 
accordance with previous findings from our lab showing a reduced GFAP 
expression upon inhibition of the proteasome (Middeldorp et al., 2009), and 
further strengthen the link between proteasome activity and GFAP regulation.

Downstream effects of proteasome activation in astrocytes 

In contrast to proteasome inhibitors, little is known about molecules that 
have a stimulating effect on proteasome activity, and even less is known 
about the downstream effects in the cell upon proteasome activation (Huang 
and Chen, 2009). In this study, we show that, in cultured astrocytes, agonists 
for purinergic or opioid receptors activate the proteasome and increase 
GFAP expression. In addition, the agonists increase expression of the 
anti-inflammatory molecule Tgfb. Interestingly, the GFAPα expression was 
reduced upon inhibition of the β5i immunoproteasome activity and Notch 
activity, while, on the contrary, the elevated Tgfb expression was maintained 
in the presence of specific β5i, or Notch inhibition (see scheme Fig. 7A-B). 
The pathway analysis performed in this study (Fig. 7C) revealed that GFAP, 
Notch, the immunoproteasome, and the opioid receptor are all connected via 
STAT3, which suggests that this transcription factor may play an important 
role in proteasome mediated GFAP regulation. Activated astrocytes show 
a fast and long lasting STAT3 activation after spinal cord injury, leading to 
increased GFAP expression, cell size and an anti-inflammatory phenotype 
(Herrmann et al., 2008). Moreover, inactivation of STAT3 decreases GFAP 
expression (Cao et al., 2010; Gu et al., 2005), thus these data link STAT3 to 
both early and sustained activation of astrocytes. In addition, inhibition of β5i 
activity leads to decreased STAT3 phosphorylation and activation in T-cells 
(Kalim et al., 2012).  Phosphorylation activates STAT3, thus β5i activity 
might play a role in activation of STAT3 signaling.  Finally, STAT3 activity is 
also increased by Notch signaling (Kamakura et al., 2004), emphasizing the 
regulatory role of Notch in GFAP expression. A total block of the proteasome 
activity did not significantly reduce STAT3 mRNA expression (Middeldorp 
et al., 2009), but showed a clear trend. Here, we, moreover, show that Tgfb 
expression is tightly following the GFAP expression after stimulation with the 
proteasome activators; also TGFβ has previously been linked to regulation 
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of GFAP through the JAK/STAT pathway. TGFβ activates SMAD signaling 
interacting with STAT3 that, in turn, regulates GFAP expression (Stipursky 
et al., 2012), see scheme Fig. 7A-B. The transcription factor AP-1 was also 
present among the molecules involved in GFAP regulation from the pathway 
analysis (Fig. 7C). AP-1 is a dimer made out of proteins from the Fos and Jun 
family (Raivich and Behrens, 2006). Total inhibition of proteasome activity, by 
Epoxomicin led to an increase in c-jun expression in human astrocytes while 
GFAP expression was decreased (Middeldorp et al., 2009). A recent study, 
investigating the effect of transcription factor mutations for their capacity to 
alter the activity of the GFAP promoter in mouse, showed that mutations in 
STAT3 led to a strong reduction in GFAP promoter activity, while mutation in 
AP-1 had little effect on the GFAP promoter activity (Yeo et al., 2013)since 
previous observations show that GFAP transcription is regulated differently 
in transfected cultured cells from in the mouse. We previously showed that 
block mutation of enhancer regions spanning from bp -1488 to -1434 (the C1.1 
segment. In addition, based on the pathway analysis, AP-1 was not linked to 
the immunoproteasome (β5i), which indicates that the immunoproteasome 
asserted influence on GFAP expression is more likely to be mediated by 
STAT3 activation than AP-1 activation.  

Regulation of GFAP isoform expression upon proteasome activation

Activation of the proteasome activity upon activator #2 treatment 
increased GFAPα whereas expression levels of GFAPδ remained stable. 
These results are in line with previous findings; an increase in activity of 
the GFAP promoter, encoded in a GFAP minigene, predominantly led to 
an increase in the expression of GFAPα, while the induction of alternative 
GFAPδ transcripts is less pronounced (Blechingberg et al., 2007). Strong 
splice sites are present in the exons of GFAPα, while the splice sites for 
GFAPδ are weaker; therefore, when competing for the recruitment of the 
same splicing factors - during rapid transcription - there is not enough time 
for the recruitment of splicing factors to the weak splice sites (discussed 
in Kanski et al., in preparation). This can explain why astrocytes that are 
acutely activated by, for example, the proteasome activators show an 
increase in GFAPα expression while the GFAPδ expression remains stable. 
Conversely, inhibition of the proteasome activity with a reversible inhibitor 
such as MG132 might slow down transcription of GFAP resulting, as shown 
in this study, in a downregulation of mainly GFAPα. In contrast, a total block 
of proteasome activity using the irreversible inhibitor Epoxomicin might 
completely block GFAP transcription and as a result all GFAP isoforms are 
silenced (Middeldorp et al., 2009). In reactive astrocytes in the diseased 
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brain, a chronic and sustained activation of GFAP transcription may provide 
enough time allowing upregulation of all GFAP isoforms (Kamphuis, Mamber, 
et al., 2012).

Inhibition of Notch activity prevents induction of GFAP

As demonstrated in this study, the regulation of Gfap expression upon 
proteasome activation is dependent on Notch activity. Notch signaling is an 
important regulator of GFAP expression in newborn astrocytes via epigenetic 
remodeling of the Gfap promoter (Namihira et al., 2009). Interestingly, it 
becomes more and more clear that Notch can also regulate the reactivity 
of differentiated astrocytes (Morga et al., 2009), where it might induce an 
upregulation of GFAP (reviewed in (Ables et al., 2011)). Here we show that 
blocking the increase in Notch activity prevents GFAP induction, demonstrating 
that proteasome activation, Notch signaling, and GFAP expression are tightly 
interconnected (see scheme Fig. 7A-B). Previously, it has been shown that 
inhibition of Notch in LPS-treated astrocytes prevented upregulation of 
GFAP, and decreased the expression of pro-inflammatory cytokines through 
blocking the NFκB and partially the JAK/STAT pathway (Morga et al., 2009). 
Thus, the Notch signaling pathway represents an interesting therapeutic 
target to limit reactive gliosis. However, due to its pleiotropic functions in the 
brain, a general inhibition of Notch is likely to have severe side effects. Here 
we observed that inhibition of the immunoproteasome is sufficient to reduce 
the increased Notch activity in activator #2 treated astrocytes to that of control 
cells. How the immunoproteasome regulates Notch activity is still unknown. 
An indirect blockage of Notch activity via inhibition of the immunoproteasome 
might represent a tool to specifically inhibit upregulation of Notch in activated 
glia. Maintenance of Notch activity in neurons could significantly limit side 
effects in comparison to general Notch inhibition.

Modulation of the (immuno)proteasome, a tool to modulate 
astrocyte phenotypes?

Molecules that can activate the proteasome may be attractive as a 
treatment strategy for neurodegenerative diseases. As discussed earlier 
(Huang and Figueiredo-Pereira, 2010), accumulation of oxidatively 
damaged and misfolded proteins in neurons has been found in several 
neurodegenerative diseases, emphasizing the need of an efficient 
degradation system. An initiation of immunoproteasome expression is likely 
to be part of a cellular strategy to reduce the buildup of oxidatively damaged 
proteins in the cell under acute stress (Seifert et al., 2010). In agreement with 
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this, reactive astrocytes and microglia surrounding amyloid beta plaques in 
aged AD mice display increased immunoproteasome expression and activity 
(Orre, Kamphuis, Dooves, et al., 2013). An initial activation of astrocytes in 
response to various stimuli might be crucial for protection against immediate 
damage. However, chronic reactivity of astrocytes, as observed in AD mice 
and in AD human brain tissue, is believed to induce astrocyte dysfunction 
contributing to a toxic environment for neurons [Orre et al., submitted; (Steele 
and Robinson, 2012)]. In agreement with this hypothesis, lack of GFAP and 
vimentin has been shown to improve posttraumatic regeneration possibly via 
a change in cell signaling in astrocytes (Menet et al., 2003; Wilhelmsson et 
al., 2004). In this respect, inhibition of chronic GFAP upregulation may be an 
attractive strategy to limit chronic astrocyte reactivity. Here, we demonstrate 
that blocking the induction of the immunoproteasome activity, using a specific 
β5i inhibitor, is sufficient to prevent an upregulation of GFAPα in astrocytes. 
β5i inhibition also reduced expression of pro-inflammatory molecules 
in LPS stimulated microglia isolated from AD mice (Orre, Kamphuis, 
Dooves, et al., 2013). Thus targeting activated astrocytes and microglia by 
immunoproteasome inhibition is likely to limit the secretion of pro-inflammatory 
cytokines as well as reducing the elevated GFAP expression, respectively. 
Hence, inhibition of the immunoproteasome represents a promising approach 
to prevent neuroinflammation without affecting the constitutive proteasome 
activity in neurons, needed to prevent toxic protein build-up. 

However, astrocyte reactivity needs to be considered as “two edged”. In 
contrast to what is discussed above, in vitro activation of astrocytes using 
proteasome activators induced an anti-inflammatory astrocyte phenotype 
in conjugation with an increased GFAP expression. Such phenotype differs 
from that of reactive astrocytes observed in AD mice, and emphasize that 
astrocytes with increased GFAP levels, commonly classified as “reactive”, 
are in fact heterogeneous ranging from a neurosupportive phenotype, 
to a proinflammatory, dysfunctional phenotype (Sofroniew and Vinters, 
2010; Steele and Robinson, 2012). Whether the regulation of GFAP differs 
between the two these phenotypes remains unclear, although STAT3 
activation has mainly been implicated in neurotropic astrogliosis (Herrmann 
et al., 2008). However, a transcription factor analysis on genes regulated in 
AD astrocytes show that STAT3 is predicted to be activated in chronically 
activated astrocytes while AP-1, c-fos or, c-jun appear unaffected (Orre et 
al, unpublished observations). Therefore, STAT3 activation appears to be 
involved in both neurotropic and pro-inflammatory forms of astrogliosis. This 
data indicates that the timeframe of stimulation may also be an important 
factor for the phenotype differences in astrocyte reactivity. 
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Taken together, we here demonstrate that an increase in (immuno)
proteasome activity, leads to activation of Notch signaling in astrocytes in 
vitro, which in turn induces the upregulation of GFAP expression. Inhibition 
of Notch signaling is sufficient to prevent an induction of GFAP expression, 
without affecting Tgfb levels. This finding pinpoints Notch as an upstream 
regulator of proteasome induced GFAP activation in astrocytes (Fig. 7B). 
Inhibition of the immunoproteasome is sufficient to block the activation of the 
Notch pathway and in turn leads to a decrease in GFAP expression. Thus, 
inhibiting the immunoproteasome might be an attractive approach to control 
reactivity of astrocytes and to prevent chronic astrocyte reactivity. On the 
other hand, an activation of the proteasome, using the activators identified 
in this study, may be beneficial as later treatment strategy to boost the 
degradation of oxidative proteins and prevent inflammatory tissue damage. 
The link between proteasome activation and inhibition and its relation to the 
spectrum of astrocyte reactivity calls for further research to define whether 
and when modulation of proteasome activity would be beneficial to modulate 
astrocyte function in disease.
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Supplementary data:
Supplementary figure 1. Inhibition 
of the β5i immunoproteasome 
by ONX0914 had no effect on 
expression levels of GFAP or 
Tgfb. The expression of both Gfap 
transcripts α and δ and Tgfb and 
Hes-1was analyzed 6 hours after 
treatment with 200nM of the b5i 
inhibitor ONX0914. Bars depict 
mean and error bars depict SEM, 
n=4.

Transcript Forward primer Reverse Primer

GFAPα GGAGATGCGGGATGGTGAG ACCACGTCCTTGTGCTCCTG

GFAPδ TCTCCAACCTCCAGATCCGA TGACTTTTT GGCCTTCCCCT

Psmb5  (β5) TCGAAATGCTTCACGGAACC CACCTGCTGTGGCCCG

Psmb6  (β1) CTGGGAAAACCGGGAAGTCT GGTTGTCCTGGAGTCCGCT

Psmb7  (β2) TGCCTTATGTCACCATGGGTT CTTGGCTTCTTCCTCCTCCA

Psmb8  (LMP7/ 
β5i) GTCTGGTTGTGCAGCCGAC GGAGATGCGTTCCCCATTC

Psmb9  (LMP2/
β1i) TCGTGGTGGGCTCTGATTC GAAGATGTGCTGGTGCAGAGG

Psmb10 
(MECL-1/β2i) CCGTGGCACTGTTGGAAGA TCAGGATCCCTGCTGTGATG

Il6 ACAAAGCCAGAGTCCTTCA 
GAGAGA

GGAGAGCATTGGAAATTGGG 
GTAGG

Il4 CACGGATGCGACAAAAATCA AGGACGTTTGGCACATCCAT

Tgfb CACCGGAGAGCCCTGGATA TGTACAGCTGCCGCACACA

Tnfα CAAAATTCGAGTGACAAGC CTG GCGCTGGCTCAGCCAC

Hes1 CACGACACCGGACAAACCA CCTTCGCCTCTTCTCCATGA

Supplementary table 1. Primers used for qPCR.
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Summary
The two main research questions of this thesis are: i) How is expression 

of GFAP regulated in astrocytes and astrocyte subpopulations like NSCs and 
ii) What are the functional consequences of a modulation of GFAP (isoform) 
expression on astrocyte functions. Since these research questions were 
answered mainly using human NSCs and astrocytes, we will first introduce 
human neurogenesis (1) and highlight the challenges in the study of human 
NSCs (1.1). Since a dynamic regulation of GFAP isoform expression during 
astrocyte differentiation is a central subject of this thesis, we will discuss 
the role of alternative splicing in NSC differentiation (1.2). We emphasize 
that current studies investigating neuron-specific splice events (1.3) can 
provide important information for the astrocyte field (1.4). In section (1.5), 
we discuss our findings on alternative splicing of the astrocyte signature 
gene GFAP. We highlight that in addition to analyzing single gene regulation, 
genome wide studies are critical to understand alternative splicing events 
during NSC differentiation, as exemplified by studies aiming to understand 
ESCs differentiation (1.6). To extrapolate the concepts in current literature 
to the focus of this thesis, a hypothetical model of the regulation of GFAP 
expression is presented in section (1.7).

In the second part, we focus on the functional consequences of a 
specialization of the GFAP network induced by incorporation of GFAPδ. First, 
we discuss that GFAPδ expression is associated with an immature astrocyte 
phenotype (2.1) before we speculate on downstream effects of GFAPδ  
(2.2). We suggest that GFAPδ is a potential inhibitor of Notch-mediated 
gene expression (2.2.1), which effect might be influenced by a collapse of 
the GFAPδ network (2.2.2). Moreover, the functional consequences of an 
inhibition of Notch activity by GFAP (2.2.3) and the role of a specialized 
GFAP network in astrocytes (2.2.4) are discussed.

In the outlook, we emphasize that the functional consequences of 
GFAP expression in general ,and a specialization of the GFAP network by 
integration of the alternative isoform GFAPδ in particular, are still not fully 
understood. However, our data support the idea that IF proteins such as 
GFAP might serve as platforms that bind signaling molecules to modulate 
vital cellular functions.
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1. Towards an understanding of human neurogenesis
The manifestation of neurogenesis in the adult human brain creates 

new and promising possibilities for the treatment of neurological diseases. 
Neural stem cells (NSCs) reside in the subventricular zone (SVZ) along the 
ventricles and in the granular layer of the dentate gyrus in the hippocampus. 
These are the two main neurogenic niches in the adult human brain. The 
expression of the astrocyte signature gene glial fibrillary acidic protein 
(GFAP) classifies NSCs as neurogenic astrocytes (Eriksson et al., 1998; 
Nader Sanai et al., 2004). NSCs maintain their proliferative capacity in the 
human adult brain (van den Berge et al., 2010; Leonard et al., 2009) and are 
able to differentiate into neurons, astrocytes, and oligodendrocytes in vitro. 
Importantly, an increased proliferation of NSCs upon brain damage might 
represent an endogenous attempt for brain repair (Jin, 2006; Marti-Fabregas 
et al., 2010). However, endogenous stimulation of neurogenesis is not 
sufficient to replace degenerated brain tissue. Furthermore, an inflammatory 
environment in the diseased brain might direct NSC differentiation towards 
astrocytes, thereby hampering the differentiation of new born neurons. In the 
diseased brain, immune cells like microglia were shown to release astrogenic 
stimuli that might favour astrogenesis (Ideguchi et al., 2008; Nakanishi et 
al., 2007). Astrocyte differentiation might be beneficial for the recovery of 
brain function since newborn astrocytes can provide trophic support for 
damaged neurons. Alternatively, depending on the context of a specific 
disease, suppression of astrogenesis might favour neuronal differentiation 
and stimulate replacement of damaged neurons. It can be anticipated that for 
some diseases astrogenesis and for other diseases neurogenesis might be 
beneficial for brain repair. Future research will determine whether astrocyte 
differentiation is “friend or foe” in the diseased brain, an outcome which will 
be highly dependent on the specific pathology of a disease.

Astrocyte differentiation is marked by an increase in GFAP expression. 
As reviewed in Chapter 1, a complex network of environmental signals, 
epigenetic, and transcriptional regulators determines the onset of GFAP 
expression during NSC differentiation. The current knowledge on NSC fate 
decisions is mainly based on rodent studies. Despite many similarities, 
distinct anatomical and functional differences between the neurogenic 
system in the rodent and human brain exist. For example, the anatomical 
organization of the human SVZ differs from the mouse SVZ by a hypocellular 
gap that separates the ribbon of NSCs from the ependymal layer (Quiñones-
Hinojosa et al., 2006; Sardi et al., 2006). Moreover, in the adult human rostral 
migratory stream (RMS) significantly less neuroblasts migrate towards the 
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olfactory bulb in comparison to the mouse RMS (van Strien et al., 2011). 
In respect to GFAP, the main focus of this thesis, differences in the cell-

type specific expression pattern of GFAP isoform expression were found 
between mouse and human. Our group previously demonstrated that in the 
human developing and adult brain an alternatively spliced isoform, GFAPδ, 
is highly expressed in NSCs in the SVZ and SGZ while its expression is 
low in mature, non-neurogenic astrocytes (Middeldorp et al., 2010). Hence, 
in comparison to non-neurogenic regions in the brain, the GFAPα/δ ratio 
is decreased in the human SVZ in favour of GFAPδ expression (Reinko F 
Roelofs et al., 2005). This shift in ratio is specific to the human SVZ since 
in the developing and adult mouse brain the ratio between both isoforms 
remains stable throughout the brain. Thus, GFAPδ is expressed in NSCs as 
well as in mature mouse astrocytes demonstrating that GFAPδ expression in 
the mouse brain is not specific to NSCs (Mamber et al., 2012).

1.1 Challenges in studying human neurogenesis

In view of the differential expression pattern of GFAPδ observed in men 
and mice, investigation of the role of GFAPδ expression in human NSCs is 
essential to reveal the function of GFAPδ in the human brain. In Chapter 
6, we demonstrated that Notch signaling is an important intrinsic regulator 
of GFAP expression using immortalized human fetal NSCs and primary 
human fetal NSCs (fNSCs). To date, fNSCs represent the only source of 
primary human NSCs with a high survival rate and proliferation capacity in 
culture (Vescovi et al., 1999). Moreover, the cells demonstrate self-renewal 
capacity and multipotency over long culture periods (Carpenter et al., 1999; 
Fricker et al., 1999; Vescovi et al., 1999). Hence, fNSCs provide the exciting 
possibility to study the mechanism of human neurogenesis and gliogenesis 
in vitro. Despite the favorable features of fNSC, their limited availability and 
a high variation in genetic background confine their use for basic and clinical 
research. Moreover, obtaining cells from spontanous abortions is associated 
with significant moral and ethical issues. Alternatively, NSCs are derived 
from neurosurgical as well as postmortem adult brain tissue (van den Berge 
et al., 2010; Sanai et al., 2004). However, the survival and proliferation 
of human adult NSCs in vitro is limited. Fibroblast Growth Factor 2 and 
Epidermal Growth Factor are important mitogens for NSCs that are able to 
promote proliferation, survival, and self-renewal of adult NSCs (Craig et al., 
1996; Maric et al., 2003; Zheng et al., 2004). Nevertheless, the induction 
of proliferation in adult human NSCs in vitro is only transient and today 
the culture of adult human NSC as stable line has not been successful yet 
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(Arsenijevic et al., 2001; Kukekov et al., 1999; Roy et al., 2000). It can be 
speculated that adult human NSCs are strongly dependent on the trophic 
support of the microenvironment of the neurogenic niche, which limits their 
culture in vitro and so far hampered their immortalization. 

In contrast, immortalization of NSCs provides a valuable tool to create an 
unlimited source of NSCs derived from the fetal human brain. A large amount 
of NSCs, which rapidly and reproducible self-renew, allows to investigate 
stem cell characteristics of human NSCs. Although they represent a suitable 
alternative for primary cells, it is discussed that immortalized human NSCs 
(ihNSCs) might display genetic and functional instability due to changes in 
their karyotype in high passage numbers (Foroni et al., 2007; Magnitsky et 
al., 2008; Mi et al., 2005). Unpublished observations from our group confirm 
large variations in the proliferation rate of ihNSCs during passaging. This 
feature of ihNSCs complicates reproducible molecular and genetic studies of 
NSC characteristics. As a result, to date, the number of functional studies in 
human NSCs is low.

Intriguingly, our group identified a highly efficient tool to stably increase 
the proliferation rate of ihNSCs. The presence of human postmortem cerebral 
spinal fluid (CSF) significantly increased sphere growth of ihNSCs (van Strien 
et al., in preparation). It was recently demonstrated that NSCs in the mouse 
(Lehtinen et al., 2011) and human SVZ (van Strien et al.; in preparation) are 
in direct contact with CSF and that signaling molecules present in the CSF 
can regulate NSC behavior (Lehtinen et al., 2011). It was shown that human 
lumbar puncture CSF induced an accelerated astrocyte differentiation and 
improved survival of human adult NSCs (Buddensiek et al., 2010). 

Consistently, we show in Chapter 6 that ventricular postmortem CSF 
induces GFAP expression which marks differentiation of NSCs into the 
astrocytic lineage. Hence, growth factors present in lumbar puncture as 
well as ventricular CSF can potently stimulate NSCs to differentiate into 
glial progenitors. Interestingly, the effect on NSCs is not only maintained, 
but even enhanced in CSF derived from patients with neurodegenerative 
diseases such as Alzheimer disease or Parkinsons disease (van Strien et al., 
in preparation). Hence, in the diseased brain, the contact of NSCs with CSF 
might stimulate their proliferation capacity and influence NSC differentiation. 
The cell fate decision of NSCs in vivo is complex and highly dependent on 
the microenvironment of the neurogenic niche. However, according to our 
data in vitro, the presence of CSF induces astrocyte differentiation. Newborn 
astrocytes might provide trophic support for damaged neurons in the diseased 
brain, which might represent an endogenous attempt for brain repair.

Taken together, the observed increase in proliferation of ihNSCs in the 



Discussion

201

 8

presence of CSF might rather represent a differentiation of NSCs into glial 
progenitors than an increase in the self-renewal capacity of NSCs. Firstly, the 
increased proliferation capacity is associated with an enhanced expression 
of the astrocyte signature gene GFAP.  Secondly, glial progenitors have a 
higher proliferation capacity than NSCs.

Preliminary results demonstrated a similar effect of CSF on primary 
fNSCs (unpublished observation). Thus, culturing immortalized or primary 
human NSCs in the presence of CSF provides a valuable in vitro system to 
study differentiation of human NSCs into astrocytes. Currently, the lack of in 
vitro models limits our knowledge about human astrogenesis. 

1.2 Regulation of alternative splicing during NSC differentiation

NSC differentiation is a multistep process that consists of regulation of 
cell proliferation, cell cycle exit, a choice between survival and death, and 
the cell fate decision between neurons, astrocytes, and oligodendrocytes 
(Pastrana et al., 2011). NSC differentiation is under a tight temporal control 
and involves the simultaneous regulation of transcription of hundreds 
of genes in a cell-type specific manner. In view of this complexity, it does 
not come as a surprise that alternative splicing (see Box 1), an additional 
layer of gene regulation, is highly abundant in a such complex organ as the 
brain (Maniatis and Tasic, 2002; Yeo et al., 2007). In a complex network of 
transcriptional, epigenetic, and environmental regulation, alternative splicing 

Box 1. Alternative Splicing
Alternative splicing describes the process in which alternative 

exons are recognized by the splicing machinery, inserted in the mRNA, 
and translated in a differential isoform. The strength of splice sites 
is an important determinant in the regulation of alternative splicing. 
Alternative exons such as exon 7+, expressed by the GFAPδ isoform, 
contain weaker splice sites with a lower binding potential of the splicing 
machinery, and consequently, are less often recognized and included 
in the mature transcript. In addition, trans-acting proteins that bind to 
the pre-mRNA regulate the production of alternatively spliced mRNAs. 
Such proteins include splicing activators, such as the splicing factors of 
the SR family of proteins, that promote the insertion of a particular exon. 
Splicing repressors such as heterogeneous nuclear ribonuclear proteins 
(hnRNPs) or polypyrimidine tract binding proteins (PTBPs), inhibit the 
inclusion of an alternative exon (reviewed by (Wahl et al., 2009). 
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might allow the “fine-tuning” of gene expression in NSCs and their progeny 
by increasing transcript diversity. In this present thesis, we are interested how 
alternative splicing regulates the function of GFAP during NSC differentiation 
into astrocytes which will be discussed in section “1.5 Alternative splicing of 
the astrocyte signature gene GFAP”.

Dysregulation of RNA splicing is implicated in neurodevelopmental 
disorders such as fragile X syndrome, spinal muscular atrophy, spinocerebellar 
ataxias, and others (Cooper et al., 2009; Licatalosi and Darnell, 2006; Lukong 
and Richard, 2008). Despite its potential impact on the establishment of brain 
function, so far only few studies addressed the role of alternative splicing in 
brain development. Alternative splicing is regulated by RNA binding proteins 
such as stimulators of splicing like the SR protein family or splicing repressors 
like the polypyrimidine tract binding proteins (PTBPs), which compete for the 
binding to alternative exons. Binding of these splice regulators stimulate or 
inhibit the inclusion of a specific exon respectively (reviewed by (Wahl et al., 
2009)). The high abundant alternative splicing in the brain correlates with 
expression of a higher number of different splicing factors than in most other 
tissues (de la Grange et al., 2010). 

1.3 Regulation of alternative splicing in neuronal differentiation

To date, a role of these splicing regulators is mainly investigated in 
neuronal differentiation. However, it is likely that general concepts of the 
regulation of alternative splicing also apply to astrogenesis. Therefore, 
current studies current studies investigating neuron-specific splice events 
can provide important information for the astrocyte field.

PTBPs are global repressors of alternative splicing in different cell types 
which regulate splicing of hundreds of RNAs in the brain. This pleiotropic 
function raised the question how PTBPs regulate neuron-specific splicing. A 
dynamic regulation of splicing factor expression was found to ensure tissue 
specific splicing events. It was shown that PTBP1 is highly expressed in 
non-neuronal cells where it represses splicing of neuronal genes. Contrary, 
a downregulation of PTBP1 in neurons allows for the expression of neuron-
specific exons (Ashiya and Grabowski, 1997; Lilleväli et al., 2001; Markovtsov 
et al., 2000). Makeyev and colleagues demonstrated that a neuron specific 
microRNA (miR-124) silences PTBP1 expression in newborn neurons. 
Instead, another family member of PTB proteins, PTBP2, is induced. A 
switch between the expression of two family members of the PTB proteins, 
PTBP1 and PTBP2, was shown to regulate RNA transcripts involved in 
synaptic maturation such as CamK IIβ, Dynamin2, Drebrin and NCAM (Boutz 
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et al., 2007; Keppetipola et al., 2012; Makeyev et al., 2007). The switch in 
PTBP1 and PTBP2 expression in neurons sets an example how tissue-
restricted regulation of splice regulators by microRNAs controls cell-type 
specific alternative splicing events. The regulation of alternative transcript 
expression by microRNAs emerges as general mechanism to control stem 
cell biology. It was also discussed for embryonic neural stem cells (ESCs) 
that expression of differential 3’ UTRs that encode microRNA binding sites, 
provide a powerful mechanism for the cell to control transcript diversity in 
specific tissues (Chepelev and Chen, 2012). 

Alternatively, neuron specific splicing factors have been identified. A 
family of neuron-specific splicing factors, Nova1/2, was found to regulate 
neuronal migration. Nova1/2 modulates the responsiveness of neurons 
to Reelin signaling which is crucial for neuronal migration. Reelin signals 
through the cytoplasmic adapter protein Disabled 1 (Dab1) (Tissir and 
Goffinet, 2003). Yano and colleagues proposed a model in which Nova2 
inhibits the expression of an alternatively spliced isoform of Dab1 (Dab1.7bc) 
early during development (E14-E16) when newborn neurons migrate in the 
neocortex. Expression of Dab1.7bc makes the neurons unresponsive to 
Reelin signaling which results in a reduced migratory capacity. Consistently, 
overexpression of Dab1.7bc negatively affects neuronal migration which can 
be rescued by expression of the canonical isoform of Dab1. After the critical 
time window of neuronal migration, suppression of Dab1.7bc diminishes. 
Hence, a switch between alternative splicing of Dab1 might control the 
neuronal responsiveness to reelin signaling and, in turn, neuronal migration. 
A failure of the developmental switch in alternative splicing of Dab1 was 
associated with abnormal corical layering in Nova2 knockout mice (Yano et 
al., 2010). 

In summary, our knowledge on splicing events in the brain is mainly 
limited to alternative splicing in neurons. The example of Dab1 splicing 
highlights that an integration of alternative splicing in the investigation of 
NSC biology is crucial to understand the complex regulatory events which 
are necessary for brain formation.

1.4 Regulation of alternative splicing during astrocyte differentiation

Similar regulatory events might control astrocyte differentiation. 
Interestingly, Dab1 was shown to suppress astroglial differentiation through 
inhibition of the JAK/STAT pathway, the canonical pathway of astrocytic 
gene expression (Kwon et al., 2009). Deletion of Dab1 in NSCs clearly 
decreases astrocyte differentiation but the effect of Reelin itself is still under 
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debate. In embryonic NSCs in culture, Reelin had no effect on astrogenesis 
(Kwon et al., 2009), but loss of Reelin in vivo in young adult mice resulted 
in an increased number of astrocytes in the mouse hippocampus (Zhao 
et al., 2007). Corresponding to the findings of a regulatory role of Dab1 
alternative splicing in neuronal Reelin signaling, expression of alternative 
Dab1 transcripts might determine whether NSCs are reelin-responsive or 
reelin-unresponsive with direct implications on the generation of astrocytes. 
Expression of a repressive Dab1 isoform, such as Dab1.7bc, might convert 
embryonic NSCs unresponsive to Reelin signaling. Due to a lack of a 
repressive Dab1 isoform in adult NSCs, the cells might become responsive 
to Reelin to control astrocyte differentiation. The identity of splice factors that 
regulate Dab1 transcripts in NSCs is still elusive. Moreover, experimental 
validation is necessary to proof the hypothesis that alternative splicing of 
Dab1 plays a role in the temporal regulation of NSC responsiveness to 
Reeling signaling. 

So far, our knowledge on splicing regulators in NSCs is very limited. 
However, TRA2B was recently identified as crucial regulator of survival of 
NSCs. TRA2B is a SR protein related splice regulator. Conditional deletion of 
TRA2B induces apoptosis of NSCs resulting in a dramatic disorganization of 
the cortex during development (Roberts et al., 2013). Modulation of TRA2B 
function specifically during the astrocytic phase could elucidate whether this 
splice factor in addition to NSC survival also regulates astrocyte differentiation. 

In conclusion, alternative splicing might also play a crucial role in the 
establishment of astrocyte identity. Similar as during neuronal differentiation, 
multiple layers of gene regulation might converge to control astrocyte 
differentiation. Future studies will reveal whether complementary mechanisms 
control the function of ubiquitously expressed splice factors in astrocytes. In 
analogy to the findings of Makeyev and colleagues (Makeyev et al., 2007), 
tissue-specific microRNAs might control alternative splicing specifically 
in astrocytes. Moreover, astrocyte-specific splice regulators might play a 
crucial role in the establishment of astrocyte identity, and in turn, normal 
brain development. 

In order to understand the role of alternative splicing in astrocytes, a 
better profiling of astrocytes on the transcript and protein level is necessary. 
Recent improvements in efficient and pure isolation of astrocyte from the 
brain using FACS sorting (Orre et al., 2013), represent an important step 
towards this goal. 
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1.5 Alternative splicing of the astrocyte signature gene GFAP

Investigation of the astrocyte signature gene GFAP in Chapter 2 
contributes to a better understanding of the role of alternative splicing in NSC 
differentiation towards astrocytes. We analyzed GFAP splicing with a focus on 
expression of the alternatively spliced isoform GFAPδ, which is dynamically 
regulated during astrocyte differentiation in the human brain. Expression of 
GFAPδ is high in NSCs. A decrease in splicing of the GFAPδ isoform might 
take place during astrocyte differentiation, since expression of GFAPδ was 
found to be low in mature astrocytes (Roelofs et al., 2005). This previous 
data from our group indicates that expression of GFAPδ is dependent on the 
differentiation stage of NSCs. However, the role of alternative splicing of the 
GFAP gene in astrogenesis is still elusive. 

In this thesis we demonstrated, using different RNA interference 
approaches, that expression of GFAPδ in astrocytoma cells is dependent 
on the presence and binding of the splicing factors of the SR protein 
family. Due to their stable GFAP expression, astrocytoma cells represent 
a valuable model system to study human astrocytes. In contrast, human 
primary astrocytes are limited in availability and are prone to lose their 
GFAP expression in higher passages (Gibbons et al., 2007). As mentioned 
before, SR proteins stimulate the inclusion of specific exons (reviewed by 
(Wahl et al., 2009)). As our data indicate, SR proteins are necessary for the 
insertion of exon 7+ encoded in the GFAPδ isoform. Consistent with a role 
for SR proteins in stimulating GFAPδ splicing, expression of SR proteins 
is highly enriched in fetal primary human NSCs that express high levels of 
GFAPδ. Investigation of SR protein levels in NSCs in comparison to whole 
brain tissue represents one of the first attempts to investigate the splice 
regulator expression in acutely isolated human NSCs. Since SR proteins 
are crucial for inclusion of exon 7+ and GFAPδ expression, SR protein 
expression levels are expected to be reduced during astrocyte differentiation 
following the decrease of GFAPδ expression. However, as discussed in the 
context of neuronal differentiation, expression patterns of splice regulators 
are complex, especially with regard to globally acting splice factors such as 
SR proteins. In order to characterize the change in alternative splicing of 
GFAP, a recently developed high-throughput screening for splice regulators 
could be applied. Zheng and colleagues developed a screening strategy 
based on the generation of stable lines expressing minigene reporters: One 
minigene encodes the fluorescent protein GFP in the mRNA including the 
alternative exon, while another mRNA, which lacks the alternative exon, 
produces RFP. High-throughput transfection of a human cDNA library in the 
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two stable lines identifies splicing regulators of the target exon dependent 
on their capacity to modulate exon inclusion and subsequently expression 
of the fluorescence protein. Importantly, considering only splice factors that 
regulate the alternative, but not canonical exons, can reduce false positive 
results (Zheng et al., 2013). 

To study the regulation of GFAPδ expression, one reporter minigene 
needs to encode GFP in exon 7+, the alternative exon encoded in GFAPδ, 
and RFP in the other minigene encoding GFAPα, which lacks exon 7+. 

Besides identifying splice regulators, induction of astrocyte differentiation 
in a stable line of NSCs or glial progenitors expressing the minigene reporters 
could investigate how dynamic the alternative splicing of GFAPδ is regulated 
during the course of differentiation. 

GFAP is widely used as a marker for astrocyte differentiation. However, 
GFAP is not exclusively expressed in astrocytes but also is present in 
NSCs (N. Sanai et al., 2004). So far, expression of GFAP in two different 
cell populations complicated the investigation of regulatory mechanisms of 
astrogenesis based on GFAP expression since pan GFAP expression marks 
NSCs, glial progenitors, and astrocytes. Defining a specific splice pattern 
of GFAP in different astrocyte maturation stages can allocate a distinct 
GFAP splice code to specific astrocyte populations. Hence, considering the 
transcript variety of GFAP increases the information that can be extracted 
from the analysis of GFAP expression in the neurogenic niche. 

Although GFAP is an important astrocyte signature gene, it is obvious that 
understanding the changes in the alternative splicing of GFAP is not sufficient 
to complete our insight into the regulation of astrocyte differentiation. At first, 
not all astrocytes express GFAP (Kamphuis et al., 2012). Thus focusing 
solely on the regulation of GFAP excludes other astrocyte populations. 
Second, focusing on GFAP will bias the analysis of regulatory mechanisms 
of astrogenesis, since alternate astrocyte markers like S100B or GLT-1 are 
regulated differentially during differentiation. Investigation of alternative 
splicing of S100B and GLT1 could identify common patterns in astrocyte-
specific splicing regulation, as found in neurons for e.g. RNA transcripts 
involved in synaptic maturation. No alternative splicing of S100B is reported 
yet. In contrast, extensive alternative splicing of GLT-1 was reported within 
different positions of the GLT-1 transcript (Lee and Pow, 2010; Peacey et al., 
2009). Future research could reveal whether common splice factors regulate 
GFAP and GLT-1 splicing to control astrocyte differentiation.
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1.6 Genome wide studies of alternative splicing in the brain and 
ESCs

In addition to approaches which aim at the identification of splice 
regulators of a specific gene, genome-wide changes in alternative splicing 
are very valuable to investigate general splice events during neural 
differentiation. To date, a whole array of genome wide analysis tools such 
as microarray platforms including exon-junction array and tiling array, RNA 
sequencing, or high-throughput sequencing of RNA isolated by crosslinking 
immunoprecipitation, is available to investigate RNA regulation (Blencowe et 
al., 2009; Castle et al., 2008; Licatalosi et al., 2008; Pan et al., 2008; Sultan 
et al., 2008; Ule et al., 2005; Wang et al., 2008). 

Recently, Zhang and colleagues presented a network analysis that 
integrated RNA-binding data, splicing microarray data, splice factor binding 
motifs, and evolutionary signatures to model the target networks of the Nova 
splice regulator in the brain. As mentioned previously, Nova is a crucial 
neuron-specific splice factor. The integrative approach used by Zhang and 
colleagues unraveled that Nova regulates approximately 700 splicing events 
in the mouse brain. In addition, the approach revealed that Nova closely 
interacts with other splice regulators, since Nova binding sites in alternative 
exons can be recognized in addition by Rbfox and SR protein splice factors 
(Zhang et al., 2010). The interplay of Rbfox and Nova splice factors was 
shown to regulate phosphorylation patterns of brain proteins via regulation 
of alternative splice transcripts. Hence, alternative splicing indirectly affects 
protein-protein interactions.

In addition to the investigation of splice regulators in the brain, important 
knowledge can be extrapolated from studies of neural lineage specification 
in ESCs. ESC-derived NSCs provide a valuable tool to investigate human 
neurogenesis. In the last years, advanced protocols were established which 
allow the differentiation of pluripotent ESCs into tissue-specific stem cells, 
including NSCs (Carpenter et al., 1999; Reubinoff et al., 2001; Schuldiner 
et al., 2001). Importantly, neuronal formation from NSCs derived from ESCs 
proceeds the generation of astrocytes, as observed for differentiation of 
endogenous NSCs during development (Emdad et al., 2012; Krencik et al., 
2011; Martini et al., 2013). In addition, key mechanisms of astrogenesis in 
NSCs also emerge as important regulators of astrocyte differentiation from 
human ESCs (reviewed in Chapter 1). Moreover, similar as in NSCs shown 
in Chapter 2, expression of SR proteins is high in ESCs (Cloonan et al., 
2008). Due to these similarities, ESCs represent an valuable model to study 
human NSC differentiation into different cell lineages. Since the culture 
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and modification of human NSCs remains challenging, the knowledge 
derived from ESC differentiation is crucial with respect to transplantation 
of NSCs, which currently is investigated as treatment for different brain 
diseases. ESC-derived NSCs, itself, emerge as a valuable source for NSCs 
for transplantation (Alper, 2009). Intriguingly, although gene expression 
patterns were shown to be very similar between endogenous NSCs and 
ESC-derived NSCs, alternative splice patterns differed between the two 
cell types (Yeo et al., 2007). This finding emphasizes that investigation of 
changes in alternative splicing are more sensitive compared to common 
gene expression analysis. As discussed above, differential expression of 
alternative transcripts can influence ESC differentiation, and subsequently 
might alter NSC differentiation and the NSCs fate after transplantation in 
the diseased brain. Therefore, the influence of different ESC culture and 
differentiation protocols not only on gene expression but also on alternative 
splicing should be further investigated.

Alternative splicing might control ESC fate decisions through modification 
of transcription factor activity. As recently demonstrated, expression of 
an ESC-specific and alternative transcript of Foxp1, Foxp1-ES, alters the 
DNA binding specificity of the transcription factor such that it maintains the 
pluripotency of ESCs by stimulation of key pluripotent factors such as OCT4 
and NANOG. In addition, the alternative Foxp1 transcript suppresses genes 
required for ESC differentiation. Foxp1-ES downregulation at the onset of 
cell lineage specification allows for ESC differentiation (Gabut et al., 2011). 
MBNL was discovered as crucial repressor of ESC-specific alternative 
splicing that inhibits Foxp1-ES expression. Consistently, low levels of MBNL 
expression in ESCs triggers ESC-specific alternative splicing whereas high 
levels of MBNL induce alternative splice patterns of differentiated cells. As 
a consequence, silencing of MBNL in induced pluripotent stem (iPS) cells, 
another valuable source for human NSCs, triggers expression of pluripotency 
genes and facilitates the reprogramming of somatic cells (Han et al., 2013). 
iPS cells emerge, in addition to ESCs, as valuable models to study human 
NSC differentiation. IPS cells demonstrate the exciting possibility to re-
program adult human fibroblast via expression of key transcription factors 
such as OCT4, SOX2, C-MYC, and KLF4 (Takahashi et al., 2007). To date, 
fibroblasts can be successfully converted into NSCs that posses self-renewal 
capacity and multipotency (Lujan et al., 2012; Vierbuchen and Wernig, 2011). 
However, the culture of iPS cell-derived NSCs was established only recently 
and further characterization of the derived NSC population is necessary.

Taken together, genome wide analysis revealed that alternative transcripts 
are of crucial importance in the control of pluripotency versus differentiation in 
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ESCs. Extensive research in the last five years uncovered that modification 
of transcription factor activity is an important molecular mechanisms how 
alternative splicing regulates ESC pluripotency. To date, we are only at the 
beginning to unravel the role of alternative splicing in ESC-derived NSCs and 
its role in NSC differentiation. Similar as in endogenous NSCs, in addition to 
alternative splicing, transcriptional and epigenetic mechanisms form multiple 
layers of molecular controls that modulate self-renewal and neural lineage 
specification of ESCs (Chepelev and Chen, 2012; Tang et al., 2010).

Future research on cell fate decisions of ESC-derived NSCs will i) 
increase our understanding how alternative splicing is integrated in the 
synchronized action of multiple levels of gene regulation to spatially and 
temporally control NSC differentiation, and ii) improve current approaches 
to direct NSC differentiation into specific cell types such as neurons and 
astrocytes. 

1.7 Transcriptional and epigenetic regulation of alternative splicing 
of GFAP

In this thesis, we investigated how transcriptional regulation, as well as 
epigenetic mechanisms, control alternative splicing of GFAP in astrocytes. In 
Chapter 6, we discovered that Notch signaling regulates the GFAP (isoform) 
expression in newborn astrocytes. In rodent NSCs, Notch has been identified 
as a key regulator of the NSC fate that favours GFAP expression and, in 
turn, the generation of astrocytes. Newborn neurons are thought to stimulate 
Notch signalling in NSCs by expression of Notch ligands. Notch activation 
is necessary and sufficient to induce astrocyte differentiation via epigenetic 
remodelling of astrocytic gene promoters such as GFAP (Namihira et al., 
2009). 

We here demonstrated that Notch signaling also is a potent activator of 
GFAP expression in human NSCs. Moreover, as our findings suggest, Notch 
activity supports a switch in the GFAP isoform ratio, since activation of Notch 
signaling predominantly increased GFAPα expression, while inhibition of 
Notch shifted the GFAP isoform ratio in favour of GFAPδ. A Notch-mediated 
decrease in the GFAPδ/α ratio might take place during NSCs differentiation 
into astrocytes, since expression of GFAPδ is high in NSCs and low in mature 
astrocytes (Roelofs et al., 2005). Hence, high Notch activity correlates with a 
more mature GFAP network composition characterised by high percentage 
of GFAPα filaments and low GFAPδ expression. Hence, Notch activity might 
stimulate the maturation of astrocytes. On the other hand, inactivation of the 
Notch pathway might inhibit astrocyte differentiation, since we observed a 
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decrease in GFAP expression upon Notch inhibition. 
We here report for the first time that Notch signaling is an important 

intrinsic regulator of GFAP expression in human NSCs, which has important 
implications for NSC transplantation approaches. Inhibition of Notch signaling 
was previously discussed as a tool to promote neuronal differentiation in 
human NSCs before transplantation in vitro (Borghese et al., 2010). This 
approach is based on findings from rodents that during the neurogenic phase, 
Notch is important for the maintenance of the NSC pool via repression of 
neurogenesis. Hence, Notch signalling fulfils a dual role during development, 
where Notch activity suppresses neurogenesis and promotes astrogenesis 
dependent on the developmental stage of the NSC. 

Reduced expression of the astrocytic marker GFAP, found in our study, 
indicates that astrocyte differentiation might be inhibited upon deactivation of 
Notch. Hence, similar as described in the rodent brain, Notch signaling might 
suppress neurogenesis and promote astrogenesis. Therefore, modulation 
of Notch activity could be used to regulate human NSCs differentiation in 
vitro before transplantation in the diseased brain. Dependent on the specific 
pathology of a disease, activation of Notch signaling, and in turn astrocyte 
differentiation, might be beneficial for the recovery of brain function since 
newborn astrocytes can provide trophic support for damaged neurons. 
Alternatively, depending on the context of a specific disease, suppression of 
Notch and consecutively astrogenesis might favour neuronal differentiation 
and stimulate replacement of damaged neurons.

An important question which arises from our findings is how Notch 
signaling regulates isoform expression and thus alternative splicing of GFAP. 
As described in detail in Chapter 1, Notch controls GFAP transcription 
via its downstream target NF1A. NF1A induces the release of the DNA 
methyltransferase I from the GFAP promoter which induces epigenetic 
remodelling of the chromatin structure. Demethylation results in relaxation of 
the chromatin, which allows binding of the transcription factor STAT3, a key 
activator of GFAP transcription. Upon binding of STAT3, GFAP expression is 
stimulated (Takizawa et al., 2001).

Via modulation of the chromatin state of the GFAP gene, Notch signaling 
might not only control GFAP transcription but also alternative splicing of GFAP 
transcripts. Splicing occurs co-transcriptional which introduces an important 
role of transcriptional regulators, including epigenetic modifications, in the 
splicing process. Changes in the chromatin state influence inclusion of 
alternative exons but the underlying mechanism is still under investigation 
(Hnilicova et al., 2011; Nogues et al., 2002; Puppin et al., 2011). As discussed 
in Chapter 2, histone acetylation regulates the chromatin status of a gene 
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and influences the RNA pol II elongation rate. It has been indicated that 
strong splice sites encoded by constitutive exons and weaker splicing sites 
encoded by alternative exons compete for the recruitment of the same 
splicing factors (Wahl et al., 2009). Several genes were identified, where 
at a fast elongation rate of the polymerase, there is not enough time for 
the recruitment of splicing factors to imperfect (weak) splice sites of the 
alternative exons. Hence, fast transcription results in skipping of alternative 
exons and a reduction in alternative spliced mRNAs. At a slow elongation 
rate of the RNA polymerase, all exons are recognized by the splicing factors 
and thus are included in the transcript, which allows for enhanced expression 
of alternative transcripts (Hnilicova et al., 2011; Kornblihtt et al., 2004). 
Consistent with this hypothesis, we demonstrate in Chapter 2 that the ratio 
between constitutive and alternative splicing increased upon lower GFAP 
transcription levels induced by histone deacetylase inhibition, suggesting a 
dependency of the GFAP isoform usage on the transcription speed. An effect 
of transcription on alternative splicing of the endogenous GFAP gene confirms 
previous findings of a correlation of promoter activity and alternative splicing 
of a GFAP minigene (Blechingberg et al., 2007). Analysis of the occupancy 
of constitutive and alternative exons of GFAP by the RNA polymerase II at 
different transcription rates could validate whether inclusion of alternative 
GFAP transcripts is regulated by the RNA Pol II. 

Interestingly, dysregulation of alternative splicing of GFAP was 
associated with leukodystrophies, rare genetic disorders, which affect 
glia cells in the white matter of the central nervous system. Astrocytes of 
patients with vanishing white matter (VWM) disease, a genetic disorder with 
mutations in the eukaryotic translation initiation factor 2B (elF2B), show 
specific overexpression of GFAPδ but not GFAPα resulting in a increase in 
the GFAPδ/α ratio (Bugiani et al., 2011; Huyghe et al., 2012). Correlating 
with high GFAPδ expression, a reduction of hnRNP mRNA expression was 
observed (Huyghe et al., 2012). Intriguingly, proteins of the hnRNP family 
influence the inclusion of exons by binding to SR binding sites to inhibit SR 
protein binding (Wahl et al., 2009). The crucial importance for SR protein 
binding for GFAPδ expression, shown in this study, strongly suggests that 
reduced hnRNP levels, and subsequently increased SR protein binding to 
exon 7+, is responsible for the induction of GFAPδ expression in patients with 
VWM disease. This example highlights the importance of a tight regulation of 
the GFAP splicing process with direct implications for human diseases.

Interestingly, in VWM disease as well as Alexander’s disease (AxD), a 
genetic disorder characterized by heterozygous mutations in GFAP, itself 
(Brenner et al., 2001), dysregulation of GFAP expression is associated with 
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abnormal astrocyte morphology. In patients with VWM disease, astrocytes 
display short processes in comparison to fine arborisations of astrocytes in 
control tissue (Huyghe et al., 2012). In AxD, mutations in GFAP result in 
aggregation of the mutant protein in so-called Rosenthal fibers, a hallmark of 
the disease (Flint et al., 2012; Quinlan et al., 2007). As previously discussed, 
aggregation of the GFAP network and changes in the astrocyte morphology 
might contribute to similarities in the clinical phenotype of patients carrying 
mutations in elF2B or GFAP (Huyghe et al., 2012).

Consistent with an impact of the GFAP isoform ratio on GFAP assembly, we 
demonstrate in Chapter 2 that a shift in the GFAP isoform expression towards 
GFAPδ expression upon HDAC inhibition triggers a re-organization of the 
GFAP network. This is the first report on aggregation of the endogenous, non-
mutated GFAP protein. Previously, GFAPα overexpression or incorporation 
of high concentrations of GFAPδ in an existing GFAP network was shown 
to result in compromised assembly of the GFAP filaments (Kamphuis et al., 
2012; A.L. Nielsen et al., 2002; R.F. Roelofs et al., 2005). The data presented 
here indicate that also an increased GFAPδ/GFAPα ratio in the presence of 
reduced GFAP transcription lead to a re-organization of the GFAP network. 
Hence, a tight regulation of GFAP splicing is important to ensure a balanced 
ratio of GFAPδ and GFAPα, and, in turn, optimal GFAP network assembly. 
The impact of an aggregation of the GFAP network on astrocyte function is 
still elusive and is further discussed in section “2.2.2 Does a collapse of the 
GFAPδ network influence its protein interactions?”.

Similar as shown in this thesis for histone acetylation, DNA methylation 
might also regulate alternative splicing and thus assembly of GFAP. Hence 
at the onset of astrogenesis, demethylation of the GFAP promoter upon 
activation of Notch signalling might open up the chromatin structure, increase 
the transcription velocity of the RNA pol II, and decrease alternative splicing of 
GFAP transcripts. In line with this hypothesis, stimulation of the Notch pathway 
in human NSCs by the Notch ligand Jagged1 predominantly increased 
GFAPα and to a less extent the alternative transcript GFAPδ suggesting that 
alternative splicing of GFAP is indeed regulated by Notch activity (Chapter 
6). Conversely, the GFAP ratio could be reversed by inhibition of the Notch 
pathway. In the brain, Jagged1 is expressed by newborn neurons which 
are thought to stimulate Notch signalling in NSCs to induce astrogenesis 
(Namihra et al., 2009). This data indicates that a direct cell-cell contact 
between newborn expressing the Notch ligand and NSCs, which express 
the Notch receptor, might be necessary for the induction of astrogenesis. 
The hypothesis that Notch activity determines GFAP isoform expression is 
further supported by our findings in Chapter 7. We demonstrated that an 
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indirect stimulation of Notch downstream target expression via activation of 
proteasome activity increases GFAPα but not GFAPδ expression. 

Taken together, as shown in Chapter 6 and Chapter 7, stimulation of 
Notch activity, directly or indirectly, activates GFAP transcription. A high 
level of GFAP transcription strongly correlates with expression levels of 
GFAPα, but not GFAPδ. Based on our findings, it can be hypothesized that 
in NSCs at the onset of astrogenesis, epigenetic remodelling of the GFAP 
promoter upon Notch activation increases the transcription rate and, in turn, 
decrease alternative splicing of GFAP transcripts. As a result, expression of 
the alternative transcript GFAPδ might decline whereas GFAPα expression 
increases and evolves into the predominant GFAP transcript in mature 
astrocytes. Hence, via regulation of the GFAP promoter activity, Notch 
signaling might regulate alternative splicing of GFAP (see Figure 1). 

Our finding that Notch activity regulates the switch in GFAP isoform 
expression suggests that abnormal Notch activity might contribute to the 
dysregulation of GFAP expression in astrocytes of VWM disease patients. As 
mentioned before, VWM astrocytes display specific upregulation of GFAPδ but 
not GFAPα. It can be hypothesised that a mutation in the elF2B transcription 
factor, the mutation causing VWM disease, reduces Notch activity e.g. by 
decreasing Notch receptor expression. Since Notch activation induces the 
switch from a high to a low GFAPδ/α ratio (Chapter 6), dysregulation of 
Notch signaling might contribute, in addition to a dysregulation of splice 
factor expression (Huyghe et al., 2012), to the increased GFAPδ expression 
in VWM astrocytes and potentially a lack of maturation of astrocytes. 
This hypothesis is further supported by the crucial importance of Notch to 
promote astrogenesis through regulation of the gene expression of additional 
astrocytic genes including S100B and aquaporin4 (Namihira et al., 2009).

Alternative splicing of the NF1 gene might play a key role in the regulation 
of GFAP promoter activity with crucial importance for the expression of GFAP 
isoforms. The main isoform, NF1A, is expressed in NSCs and during astrocyte 
differentiation (Wilczynska et al., 2009) and promotes GFAP expression 
via the release of the DNA methyltransferase I from the GFAP promoter 
(Cebolla and Vallejo, 2006; Namihira et al., 2009). Recently a novel NFA 
isoform, NF1-X3, was discovered that is expressed in low amounts in NSCs 
whereas it is upregulated during the differentiation of NSCs into astrocytes. 
In contrast to NF1A, NF1-X3 significantly induces GFAP expression through 
changes in the promoter nucleosome architecture that increases the the 
recruitment of the RNA Pol II to the promoter. Due to an increase of the 
NF1-X3 isoform during the course of astrocyte differentiation, the activity of 
the GFAP promoter could be enhanced (S. K. Singh et al., 2011). It can be 
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speculated that in undifferentiated NSCs GFAP expression is mainly induced 
by the Notch downstream target NF1A that induces demethylation and, in 
turn, activation of GFAP expression. 

During differentiation, an induction of the NF1-X3 isoform, which alters the 
nucleosome architecture and the recruitment of the RNA Pol II, might result 
in a dramatic increase in the GFAP promoter activity and reduce alternative 
splicing. In agreement with this idea, expression levels of GFAPα, but not 
GFAPδ, significantly increase during astrocyte differentiation. As discussed 
above, the level of alternative splicing of GFAP is expected to decrease 
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upon high GFAP promoter activity which might then result in a loss of GFAPδ 
expression at the end of astrocyte differentiation. Interestingly, S100B, 
marking astrocytes but not NSCs, was identified as a NF1-responsive gene 
(Sandeep K. Singh et al., 2011). Hence, it can be speculated that NF1-X3 
expression might be responsible for the induction of additional astrocytic 
genes such as S100B in astrocytes. A low expression of NF1-X3 could 
prevent expression of S100B in NSCs. 

To extrapolate from the emerging concepts in current literature to the 
focus of this thesis, the regulation of GFAP expression at the onset of 
astrogenesis, a hypothetical model of the regulation of alternative GFAP 
expression is presented in Figure 1. The GFAP isoform expression is likely 
to be the result of combinatorial regulation by transcriptional, epigenetic, and 
splice regulators.

2. Understanding the functional consequences of a 
specialization of the GFAP network induced by incorporation 
of GFAPδ

2.1 Association of GFAPδ expression with an immature astrocyte 
phenotype

A tight regulation of GFAP isoform expression might modulate NSC 
differentiation into astrocytes. Recently it was recognized that a switch in mRNA 

3 Figure 1. The interplay of transcriptional, epigenetic, and splice regulators might determine 
differential GFAP isoform expression in neural stem cells and astrocytes. Hypothetical model of 
the regulation of GFAP expression integrating experimental evidence from this present thesis 
and current literature. In neural stem cells (NSCs) GFAP expression might be induced by 
moderate Notch activity, which leads to partial demethylation of the GFAP promoter. Induction 
of expression of the Notch downstream target NF1A and its binding to the GFAP promoter 
was shown to release the DNA methyltransferase 1 (DNMT1). A partial demethylation might 
only lead to a partial relaxation of the chromatin which maintains a low transcription speed. 
The transcription rate might be low enough that alternative exon 7+, present in the GFAP pre-
mRNA, can successfully compete with consitutive exons for the binding of splice activators 
such as SR proteins. A high expression of SR proteins, but low expression of splice repressors 
such as hnRNP, in NSCs might in addition favour expression of GFAPδ, thus the GFAPδ/α 
is high in NSCs (indicated by a high number of light blue GFAPδ filaments). During astrocyte 
differentiation, the GFAPδ/α decreases. Increased Notch activity at the onset of astrogenesis 
enhances expression of its downstream target NF1A, which induces an demethylation of the 
GFAP promoter via a complete release of DNMT1. A complete demethylation of the promoter 
leads to a relaxation of the chromatin and an increase in the transcription rate. Therefore 
in astrocytes, the alternative exon 7+, present in the GFAP pre-mRNA, cannot compete 
with consitutive exons for the binding of splice activators such as SR proteins. In addition, 
a high expression of splice repressors such as hnRNPs, but low expression of SR proteins, 
might decrease expression of GFAPδ in astrocytes. Moreover, tissue-specific expression of 
microRNAs targeting the 3’UTR of GFAPδ might reduce GFAPδ expression.
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isoform patterns is highly abundant at the onset of stem cell differentiation, 
which might be necessary for adapting gene function to a differentiated cell 
type. In contrast, the identity of stem cells might be maintained by stem 
cell-specific isoforms. Consequently, the variety of alternative transcripts of 
numerous genes decreases during differentiation (discussed in (Chepelev 
and Chen, 2012).

In line with this observation, NSCs reduce their expression of the alternative 
transcript GFAPδ during astrocyte differentiation. As a consequence, the 
ratio between GFAPδ and the canonical isoform GFAPα decreases. This 
dynamic regulation of GFAPδ expression indicates that the alternative GFAP 
transcript not only marks NSCs but has a specific role in the formation of the 
GFAP network in NSCs and glial progenitors but is not of importance after 
differentiation into astrocytes.

Consequently, disturbance of the developmental switch from a high 
GFAPδ/α ratio to a low GFAPδ/α ratio is expected to cause defects in 
the astrocyte differentiation. In line with this hypothesis, dysregulation of 
alternative splicing of GFAP was associated with leukodystrophies, rare 
genetic disorders which affect the maturation of glia cells in the white matter 
of the central nervous system. As mentioned before, astrocytes of patients 
with VWM disease show specific overexpression of GFAPδ, but not GFAPα, 
resulting in an increase in the GFAPδ/α ratio (Bugiani et al., 2011; Huyghe et 
al., 2012). To date, the consequences of an increased GFAPδ expression on 
astrocyte function and a contribution to the phenotype of VWM patients are 
still elusive. However, high GFAPδ expression is associated with incomplete 
maturation of astrocytes in patients with leukodystrophy (Mignot et al., 
2004). Since an increased GFAPδ/GFAPα ratio resembles a more immature 
GFAP isoform pattern, characteristic for NSCs, it can be speculated that a 
dysregulation of GFAP alternative splicing might restrain the maturation of 
astrocytes. 

The effect of GFAPδ expression in NSCs at the onset of astrocyte 
differentiation was investigated in Chapter 6. We showed that lentiviral-
mediated overexpression of GFAPδ increases proliferation of glial progenitors 
(Figure 2). On the one hand, enhanced proliferation of progenitors might 
indicate that NSC differentiation is accelerated since progenitor cells display 
a faster proliferation rate than NSCs (Pastrana et al., 2011). Thus, expression 
of GFAPδ might promote the transition from a NSC to a progenitor cell. One 
the other hand, an increased proliferation rate might inhibit cell differentiation, 
since proliferation and differentiation are inversely coupled according to the 
“cell cycle length hypothesis”. It has been demonstrated that inhibition of the 
cell cycle favors differentiation (reviewed in (Götz and Huttner, 2005)). Vice 
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versa, a faster proliferation rate might restrain differentiation. 
Investigation of the maturation state of glial progenitors that overexpress 

GFAPδ could elucidate whether astrocytes with high GFAPδ expression 
remain immature also after longterm stimulation of astrocyte differentiation. 
However, this approach requires markers that distinguish distinct differentiation 
stages during astrogenesis ranging from initiation of astrocyte specification to 
terminal differentiation. A lack of these specific markers currently complicates 
the study of GFAPδ function. Due to this limitation, so far our experiments 
in Chapter 6 support but do not yet validate the hypothesis that GFAPδ 
restrains maturation of astrocytes.

Therefore, improvement of isolation techniques using cell type-specific 
surface markers is of crucial importance (Malatesta et al., 2000; Orre et al., 
2013). Isolation of astrocyte populations at different developmental stages 
would allow to define i) distinct differentiation stages during astrogenesis and 
ii) the  expression pattern of GFAPδ within this process. 

Figure 2. GFAP filaments might serve as platforms for signaling molecules to regulate vital 
cellular functions. 1) In Chapter 3, we showed that GFAP regulates the expression of integrins 
and affects migration, adhesion, and morphology of astrocytes. 2) A negative correlation of 
GFAP expression and proliferation in NSCs was shown in Chapter 6. An interaction of GFAP 
with cell cycle regulators might reduce proliferation of astrocytic cells. 3) GFAP inhibits NICD-
mediated gene expression (Chapter 6), possibly by regulating the sub-cellular expression of 
NICD. Binding of GFAPδ to presenilin 1 might enhance the inhibitory role of GFAP on Notch 
activity.
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It is important to note that it still needs to be determined whether an 
increase in glial progenitor proliferation is specifically induced by GFAPδ or 
also can be promoted by GFAPα overexpression. Based on our hypothesis 
that a switch in the GFAP isoform pattern during astrogenesis favours GFAPα 
expression to induce maturation of astrocytes, we expect that overexpression 
of GFAPα, on the longterm and in contrast to GFAPδ, promotes differentiation 
of glial progenitors. 

Interestingly, GFAP expression affects proliferation differentially when 
overexpressed in undifferentiated NSCs. As shown in Chapter 6, both 
GFAPα or δ overexpression decreased proliferation of NSCs. Hence, GFAP 
might exert an opposite function in NSCs than in glial progenitors where 
GFAPδ overexpression enhances proliferation. A dual role of GFAP correlates 
with a dual function of its key transcriptional regulator Notch. As mentioned 
previously, Notch signaling maintains a NSC fate early during development 
while promoting astrogenesis at later stages of development (reviewed in 
(Cau and Blader, 2009).

In analogy, GFAP might contribute to the maintenance of NSCs before 
differentiation indicated by a dramatic disturbance of NSC growth upon GFAP 
dysregulation induced by ectopic overexpression of a GFAP expression 
construct (Chapter 6). In glial progenitors, Notch activity and subsequently 
GFAP expression might promote astrogenesis. Due to the expression of 
functional distinct isoforms, GFAP might be able to exert different functions 
in NSCs than it does in mature astrocytes. Silencing of GFAPδ expression, 
simultaneous to upregulation of GFAPα during the course of differentiation, 
might trigger the differentiation and maturation of astrocytes. The mechanism 
how a switch in GFAP isoform expression is regulated is discussed in section 
“Integration of transcriptional and epigenetic regulators in the control of GFAP 
isoform expression”. 

In conclusion, a dynamic regulation of GFAP isoform expression during 
astrocyte maturation might allow for different functional outcomes of GFAP 
expression in NSCs and astrocytes. Moreover, our data provide first evidence 
that a dual role of Notch in NSC differentiation might translate to a dual role 
of GFAP in NSCs and astrocytes, which pinpoints GFAP as a downstream 
effector of Notch dependent regulation of astrogenesis.

The mechanism how GFAP regulates proliferation is still exclusive. 
However nestin, an alternate IF protein specifically expressed in NSCs, was 
previously shown to regulate NSC proliferation by serving as a scaffold for 
the cyclin dependent kinase 5 (Cdk5). The presence and organization of 
nestin regulated the activity of Cdk5, and in turn, cell survival (Sahlgren et 
al., 2006). The absence of nestin in NSCs suppressed the proliferation of rat 
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embryonic NSCs in culture. Moreover, in utero silencing of nestin resulted in 
a reduction of NSC proliferation caused by a cell cycle arrest (Xue and Yuan, 
2010). Corresponding with the findings of the IF protein nestin, also GFAP 
might function as signaling platform for cell-cycle regulators. According to 
this hypothesis, overexpression of GFAP hypothetically leads then to a 
dysregulation of the cell cycle regulation and, in turn, a reduced proliferation 
of NSCs.  

2.2 Downstream effects of GFAPδ expression

To date, the functional consequences of the integration of the GFAPδ 
isoform in the GFAP network are still unknown. Nevertheless, the experiments 
performed in this thesis provide important indications for the downstream 
effects of GFAPδ expression, an important step towards deciphering GFAPδ 
functions.

2.2.1 GFAPδ, a potential inhibitor of Notch-mediated gene 
expression?

In Chapter 6, we demonstrated that GFAPδ has a distinct role in the 
inhibition of Notch signaling. In cells with low Notch activity, both GFAPα 
and GFAPδ overexpression significantly inhibited Hes-1 promoter activity in 
Hek293T cells. However, in cells with activated Notch signaling, induced by 
expressing high levels of cleaved Notch (NICD), only GFAPδ maintained an 
inhibitory effect on Hes-1 expression.

It can be hypothesized that the presence of GFAP filaments in the 
cytoplasm influences the sub-cellular localization of NICD. GFAP might 
bind NICD to block its translocation from the cytoplasm to the nucleus. A 
translocation of NICD to the nucleus normally allows NICD to bind promoters 
of Notch target genes such as Hes-1 to activate their transcription (Guruharsha 
et al., 2012). We observed that in the presence of high levels of NICD, Hes-1 
expression returns to normal expression levels although GFAPα was highly 
expressed. High NICD expression levels might compensate NICD inhibition 
by GFAPα and, consequently, enough NICD proteins might translocate to 
the nucleus to activate the Notch downstream target Hes-1. In contrast, 
GFAPδ maintains an inhibitory effect on Hes-1 induction in cells with high 
levels of NICD. It can be speculated that a higher binding capacity of GFAPδ 
to NICD allows an inhibition of NICD-mediated gene expression also in the 
presence of high NICD levels. The hypothesis that GFAPδ has a higher 
binding capacity to NICD in comparison to GFAPα, is further supported by 
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a stronger inhibition of Hes-1 promoter activity by GFAPδ than GFAPα at 
baseline. Future research is necessary to investigate whether GFAP, and in 
particular GFAPδ, indeed interact with NICD on the molecular level to inhibit 
Notch downstream targets. 

Importantly, it has been previously shown that specifically GFAPδ, but 
not GFAPα, can bind presenilin 1 (PS1), which is part of the y-secretase, a 
proteolytic complex that cleaves the Notch receptor and releases NICD in 
the cytoplasm. The C-terminal tail of GFAPδ, as well as a sequence in the 
rod domain shared by GFAPδ and α, is crucial for PS1 binding (Nielsen et al., 
2002). We observed that co-transfection of PS1 could not rescue the GFAPδ 
induced reduction of Hes-1 promoter activity (unpublished data). In view of 
our hypothesis that GFAP binds NICD, this finding is not unexpected since 
NICD acts downstream of PS1 in the Notch pathway. Therefore, GFAPδ 
might retain NICD in the cytoplasm also when NICD cleavage from the Notch 
receptor is stimulated by high expression of the y-secretase component 
PS1. The functional consequences of the interaction of GFAPδ and PS1 
are still elusive. We show in Chapter 6 that expression of Notch pathway 
components such as PS1, as well as GFAPδ expression, is high in primary 
fetal human NSCs. Co-expression of PS1 and GFAPδ in NSCs might allow 
for their interaction and a modulation of Notch signaling activity. Whether an 
interaction of PS1 and GFAPδ activates or inhibits the Notch pathway needs 
to be further investigated. It can be speculated that binding of GFAPδ to 
PS1 represents, in addition to a possible inhibitory role of GFAPδ on NICD 
localization, a way to inhibit Notch signaling on the level of NICD production 
(Figure 2). 

All together, the data from Nielsen and colleagues and our study 
emphasize a possible role of GFAP, and specifically GFAPδ, in Notch activity 
control. 

In conclusion, GFAPδ might fine-tune the activity of the Notch pathway 
via inhibition of NICD-mediated gene transcription. However, the precise 
mechanism how GFAP inhibits Notch downstream target expression is still 
under investigation.

2.2.2 Does a collapse of the GFAPδ network influence its protein 
interactions?

Previous studies demonstrated a GFAPδ-induced re-organization of 
the GFAP network in astrocytes. Moreover, ectopic expression of GFAPδ 
resulted in a collapse of its filaments in IF free cells (Kamphuis et al., 2012; 
Anders Lade Nielsen et al., 2002; Perng et al., 2008; R.F. Roelofs et al., 
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2005, Moeton et al., in revision). GFAPδ encodes an alternative C-terminal 
tail, which compromises the assembly of GFAP filaments. For proper filament 
formation, GFAPδ requires the presence of GFAPα protein (Perng et al., 
2008; Roelofs et al., 2005). Consistently, the cells used to study the effect of 
GFAPδ expression on Hes-1 promoter activity displayed a collapsed GFAPδ 
network (unpublished observation).   

It can be speculated that a collapse of the GFAPδ network influences its 
inhibitory role on Hes-1 gene expression, since a re-distribution of GFAPδ 
filaments in a collapse might alter protein interactions. In line with this idea, 
it has been shown that a GFAPδ-induced collapse of the GFAP network 
enhances binding of stress-related proteins such as αB-crystallin (Perng et 
al., 2008). However, enhanced binding of αB-crystallin might represent an 
endogenous mechanism in the cell to prevent IF aggregation, since increased 
expression levels of αB-crystallin were shown to decrease the aggregation 
of GFAP in vitro (Koyama and Goldman, 1999; Nicholl and Quinlan, 1994; 
Perng et al., 1999). So far, it is not clear whether a re-distribution of GFAP 
also influences the binding of GFAPδ to signaling proteins such as PS1 or 
possible interaction partners like NICD. 

Investigation of astrocytes with endogenous GFAP expression could 
elucidate whether a collapse of the GFAP network influences the inhibitory 
role of GFAPδ on Notch signaling. Since a collapse of the GFAP network 
is concentration dependent (Perng et al., 2008), transient overexpression 
of GFAPδ results in a population of cells with and without a collapse of the 
GFAP network. A comparison of the Hes-1 promoter activity, marking Notch 
activation, in cells with a collapse of the GFAP network could elucidate whether 
a re-organization of the GFAPδ network influences its inhibitory role on Hes-
1 gene expression in comparison to cells expressing a widespread GFAP δ 
network. Hes-1 promoter activity and a re-organization of the GFAP network 
could be simultaneously visualized by staining for GFAP and transfection of 
a Hes-1 promoter construct expressing a fluorescent reporter.

2.2.3 The functional consequences of an inhibition of Notch activity 
by GFAP

Inhibition of NICD-mediated gene expression, and possibly inhibition of 
NICD production through binding to PS1, might represent a negative feedback 
loop in which GFAP controls Notch activity (Figure 2). This hypothesis is 
supported by additional data presented in Chapter 6. We demonstrate that 
active Notch stimulates GFAP expression. In agreement with an inhibitory 
role of GFAP, transgenic expression of GFAPδ at the onset of astrogenesis 
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inhibited expression of the Notch target gene Hes-5. Together with the 
previously discussed finding that high GFAP levels induce silencing of the 
Notch downstream target Hes-1, our data suggest that GFAP expression and 
Notch activity form a negative feedback loop in which active Notch signaling 
stimulates GFAP expression, which then down regulates Notch activity. 

In NSCs, an interplay between GFAP and Notch might control astrocyte 
differentiation. Since Notch is a key activator of astrogenesis, an inhibition 
of Notch signaling might control the number of astrocytes generated in the 
brain. Newborn astrocytes are important for neuronal development since 
they regulate the formation of developing synapses (Ullian et al., 2001). 
Thus, a tight regulation of astrocyte differentiation is crucial for normal brain 
formation. 

GFAP is likely to have only a modulatory role in the control of astrogenesis 
since GFAP knockout mice are vital and display no obvious changes in 
neurogenesis and brain development (Gomi et al., 1995; Pekny et al., 1995). 
Nevertheless, it is important to note that an effect on astrogenesis might be 
compensated in the adult brain. Previously it was demonstrated that even 
a drastic dysregulation of astrocyte differentiation can be compensated 
postnatally resulting in normal numbers of astrocytes in adulthood. Since 
current studies focus on the effect of GFAP depletion in adult mice, so far an 
effect of GFAP on astrogenesis during development might be undiscovered. 
It may be considered to investigate the contribution of GFAP on astrogenesis 
in mice lacking both IF proteins GFAP and vimentin, since it has become 
clear that the lack of GFAP can be compensated by the expression of the 
alternate IF protein vimentin. Consistently, mice lacking both IF proteins 
GFAP and vimentin show a more severe phenotype e.g. defects in the glial 
scar formation in response to brain trauma (Menet et al., 2001; Wilhelmsson 
et al., 2004). Recently, the lack of GFAP and vimentin in astrocytes has been 
shown to reduce Notch signaling through down regulation of the Notch ligand 
Jagged1. Interestingly, we show that high expression of GFAP expression 
also promotes Notch inhibition. Hence, both overexpression and genetic 
depletion of GFAP might dysregulate GFAP function resulting in Notch 
inhibition. This finding highlights that a balanced GFAP expression is crucial 
for Notch activity in NSCs.

Inhibition of Notch signaling, induced by modulation of GFAP expression, 
affects NSC differentiation dependent on the developmental state of NSCs. 
Notch inhibition in NSCs during the neurogenic phase increases neurogenesis 
of primary mouse NSCs in vitro (Wilhelmsson et al., 2012). The increase 
in neuronal differentiation might result from a release of Notch inhibition 
on neurogenesis. This data confirm a role of Notch in the maintenance of 
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the NSC fate by inhibition of neuronal differentiation (Louvi and Artavanis-
Tsakonas, 2006). In contrast, Notch inhibition during astrocyte differentiation 
might limit astrogenesis. These findings are consistant with the dual role 
of Notch during development. Notch inhibits neuronal differentiation during 
neurogenesis and favours astrocyte differentiation during astrogenesis.

Alltogether, the findings of Wilhelmsson and Chapter 6 strongly 
suggest that modification of GFAP expression inhibits Notch activity. The 
effect of Notch inhibition on cell fate decisions of NSCs highly depends on 
the developmental stage of NSCs. As a result, inhibition of Notch during 
the neurogenic phase leads to an increase in neurogenesis, while Notch 
inhibition during the astrogenic phase might limit astrogenesis.

Wilhelmsson and colleagues demonstrated that the interplay of GFAP 
and Notch is non-cell-autonomous and requires cell-cell-contact, since down 
regulation of the Notch ligand Jagged1 in knockout astrocytes results in low 
Notch activity in NSCs (Wilhelmsson et al., 2012). In view of this finding, 
the negative feedback loop of GFAP and Notch investigated in Chapter 
6 is likely to also involve an interaction of NSCs and glial progenitors. An 
increase in GFAP expression might reduce expression of the Notch ligand 
Jagged1 in differentiating glial progenitors. As a result, Notch signaling 
would be downregulated in NSCs to further limit astrocyte differentiation. 
We investigated the interaction of GFAP and Notch in neurosphere cultures 
during astrocyte differentiation, which consist of a heterogeneous population 
consisting of NSCs as well as glial progenitor cells. Investigation of a 
mixed cell population excludes the investigation whether glial progenitors 
indeed reduce Notch signaling in NSCs to control astrogenesis. In order 
to study the non-cell-autonomous interplay of GFAP and Notch signalling, 
co-cultures of glial progenitors together with NSC that express a Notch 
reporter could be analyzed. So far, no reporter system is available to study 
Notch activity in human NSCs. Transgenic mice were created in which 
Notch downstream targets expression is labelled with a fluorescent reporter 
(reviewed in (Imayoshi et al., 2013). Overexpression of GFAP in astrocytes 
co-cultured with NSCs that express a Notch reporter could validate whether 
GFAP silences Notch signalling in NSCs. Moreover, investigation of the 
regulatory role of GFAP on Notch signaling in vivo could reveal the functional 
consequences of their interplay on brain formation. However, findings in 
the mouse model might not reflect the human situation. Previous studies in 
our lab demonstrated that in the mouse brain GFAPδ is expressed in NSCs 
as well as in mature astrocytes demonstrating that GFAPδ expression, in 
contrast to human brain, is not enriched in NSCs (Mamber et al., 2012). 
Thus, mice might not represent a suitable model to study the regulatory role 
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of GFAP on Notch signaling, which might be present in the human brain. 
We hypothesize that the dynamic regulation of GFAPδ in human NSCs is 
crucial for regulation of GFAP function in NSCs in comparison to astrocytes 
(see section “1.7 Transcriptional and epigenetic regulation of alternative 
splicing of GFAP”). Expression of GFAPδ in mouse NSCs and astrocytes 
indicates that GFAPδ is not downregulated during NSC differentiation in the 
mouse brain. A lack of a dynamic regulation of GFAPδ in mice might alter the 
outcome of functional studies of GFAP in comparison to the human brain. 
This hypothesis is supported by the observation that in contrast to a dramatic 
effect of GFAP overexpression on sphere formation of human NSCs in a 
neurosphere assay, overexpression of GFAP does not affect proliferation of 
mouse NSCs (Mamber et al., unpublished observations). Characterization 
of GFAPδ expression in alternative laboratory animals could help to find a 
suitable animal model to study the function of GFAP in vivo.

2.2.4 The role of a specialized GFAP network in astrocytes

In Chapter 3, the functional consequences of the integration of the 
GFAPδ protein in the GFAP network of mature astrocytes was analyzed. 
To this end, GFAPα expression was specifically silenced using an isoform-
specific shRNA in human astrocytoma cells in vitro. Intriguingly, the shift 
in the GFAP isoform ratio was enhanced by upregulation of GFAPδ by the 
cell itself, which might represent an intrinsic regulatory mechanism of the 
cell to compensate the loss of GFAPα. This finding indicates that the cell 
is capable to sense a shift in the GFAP isoform ratio. As a result, the GFAP 
promoter activity might be stimulated to increase GFAP transcription, and in 
turn, restore GFAPα expression. Promoter assays using a GFAP promoter 
reporter could validate if the cell increases GFAP transcription to compensate 
the loss of GFAPα. Expression of GFAPα might not be restored due to the 
high efficiency of the GFAPα specific shRNA. However, as a result of an 
increased GFAP transcription, GFAPδ expression might be upregulated. 

Shifting the GFAP isoform ratio in favour of GFAPδ expression provided 
important insights into the function of a specialized GFAP network in 
astrocytes. We here show for the first time that changing the IF network 
composition reduces cell motility (Figure 2). In addition, a specialized GFAP 
network expressing high amounts of GFAPδ enhances the production of 
the ECM substrate laminin. Importantly, neither overexpression of GFAP 
(Moeton et al., in revision) nor knockdown of all GFAP isoforms significantly 
altered cell motility or production of laminin in our cell model (Chapter 3). 

Taken together, this data imply that the regulation of the GFAP isoform 
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ratio might represent a way for the cell to modify astrocyte and possibly NSC 
functions. By modulation of alternative splicing of GFAP, astrocytes may 
regulate cell motility and laminin production. This hypothesis highlights that 
a balanced expression of the GFAP isoforms GFAPα and GFAPδ might be 
critical for astrocyte functions. Whether expression of GFAPδ is dynamically 
regulated to control the function of mature astrocytes is still elusive. As 
mentioned before, GFAPδ protein expression is low in human mature 
astrocytes (Kamphuis et al., 2013, in press). However, subtle changes in 
the GFAPα/δ ratio might occur. The trigger for a regulation of GFAP isoform 
expression to regulate cell motility and production of laminin still needs to be 
determined.

Our data pinpoint integrin β1 as a downstream factor important for the 
regulation of cell motility by GFAP. A reduced motility in cells with a high 
GFAPα/δ ratio might be the result of the observed downregulation of integrin 
β1. The motility of a cell is regulated by different variables including expression 
levels of cell adhesion molecules including integrins (Lauffenburger and 
Horwitz, 1996). Integrin β1 was previously associated with reduced motility. 
The β1 integrin has been found to be localized to the leading edge of 
migrating astrocytes (Ogier et al., 2006) and blocking the β1 integrin receptor 
has been shown to inhibit astrocyte migration (Nishio et al., 2005). Moreover, 
in gliomas blocking of integrin β1 has been found to inhibit cell migration 
(Rooprai et al., 1999). Overexpression of β1 integrin in order to restore its 
expression levels in cells with a high GFAPα/δ ratio could prove whether the 
downregulation of integrin β1 is indeed causal for the reduced cell motility.

The functional consequences of reduced motility and increased laminin 
production in cells with a GFAPα knockdown are still elusive. Astrocytes 
with a specialized IF network, induced by GFAPδ expression, are present 
in the neurogenic niche where they might express high amounts of laminin 
to maintain the niche. The presence of a basal lamina and vasculature has 
been proposed as key determinants of maintaining the neurogenic niches 
like the SVZ (Alvarez-Buylla and Lim, 2004). The SVZ niche is rich in 
laminin and neural stem cells have been found to localize preferably to the 
vasculature containing laminin (Kazanis et al., 2010; Shen et al., 2008). Our 
data suggests a role for a specialized IF network in astrocytes in creating 
and maintaining a neurogenic niche by producing laminin. Laminin has also 
been found to promote neuroblast migration (Belvindrah et al., 2007), and 
astrocytes containing GFAPδ have been found in the glial tube surrounding 
migrating neuroblasts (van den Berge et al., 2010). Neuroblast migration is 
laminin dependent through β1 integrin expression (Belvindrah et al., 2007). 
Hence, astrocytes with an IF network containing GFAPδ might support 
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proper neuroblast migration. Reduced motility of GFAPδ expressing cells, 
itself, might ensure that the astrocytes remain in the glial tube. 

Modification of the IF network was previously associated with changes 
in astrocyte morphology (Lepekhin et al., 2001; Weinstein et al., 1991). 
Confirming a regulatory role for GFAP on cell morphology, we here determined 
that downregulation of pan GFAP expression changed cell morphology 
in human astrocytoma cells. However, a shift in the GFAP isoform ratio in 
favour of GFAPδ expression had not influence on cell morphology. These 
data indicate that the induction of GFAPδ upon knockdown of GFAPα might 
be sufficient to maintain the morphological characteristics of astrocytoma 
cells, since GFAPα knockdown cells demonstrate none of the morphological 
changes present in cells with a pan GFAP knockdown. The ability of the 
GFAPδ isoform to take over the function of GFAPα suggests that the role 
of GFAP in cell morphology is not dependent on this specific isoform but 
rather is determined by the presence of GFAP filaments. It was shown 
before that morphological changes can occur in GFAPδ overexpressing cells 
where a collapse of the IF network is induced. As mentioned before, GFAPδ 
itself is assembly compromised (Nielsen and Jørgensen, 2004) and high 
concentrations of GFAPδ filaments can collapse the IF (Nielsen et al., 2002; 
Perng et al., 2008; Roelofs et al., 2005). This data highlight that a drastic 
re-organization of the IF network either by knockdown of all GFAP isoforms 
or overexpression of high amounts of GFAPδ leading to a collapse of the IF 
network is needed to alter the morphology of astrocytes. 

Taken together, specialization of the GFAP network might represent a way 
for astrocytes to regulate cellular functions such as motility and production of 
the ECM protein laminin but not morphology. The consequences of a change 
in astrocyte function dependent on GFAP, in and outside of the neurogenic 
niche, still needs to be investigated.

Outlook

Taken together, the data presented in this thesis demonstrate that 
GFAP expression is tightly regulated at the transcriptional, epigenetic, and 
splicing level. This complex regulation of GFAP expression emphasizes 
that a balanced expression of GFAP might be crucial for proper astrocyte 
function. However, we are just beginning to unravel the function of GFAP. 
Moreover, the functional consequences of a specialization of the GFAP 
network by integration of the alternative isoform GFAPδ are still elusive. 
Our data support the idea that IF proteins such as GFAP might represent 
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platforms that bind signaling molecules to modulate cellular functions. Future 
research is necessary to extrapolate from our current knowledge of GFAP as 
a marker of astrocytes to an understanding of its function in specific astrocyte 
subpopulations. The biggest challenge herein represents the unraveling of 
the mechanisms of how GFAP regulates gene expression in order to control 
vital cellular functions such as differentiation, proliferation, and migration.

Important information can be retrieved from studies of the alternative 
IF protein nestin. The expression of nestin as a marker for NSCs in the 
neurogenic niche is characterized in detail. However, in parallel to GFAP, 
little is known about the functional consequences of nestin expression in 
NSCs. Recently, nestin has been identified as potential target for the cdk5 
and p35 kinase to regulate cell proliferation (Sahlgren et al., 2006). Moreover, 
the homolog of nestin in chicken, transitin, was suggested to bind Numb 
to determine the intracellular localization of Numb to regulate neurogenesis 
(Wakamatsu et al., 2007). Although the interaction of transitin and Numb is 
not conserved in mammals, this study sets an example how IF proteins can 
regulate intracellular localization of signaling molecules. This data i) confirms 
the emerging role of IF proteins as important signaling platforms in the cell 
and ii) supports our hypothesis that GFAP as main IF protein in astrocytes 
could control the subcellular localization of signaling molecules such as NICD. 
Understanding the function of the IF proteins nestin and GFAP, nowadays 
widely used as markers of distinct cell types in the neurogenic niche, will 
significantly enhance our knowledge of the regulatory mechanisms controling 
neurogenesis. 

Once the mode of action of GFAP as a transcriptional regulator is known, 
the examples of studies investigating regulation of transcription factor activity 
by alternative splicing will guide future research to understand how alternative 
splicing modulates GFAP function in specific astrocyte subpopulations. Since 
GFAP is expressed in NSCs and astrocytes, expression of functional distinct 
isoforms might be necessary to “fine-tune” the function of GFAP in these 
different cell types. 

A first step towards a better understanding of the transcriptional network 
regulated by GFAP isoform expression are genome-wide expression analysis 
in cells with a modified GFAP network. The knockdown cells established in 
this study (Chapter 3) might represent a valuable tool for microarray analysis. 
Isoform-specific modulation of GFAP can elucidate whether GFAPδ has a 
distinct function as transcriptional regulator in comparison to the canonical 
isoform GFAPα. Once downstream target genes of GFAP are discovered, 
an investigation of its interaction with signaling pathways can reveal whether 
GFAP serves as a scaffold for e.g. cell-cycle proteins and molecules 
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important for migration and ECM production. In conclusion, so far we are 
multiple steps away of understanding GFAP function and the consequences 
of a specialized GFAP network induced by alternative splicing of the GFAP 
gene. Based on our findings presented here, it can be anticipated that the 
presence and organization of the GFAP network modulates the activity of 
signaling molecules and, in turn, vital cellular functions. 
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Dit proefschrift beschrijft onderzoek naar het eiwit GFAP (glial fibrillary 
acidic protein), het belangrijkste intermediair filament (IF) eiwit in astrocyten 
en astrocyt-achtige cellen zoals neurale stamcellen (NSC’s). Het GFAP-gen 
ondergaat alternatieve splicing, waardoor er verschillende vormen van het 
GFAP-eiwit ontstaan. De meest gangbare vorm van GFAP is GFAPα en de 
meest voorkomende alternatieve splice variant is GFAPδ. IF eiwitten vormen 
filamenten in de cel en deze zijn een onderdeel van het cytoskelet van de cel. 
GFAPδ is niet in staat om intacte filamenten te vormen, dit in tegenstelling tot 
GFAPα, en de hoeveelheid van GFAPδ in een cel kan de vorming van het IF 
netwerk sterk beïnvloeden. In geval van een neurodegeneratieve aandoening 
of hersenletsel reageren astrocyten met een verhoogde aanmaak van IF 
eiwitten, waaronder GFAP. GFAP expressie wordt ook sterk gereguleerd 
tijdens de ontwikkeling van het zoogdierbrein, waarbij expressie van GFAP 
de differentiatie van NSC’s in astrocyten in gang zet. Het ontrafelen van 
de intracellulaire routes, die GFAP expressie reguleren en zo de aanmaak 
van astrocyten sturen, is cruciaal voor neurale stamcel transplantaties. De 
hoeveelheid GFAP lijkt namelijk van belang te zijn voor de differentiatie van 
het type zenuwcel (astrocyt, oligodendrocyt of neuron) dat uit de stamcel 
ontstaat. Het sturen van het type cel dat zal ontstaan uit een stamcel is 
van groot belang voor stamceltransplantaties. Momenteel wordt onderzocht 
of een stamceltransplantatie kan worden ingezet om hersenaandoeningen 
te behandelen. Tot op heden blijft het echter lastig om NSC differentiatie 
zodanig te sturen dat een specifiek celtype – astrocyten, oligodendrocyten 
of neuronen, ontstaat. Het onderzoek van de differentiatie naar een specifiek 
celtype gedurende de normale ontwikkeling is belangrijk om te begrijpen in 
welke richting NSC’s zich zullen gaan ontwikkelen in het volwassen brein. 
De verschillende cellulaire mechanismen die GFAP expressie in gang zetten 
tijdens de vorming van astrocyten worden besproken in Hoofdstuk 1. 

In Hoofdstuk 2 laten we zien dat histon-acetylatie in astrocyten van 
essentieel belang is voor transcriptie en splicing van GFAP, alsook voor de 
vorming van het GFAP netwerk in de cel. Epigenetische modificaties, zoals 
histon-acetylatie, zijn cruciale regulatoren van gentranscriptie. Onderzoek 
in humane primaire astrocyten en astrocytoma cellijnen toont aan dat het 
remmen van histon-acetylatie met behulp van histon-deacetylase inhibitoren 
resulteert in een verlaging van de GFAP expressie. Tegelijkertijd verandert 
deze behandeling de ratio tussen de alternatieve isovorm GFAPδ en de 
meest voorkomende isovorm GFAPα. Uit verschillende RNA-interferentie 
(RNAi) experimenten is gebleken dat expressie van GFAPδ afhangt van de 
aanwezigheid en binding van de splicing-factoren uit de SR-eiwitfamilie. In 
overeenstemming met de cruciale impact die het GFAPδ expressieniveau 
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heeft op de vorming van het IF netwerk, wordt een verschuiving in de GFAP 
isovorm ratio naar een relatief hogere GFAPδ expressie in astrocyten in 
verband gebracht met aggregatie van het gehele IF netwerk, met inbegrip 
van GFAP, nestin, en vimentin.

In Hoofdstuk 3 tonen we aan dat modulatie van de GFAP isovorm-
expressie door het uitschakelen van GFAPα een aantal functionele 
eigenschappen van de astrocyten verandert. Het uitschakelen van GFAPα 
zorgt voor een verhoogde GFAPδ/α ratio, een effect dat wordt versterkt 
door een upregulatie van GFAPδ expressie door de cel zelf. Modulatie 
van de samenstelling van het GFAP-netwerk ten gunste van GFAPδ zorgt 
voor een verhoogde productie van het extracellulaire matrix eiwit laminine 
en vermindert de motiliteit van de astrocyten. Knockdown van alle GFAP-
isovormen heeft daarentegen vooral effect op de hechting en morfologie 
van astrocyten. We tonen hiermee aan dat veranderingen in het GFAP-
netwerk de astrocyt-functie verandert, waarbij de effecten afhangen 
van de precieze GFAP-IF samenstelling. Een alternatieve benadering 
waarmee een gespecialiseerd GFAP-netwerk kan worden onderzocht wordt 
beschreven in Hoofdstuk 4. In dit hoofdstuk beschrijven we een methode 
voor het down-reguleren van GFAPδ met een GFAPδ-specifiek shRNA. 
In toekomstige experimenten zal het uitschakelen van GFAPδ belangrijke 
informatie opleveren over de specifieke functie van deze isovorm in relatie 
tot zijn typische expressiepatroon in astrocyt-subpopulaties in de hersenen.  
 

Als een vervolg op Hoofdstuk 4 proberen we in Hoofdstuk 5 GFAPδ 
in vivo uit te schakelen in de subventriculaire zone (SVZ) van volwassen 
muizen, een hersengebied met een hoge GFAPδ expressie. In tegenstelling 
tot het humane brein, komt in muizen GFAPδ tot expressie in alle astrocyten 
van zowel zich ontwikkelende als volwassen hersenen. Echter, in zowel 
mens als muis is GFAPδ een integraal onderdeel van het IF netwerk van 
NSC’s en het uitschakelen van GFAPδ is een essentieel hulpmiddel bij het 
onderzoek naar de functie ervan in het neurogene systeem in vivo. Er zijn 
twee verschillende RNAi benaderingen gebruikt om de GFAPδ expressie te 
verminderen, te weten shRNA en exon skipping constructen, in combinatie 
met drie verschillende virale vector systemen. Zowel lentivirus VSV-G als 
AAV5 bleken in staat cellen in de SVZ te transduceren. Echter, een stabiele 
downregulatie van GFAPδ bleek niet mogelijk, ten gevolge van het feit dat de 
viruspartikels niet specifiek de astrocyten transfecteerden. Bovendien is het 
denkbaar dat off-target effecten de effectiviteit van de RNAi benadering in 
vivo hebben gemaskeerd. Alles bij elkaar benadrukt dit onderzoek het belang 
van een grondige in vitro RNAi screening en een goede, celtype-specifieke, 
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transductie van RNAi constructen zodat succesvolle down-regulatie van 
specifieke transcripten in de SVZ kan worden bewerkstelligd.

In Hoofdstuk 6 ligt het focus op de regulatie en de functie van GFAP 
in humane NSC’s en voorlopercellen van gliacellen. We tonen aan dat 
Notch activiteit, een belangrijke regulator van NSC differentiatie, de humane 
GFAP expressie in glia-voorlopercellen aanstuurt. Differentiatie van NSCs 
naar voorlopercellen kan worden geïnduceerd door postmortem ventriculair 
hersenvocht, een krachtige stimulant van GFAP expressie in menselijke 
NSC’s. Remming van Notch signaling resulteerde in een afname van de 
GFAP expressie in voorlopercellen gekweekt uit geïmmortaliseerde foetale 
NSC’s. Op het moment dat de differentiatie start is de verhoogde GFAP 
expressie geassocieerd met een verlaagde expressie van Notch targets, 
hetgeen wijst op een remmende rol van GFAP. Promoter assays van het 
Notch target-gen Hes-1 bevestigen de negatieve modulatie van Notch 
signalering door GFAP, hetgeen verder wordt ondersteund door een inhibitie 
van het Notch downstream target Hes-5 na overexpressie van GFAP. Alles 
bij elkaar laat dit zien dat GFAP zelf de Notch signalering uitschakelt, waarbij 
een negatieve feedbacklus wordt gecreëerd, die mogelijk de astrogenese 
tijdens de hersenontwikkeling reguleert. 

In Hoofdstuk 7 laten we zien dat upregulatie van GFAP in de context 
van reactieve gliose ook afhangt van de Notch activiteit, waarmee we onze 
bevinding staven dat Notch signalering een cruciale regulator is van GFAP 
expressie. 

Onze groep had al eerder aangetoond dat de GFAP expressie is 
verlaagd na remming van het proteasoom. In overeenstemming hiermee 
tonen we in hoofdstuk 7 aan dat een activering van het proteasoom juist 
leidt tot een verhoging van GFAP. Deze upregulatie van GFAP hangt af van 
de Notch-activiteit, waarmee we de regulerende rol van Notch, gevonden 
in hoofdstuk 6, bevestigen. Dysregulatie van het proteasoom, een van de 
belangrijkste cellulaire systemen voor eiwitafbraak, lijkt een rol te spelen bij 
vele hersenaandoeningen. Interessant is dat een specifieke remming van 
het immuno-proteasoom, een proteasoom variant die wordt gestimuleerd 
door ontstekingssignalen, volstaat om Notch-activiteit - en daarmee ook de 
upregulatie van GFAP – te voorkomen. Recente onderzoeksdata van onze 
groep laten zien dat verhoogde immuno-proteasoomactiviteit kenmerkend 
is voor glia in een hersenziekte, en dat remming van de immuno-
proteasoomactiviteit een aantrekkelijke manier lijkt om Notch-activatie 
en GFAP upregulatie in reactieve astrocyten te voorkomen. Toekomstig 
onderzoek zal laten zien of het voorkomen van de aanmaak van GFAP in 
staat is om reactieve gliose te verminderen.
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In het laatste hoofdstuk, Hoofdstuk 8, bespreken we de belangrijkste 
bevindingen uit de voorgaande hoofdstukken in relatie tot lopend onderzoek. 
We benadrukken dat alternatieve splicing van GFAP een belangrijk 
mechanisme zou kunnen zijn voor de cel om GFAP functie te reguleren in 
diverse subpopulaties van astrocyten. Verder speculeren we over de functie 
van GFAP in de regulatie van de activiteit van signaleringsroutes in de cel 
met als doel de vitale cellulaire functies te moduleren.

Samenvattend toont ons onderzoek aan dat een gespecialiseerd GFAP 
netwerk, tot stand gekomen door GFAPδ-expressie, de astrocytmotiliteit, 
adhesie en aanmaak van extracellulaire matrix eiwitten moduleert. Dit 
betekent dat modulatie van de GFAP-isovorm signatuur van een astrocyt 
een aantal astrocytfuncties moduleert, hetgeen het belang van een strikte 
regulering van alternatieve splicing van GFAP onderstreept. We laten zien dat 
epigenetische modificaties, zoals histonacetylatie, en transcriptieregulatoren, 
zoals Notch, integrale componenten zijn van het mechanisme dat GFAP 
(isovorm) expressie reguleert. Toekomstig onderzoek zal zich richten op het 
mechanisme waarmee GFAP, als onderdeel van het cytoskelet, zich gedraagt 
als een signaalplatform in de cel voor de regulering van vitale cellulaire 
functies van astrocyten, zoals gliose, proliferatie, motiliteit en adhesie.
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