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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.  
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