ß 2014. Published by The Company of Biologists Ltd | Journal of Cell Science (2014) 127, 4368–4380 doi:10.1242/jcs.145912

RESEARCH ARTICLE

Histone acetylation in astrocytes suppresses GFAP and stimulates
a reorganization of the intermediate filament network

ABSTRACT
Glial fibrillary acidic protein (GFAP) is the main intermediate filament
in astrocytes and is regulated by epigenetic mechanisms during
development. We demonstrate that histone acetylation also 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. Because splicing occurs co-transcriptionally, we
investigated whether histone acetylation changes the ratio between
the canonical isoform GFAPa and the alternative GFAPd splice
variant. We observed that decreased transcription of GFAP
enhanced alternative isoform expression, as HDAC inhibition
increased the GFAPd:GFAPa ratio. Expression of GFAPd was
dependent on the presence and binding of splicing factors of the SR
protein family. Inhibition of HDAC activity also resulted in
aggregation of the GFAP network, reminiscent of our previous
findings of a GFAPd-induced network collapse. Taken together, our
data demonstrate that HDAC inhibition results in changes in
transcription, splicing and organization of GFAP. These data imply
that a tight regulation of histone acetylation in astrocytes is
essential, because dysregulation of gene expression causes the
aggregation of GFAP, a hallmark of human diseases like
Alexander’s disease.
KEY WORDS: Astrocytes, Neural stem cells, Alternative splicing,
Epigenetics, GFAP isoforms

INTRODUCTION

In the adult mammalian brain, astrocytes represent the major
population of glial cells. Astrocytes are crucial for neuronal
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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 protein in astrocytes is glial fibrillary acidic
protein (GFAP), a type III intermediate filament, 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 Pablo et al.,
2013). Overexpression of GFAP in mice results in death a 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, ten
different isoforms have been discovered in the human brain. The
canonical isoform is GFAPa, and the most abundant alternatively
spliced variant is GFAPd (Middeldorp and Hol, 2011). In the
healthy brain, GFAPa is expressed in grey and white matter
astrocytes, subpial astrocytes and neurogenic astrocytes along the
ventricles, whereas GFAPd is expressed at a lower level and is
mainly present in subpial astrocytes and in the subventricular
zone neurogenic astrocytes. GFAPd 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 that is highly dependent on epigenetic
modifications. During the initiation of astrogenesis in neural stem
cells (NSCs), demethylation of the GFAP promoter activates
transcription of GFAP (Kanski et al., 2014; 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 et al., 2004; Asano et al., 2009; Zhou et al., 2011). The
acetylation state of histone proteins is regulated by histone
acetylase and histone deacetylase (HDAC) enzymes.
The recruitment of splicing factors occurs during the process of
pre-mRNA transcription. Thus, transcriptional regulators such as
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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 RNA polymerase II (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 to
the classical view (Hnilicová et al., 2011).
The RNA pol II complex is often seen as the direct link
between transcription and the splicing process. In the case of a
fast elongation rate of the polymerase, there might not be enough
time for the recruitment of splicing factors to imperfect (weak)
splice sites of the alternative exons, because 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 the skipping of alternative exons and a
reduction in the amount of alternatively 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 (Hnilicová 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 GFAPd transcript is generated by recognition
of imperfect splice sites in an alternative exon located in the
seventh intron, termed ‘exon 7+’ (Blechingberg et al., 2007). The
alternative exon replaces the classical exons 8 and 9 at the 39 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, GFAPd requires
the presence of GFAPa protein (Perng et al., 2008; Roelofs et al.,
2005). This implies that a tight regulation of GFAP splicing is
important to ensure a balanced ratio of GFAPd:GFAPa and, in
turn, optimal GFAP network assembly. In intermediate-filamentfree cells, it has been shown that a GFAPd:GFAPa ratio of 1:3 is
necessary for proper network formation (Kamphuis et al., 2012;
Nielsen et al., 2002). Expression of GFAPd at higher
concentrations induces a collapse of the 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 would
not only regulate GFAP expression but also would affect the
alternative splicing of GFAP transcripts and modulate GFAP
network assembly.
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 deacetylation 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 GFAPa and the
alternatively spliced form GFAPd – was first investigated in
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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 GFAPa and a trend
towards decreased GFAPd expression. Owing to a more
pronounced reduction of GFAPa than GFAPd expression, the
GFAPd:GFAPa ratio significantly increased (Fig. 1A). In order
to emphasize a relative increase in the contribution of the
assembly-compromised splice-variant GFAPd to total GFAP
levels, we chose to display the GFAPd:GFAPa ratio throughout
the manuscript. Next, we explored whether U343 astrocytoma cells
represent a suitable cell model to further investigate the effect of
histone acetylation on GFAP expression, because human primary
astrocytes are of limited availability and are prone to loss of their
GFAP expression at higher passages (Gibbons et al., 2007). HDAC
inhibition with TSA significantly decreased the expression of
GFAPa and GFAPd in U343 cells. As in primary cells, a more
pronounced reduction of GFAPa in comparison to GFAPd
expression led to an increase in the GFAPd:GFAPa ratio
(Fig. 1B). Treatment with an alternative HDACi, sodium butyrate
(5 mM), also resulted in a trend towards reduced expression of
GFAPa, GFAPd and an increase in the GFAPd:GFAPa ratio in
primary human astrocytes (Fig. 1C). HDAC inhibition with sodium
butyrate in U343 cells resulted in significantly reduced expression
levels of GFAPa, GFAPd and an increase in the GFAPd:GFAPa
ratio (Fig. 1D). Similar concentrations of these inhibitors have been
previously found to modulate alternative splicing of genes in nonastrocytic cell lines (Puppin et al., 2011; Hnilicová et al., 2011).
These data demonstrate that suppression of histone deacetylation in
astrocytes decreases GFAP transcription and increases the
GFAPd:GFAPa ratio in favor of the alternatively spliced form
GFAPd. To control for the efficacy of the HDAC inhibition, the
expression of HDAC3 and jun mRNA was determined. A
compensatory upregulation of HDAC3 expression has been
described upon efficient HDAC inhibition (Ajamian et al., 2004;
Dangond and Gullans, 1998). Moreover, sodium butyrate treatment
was shown to induce expression of the jun oncogene (Hnilicová
et al., 2011). Consistently, treatment of U343 cells with TSA
upregulated HDAC3 expression, whereas sodium butyrate
significantly induced HDAC3 as well as jun expression (Fig. 1E,F).
Taken together, we demonstrate here that suppression of
histone deacetylation using two different inhibitors decreases
GFAP expression and alters the GFAP isoform usage in primary
human astrocytes (Fig. 1A,C) and in astrocytoma cells
(Fig. 1B,D). These data show that histone deacetylation is
fundamentally involved in regulating GFAP mRNA levels and
GFAP isoform expression in astrocytes.
In order to investigate the effect of HDAC inhibition on histone
acetylation at the GFAP promoter, we performed a chromatin
immunoprecipitation using an antibody against acetylated lysine
27 of histone 3 (H3K27ac). In cells treated for 24 hours with 2 or
5 mM sodium butyrate, H3K27 acetylation at the GFAP promoter
was reduced in comparison to that of DMSO-treated cells
(Fig. 2A). The transcriptional start site (TSS) itself is a histonefree region and therefore H3K27 acetylation was investigated 500
base pairs upstream of the TSS. H3K27 acetylation at intragenic
sequences of the GFAP gene remained unchanged upon HDAC
inhibition (data not shown). An increase in H3K27 acetylation
has been previously linked to an open chromatin structure at the
GFAP promoter and active GFAP transcription (Cheng et al.,
2011). Consistently, here, we show that reduced H3K27
acetylation at the GFAP promoter is linked to reduced GFAP
expression. This finding is in line with previous reports of
4369
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Fig. 1. Suppression of histone deacetylation reduces GFAP expression and alters its isoform usage in astrocytic cells. Quantitative (q)PCR analysis of
the GFAPa and GFAPd transcripts upon treatment of primary human astrocytes with (A) TSA (660 nM), (C) sodium butyrate (SB, 5 mM) or vehicle for 24 hours
(n54). The GFAPd:GFAPa ratio is also shown. (B,D) Expression analysis of the GFAPa and GFAPd transcripts in U343 cells upon treatment with TSA (B),
sodium butyrate (D) or vehicle for 24 hours (n56). Expression of HDAC3 (E) as well as the jun (Jun) oncogene (F) is increased upon treatment with sodium
butyrate or TSA. Data were normalized to the reference genes actin and 18S and are presented as the mean+s.e.m. *P,0.05, **P,0.01, ***P,0.001,
****P,0.0001.
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GFAP promoter and (2) a global increase in histone acetylation
levels in HDACi-treated cells.
HDAC inhibition induces a reorganization of the intermediate
filament network of astrocytes

Subsequently, we analyzed whether an increase in the
GFAPd:GFAPa ratio translates into changes in the GFAP
protein network. Previously, it has been demonstrated that the
ratio of GFAPd:GFAPa is an important determinant of the GFAP
network assembly – a shift towards higher GFAPd expression
induces aggregation of the GFAP filament network (Perng et al.,
2008; Nielsen et al., 2002; Roelofs et al., 2005). In order to
investigate whether changes in mRNA levels of GFAP translate
into changes in protein levels, we performed western blotting
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deacetylation of the promoters of genes downregulated by
HDACi (Rada-Iglesias et al., 2007, Duan et al., 2005; Reid
et al., 2005). In contrast to the regional decrease in H3K27
acetylation at the GFAP promoter, global histone acetylation
upon HDAC inhibition was increased in U343 cells. As expected,
treatment with the HDACi sodium butyrate increased H3K27
acetylation in a dose-dependent manner (Fig. 2B). We also
determined increased H3K27 acetylation in the 45S preribosomal gene, and a lack of H3K27 acetylation in an area
devoid of genes using chromatin immunoprecipitation (data not
shown; primer sequences named 18S and GD1, respectively, in
supplementary material Table S1). Taken together, our chromatin
immunoprecipitation and western blotting data on H3K27
acetylation show (1) a decrease in histone acetylation at the
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Fig. 2. HDAC inhibition reduces H3K27 acetylation at the GFAP promoter and increases global H3K27 acetylation levels in U343 cells. (A) Chromatin
immunoprecipitation-qPCR analysis of U343 cells treated for 24 hours with vehicle (Control), sodium butyrate (SB, 2 or 5 mM) or TSA (660 nM). HDAC inhibition
induced a decrease in H3K27 acetylation at 500 base pairs upstream of the transcriptional start site (TSS) of the GFAP gene (n52, two independent
experiments). ETOH, ethanol. (B) Left, western blot analysis of U343 cells treated for 72 hours with vehicle (Control) or 2 or 5 mM sodium butyrate. Right,
quantification of H3K27 acetylation levels normalized to GAPDH revealed a dose-dependent increase of H3K27 acetylation upon treatment with sodium butyrate
(n52, two independent experiments). Quantitative data show the mean+s.e.m.

GFAPd after treatment with sodium butyrate 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 sodium butyrate for 72 hours showed an aggregation
of the GFAP network in close proximity to the nucleus. Staining
with an antibody against pan-GFAP, as well as a GFAPd-specific
antibody, showed a drastic redistribution of the GFAP network in
comparison to that of control cells (Fig. 3B).

Fig. 3. HDAC inhibition reduces GFAP protein expression and induces a reorganization of the intermediate filament network. (A) Western blot analysis
of DMSO-treated cells (Control) and sodium butyrate (SB)-treated cells (5 mM) revealed a downregulation of GFAPa and GFAPd expression upon HDAC
inhibition (left). Quantification of the GFAP expression normalized to GAPDH revealed a more pronounced reduction of GFAPa than GFAPd expression,
resulting in an increased GFAPd:GFAPa ratio (right). Data show the mean+s.e.m. (B–D) The intermediate filament network of GFAP, vimentin and nestin is
redistributed upon treatment with the HDACi sodium butyrate. (B) U343 cells were stained with an antibody against pan-GFAP or a GFAPd-specific antibody
together with the DNA stain Hoechst 33258. Sodium butyrate 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 reorganized intermediate filament network. (C) Vimentin staining together with staining of pan-GFAP
revealed that vimentin coaggregates with GFAP in the sodium-butyrate-treated condition. (D) The nestin network is reorganized into aggregates where it
colocalizes with GFAPd. Scale bars: 50 mm.
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analysis of the different GFAP isoforms. In line with a
downregulation of GFAPa and GFAPd mRNA expression,
protein levels of the GFAP isoforms were reduced upon HDAC
inhibition. A more pronounced reduction of GFAPa than GFAPd
expression resulted in an increased GFAPd:GFAPa ratio
(Fig. 3A). To investigate whether the increased GFAPd:GFAPa
ratio induced by HDAC inhibition triggers a reorganization of the
GFAP network, U343 cells were stained for pan-GFAP and

The GFAP network is an integral component of the
intermediate filament network in astrocytes, which consists of
GFAP, vimentin, nestin and synemin (Jing et al., 2007). In order
to investigate whether HDAC inhibition affects the organization
of the whole intermediate filament network, we analyzed the
localization of vimentin, nestin and synemin in cells treated with
sodium butyrate. Importantly, vimentin staining in cells treated
for 72 hours with sodium butyrate revealed an aggregation of
vimentin together with GFAP in aggregates next to the nucleus.
Cells under control conditions showed a normal intermediate
filament network (Fig. 3C). In addition, the nestin network
also aggregated together with GFAP in sodium-butyrate-treated
cells, whereas a normal intermediate filament network was
present in the control cells (Fig. 3D). Synemin expression was
undetectable (data not shown). These data demonstrate that
HDAC inhibition with sodium butyrate not only led to an
increase in the GFAPd:GFAPa ratio but subsequently led to a
reorganization of the whole intermediate filament network of
astrocytes.
HDAC inhibition is known to trigger apoptosis in a timedependent manner (Svechnikova et al., 2008). To investigate
whether the observed aggregate formation was linked to cell
death, we performed staining for cleaved caspase 3 and
propidium iodide staining of DNA. No apoptosis was detected
after treatment with sodium butyrate for 72 hours, when the
aggregate formation was observed. The absence of apoptotic cells
at this time-point indicates that the observed aggregate formation
is not caused by cell death. However, as expected, long-term
treatment with sodium butyrate (e.g. for 5 days) did induce
apoptosis as shown by cleaved caspase 3 staining and DNA
staining with propidium iodide (supplementary material Fig. S1).
In order to confirm a role for HDACs in the observed
aggregation of GFAP, we performed an RNA interference
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(RNAi) experiment targeting two different HDACs, namely
HDAC3 and HDAC6. In line with a crucial role for HDACs in
GFAP filament assembly, in cells with downregulation of either
HDAC3 or HDAC6 expression, mediated by the expression of a
specific small interfering RNA (siRNA), an aggregation of the
GFAP network was observed (Fig. 4A). This reorganization of
the GFAP network resembled the GFAP aggregation upon
treatment with sodium butyrate. In cells treated with a control
siRNA (NTC), no aggregation of the GFAP network was
observed. Consistent with a reorganization of the GFAP
filaments, GFAP mRNA expression in HDAC3-knockdown and
HDAC6-knockdown cells is changed in comparison to that of
control cells (Fig. 4B). Taken together, data derived from
inhibition of HDAC activity by sodium butyrate (Fig. 3), as
well as from knockdown of two different HDACs (Fig. 4), shows
that the activity and expression of HDACs regulates the mRNA
expression and filament assembly of GFAP.
A low concentration of sodium butyrate stimulates
alternative splicing of GFAP

An increase in the GFAPd:GFAPa ratio at the transcript level
indicates enhanced alternative splicing of GFAP. Interestingly,
we observed that treatment of U343 cells with 2 mM sodium
butyrate led to an increase in the GFAPd:GFAPa ratio but, in
contrast to 5 mM sodium butyrate, this effect was solely due to an
increase in the alternatively spliced isoform GFAPd, as the
GFAPa expression level remained unchanged (Fig. 5A). Similar
to cells with an increased GFAPd:GFAPa ratio upon treatment
with 5 mM sodium butyrate, an increased GFAPd:GFAPa ratio in
cells treated with 2 mM sodium butyrate resulted in an
aggregation of the GFAP filaments (supplementary material
Fig. S2). An elevated GFAPd expression indicates a stimulation
of GFAP 39 end alternative splicing. Hence, treatment with a

Fig. 4. Downregulation of HDAC expression using RNAi induces an aggregation of the GFAP network. The intermediate filament network of GFAP is
redistributed in cells with reduced HDAC expression. (A) U343 cells were stained with a pan-GFAP antibody together with the DNA stain Hoechst 33258 at
72 hours after transfection with a control siRNA (NTC) or an siRNA targeting HDAC3 (siHDAC3) or HDAC6 (siHDAC6). Knockdown of HDAC3 or HDAC6
induced a drastic redistribution of the GFAP network, which aggregated in close proximity to the nucleus (n52, two independent experiments). Arrows indicate
cells with a reorganized intermediate filament network. Scale bar: 25 mm. (B) qPCR analysis of the GFAPa and GFAPd transcripts upon knockdown of HDAC3 or
HDAC6 for 72 hours. The GFAPd:GFAPa ratio is also shown (n52, two independent experiments). Data show the mean+s.e.m.
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Fig. 5. A low concentration of sodium butyrate stimulates alternative splicing of GFAP. (A) qPCR analysis of the GFAPa and GFAPd transcripts upon
treatment of U343 cells with 2 mM sodium butyrate (SB) or vehicle for 24 hours (n57). The GFAPd:GFAPa ratio is also shown. (B,C) Expression levels of an
additional alternative transcript GFAPk (B) as well as the splicing factors SR1, SR2, SR6 and SR7 (C) are increased upon treatment with sodium butyrate (n57).
(D) SR proteins are highly expressed in primary human fetal NSCs. qPCR analysis of the SR proteins in fetal NSCs present in the CD133-positive fraction
(CD133+) is depicted in comparison to whole brain tissue (Whole brain) (n55). Data were normalized to the reference genes actin and 18S and are presented as
the mean+s.e.m. *P,0.05.

brain, which express high levels of GFAPd (data not shown). NSCs
were isolated from brain tissue by magnetic cell sorting using
CD133 (also known as prominin 1) beads as described previously
(data not shown). Strikingly, in NSCs present in the CD133positive fraction, the mRNA of SR proteins was enriched when
compared to whole brain mRNA. SR6 expression was significantly
increased whereas the other SR protein mRNAs demonstrated a
non-significant trend (Fig. 5D).
SR protein expression and binding regulates expression of
the alternatively spliced transcript GFAPd

As shown in Fig. 5, GFAPd levels correlated with high
expression levels of mRNAs encoding SR proteins upon
HDAC inhibition in U343 cells (Fig. 5C) and in primary fetal
NSCs (Fig. 5D), indicating that SR proteins might induce
GFAPd expression. To confirm that SR proteins are indeed
involved in the expression of the alternatively spliced transcript
GFAPd, we performed a knockdown of the SR protein SR6, the
mRNA levels of which strongly and significantly correlated with
GFAPd expression in U343 cells and in human NSCs. U343
cells were transduced with lentiviral particles encoding shRNA
targeting SR6 (shSR6) or a non-targeting shRNA (NTC). At
96 hours after transduction, expression of SR6 was reduced by
,60% compared with its expression in NTC-treated cells
(Fig. 6A, left panel). Investigation of the GFAP isoform
expression revealed a trend towards a decrease in GFAPd in
the SR6-knockdown cells. GFAPa expression remained
unchanged upon silencing of SR6 (the ratio between control
cells and SR6-knockdown cells remained close to 1), resulting in
a decreased GFAPd:GFAPa ratio (Fig. 6A, right panel). These
data indicate that the presence of SR6 is necessary for GFAPd
expression. In order to investigate whether SR6 possesses a
unique role in the regulation of GFAPd expression, we
4373
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lower concentration of sodium butyrate provides an opportunity
to study the regulation of GFAP alternative splicing.
To investigate whether alternative splicing of GFAP is indeed
induced by a low concentration of sodium butyrate, we
investigated the expression levels of an additional alternatively
spliced variant GFAPk, which shares the 39 end of exon 7+ but
additionally contains the first 338 nucleotides of intron 7
(Blechingberg et al., 2007). Consistently, GFAPk expression
was also enhanced (Fig. 5B). Next, we analyzed the mRNA
expression of splicing factors, which have previously been
associated with the expression of the alternatively spliced
transcripts of GFAPd and GFAPk. Expression of the mRNA
encoding SR proteins 1, 2, 6 and 7 (also known as SRSF1,
SRSF2, SRSF6 and SRSF7, respectively) has already been shown
to increase GFAPd and GFAPk levels in astrocytoma cells
transfected with a GFAP minigene. Conversely, mutating the
binding sites of SR proteins reduced GFAPd and GFAPk levels
(Blechingberg et al., 2007). In agreement with this finding, cells
with increased levels of GFAPd and GFAPk, induced by sodium
butyrate treatment, demonstrated an upregulation of the mRNAs
encoding SR proteins 2, 6 and 7 and a trend towards increased
expression of SR1 (Fig. 5C). Taken together, these data show that
treatment with a low concentration of sodium butyrate increased
the expression of the alternatively spliced transcripts GFAPd and
GFAPk, which was associated with an induction of splicing
factors previously linked to alternative splicing of the GFAP 39
end. These data suggest that an increase in histone acetylation
stimulates alternative splicing of the GFAP gene.
Based on the observed correlation between the levels of mRNAs
encoding GFAPd and SR proteins following HDAC inhibition, we
investigated whether endogenous GFAPd expression is also
associated with high levels of mRNAs encoding SR proteins. To
this end, we analyzed primary NSCs isolated from human fetal
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performed siRNA-mediated knockdown of another SR protein,
namely SR7. As shown in supplementary material Fig. S3, SR7
knockdown led to a reduction in GFAP expression. However, in
contrast to knockdown of SR6, knockdown of SR7 induced no
change in ratio between GFAPa and GFAPd. Hence, the
expression of the SR7 protein does not affect the splicing of
GFAP. These data suggest a unique role of SR6 in the regulation
of the GFAPd:GFAPa ratio.
Moreover, we created a stable SR6-knockdown line (Fig. 6B,
left panel) and treated the cells for 24 hours with 2 mM sodium
butyrate. In control cells expressing a non-targeting shRNA,
specifically GFAPd and not GFAPa levels were increased upon
treatment with sodium butyrate, similar to observations made in
untransduced cells. Upon control treatment with DMSO, GFAP
expression levels remained unchanged (Fig. 6B). Knockdown of
SR6 was sufficient to prevent the upregulation of GFAPd upon
sodium butyrate treatment, which provides further evidence that
the induction of the alternative transcript is dependent on SR6
expression (Fig. 6B). In line with our hypothesis, preventing
GFAPd induction in SR6-knockdown cells consequently
prevented filament aggregation upon treatment with sodium
4374

butyrate (Fig. 6C). In cells transduced with a control shRNA,
GFAP filaments aggregated in the presence of sodium butyrate.
By contrast, in cells with reduced levels of SR6, no
reorganization of the GFAP network was observed upon
sodium butyrate treatment.
Finally, we investigated whether binding of the SR proteins to
exon 7+, the alternative exon encoded in the GFAPd isoform,
is necessary for GFAPd expression. We designed antisense
oligonucleotides (AONs) complementary to the SR protein
binding motifs in exon 7+. To this end, we used bioinformatic
tools to predict putative SR protein binding sites (supplementary
material Fig. S4A) and analyzed the secondary structure of exon
7+ to investigate the accessibility of the RNA (Fig. 7A). An AON
with a low tendency for secondary structure formation was
chosen to ensure efficient binding of the AON to the target region
(supplementary material Fig. S4B).
Masking the binding sites with an AON interfered with exon
recognition by the SR proteins. If SR proteins are crucial for the
inclusion of exon 7+ and GFAPd expression, blocking the
binding of SR proteins is expected to result in the exclusion of
exon 7+ from the transcript and a downregulation of GFAPd
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Fig. 6. Expression levels of SR proteins regulate the expression of the alternatively spliced transcript GFAPd. (A) qPCR analysis of SR6 (left) and the
GFAPa and GFAPd transcripts (right) upon lentiviral transduction of U343 cells with a non-targeting control shRNA (NTC) or an shRNA targeting SR6 (shSR6)
for 72 hours (n53). Expression of the GFAPa and GFAPd transcripts and the GFAPd:GFAPa ratio is depicted as fold change relative to control. (B) Expression
levels of SR6 (left) and the GFAPa (middle) and GFAPd (right) transcripts upon treatment with vehicle (DMSO) or 2 mM sodium butyrate (SB) for
24 hours in stable lines expressing either NTC or shSR6 (n52, two independent experiments). Data show the mean+s.e.m. (C) SR6 knockdown prevents
aggregation of GFAP upon treatment with sodium butyrate. In cells expressing a non-targeting shRNA, a reorganization of the GFAP network was observed in
U343 cells upon HDAC inhibition using 2 mM sodium butyrate. U343 cells were stained with an antibody against pan-GFAP together with the DNA stain Hoechst
33258. Sodium butyrate treatment for 72 hours induced a drastic redistribution of the GFAP network in cells expressing NTC shRNA. SR6 knockdown
prevented reorganization of the GFAP network upon treatment with 2 mM sodium butyrate. Arrows indicate cells with a reorganized intermediate filament
network. Scale bars: 50 mm.
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(Fig. 7B). As shown in Fig. 7B (right panel), treatment of
astrocytes differentiated from a human immortalized NSC line
with a synthetic AON for 72 hours indeed reduced GFAPd
expression significantly, whereas GFAPa mRNA expression
remained unchanged. Silencing of the GFAPd isoform when SR
protein binding is blocked confirms that SR proteins are crucial
for the expression of the alternatively spliced transcript GFAPd.
DISCUSSION

Here, we 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 GFAPd and the constitutive
isoform GFAPa increased in favor of GFAPd expression. A low
concentration of the HDACi sodium butyrate even enhanced total
amounts of GFAPd, demonstrating a stimulation of alternative

splicing of GFAP. RNAi demonstrated that expression of GFAPd
was dependent on the presence and binding of splicing factors of
the SR protein family. At the protein level, inhibition of HDAC
activity resulted in a dramatic reorganization of the GFAP network,
which aggregated in close proximity to the nucleus. Importantly,
not only GFAP but the whole intermediate filament network
including nestin and vimentin was redistributed. Taken together,
these data show that histone acetylation in astrocytes regulates (1)
the transcription of GFAP, (2) GFAP isoform usage and (3) the
assembly of GFAP and the whole intermediate filament network of
astrocytes. A schematic overview of the effect of HDAC inhibition
in astrocytes is presented in Fig. 8.
A decrease in the expression 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 with
NSCs or neurons (Hsieh et al., 2004). Furthermore, histone
deacetylation is important for the differentiation of NSCs towards
4375
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Fig. 7. Masking of the SR protein binding sites results in skipping of the alternative exon 7+ from the GFAP transcript and a downregulation of the
GFAPd isoform. (A) Schematic representation of the secondary structure of exons 7 and 7+ of the human GFAP gene. M-fold software was used with default
settings to predict the most energetically 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. dG, DG
(Gibbs free energy); ESE, exonic splice enhancer. (B) Left, 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 protein binding sites. Right, human astrocytes differentiated from immortalized human NSCs were treated
with synthetic AONs targeting exon 7+ or with a control AON for 72 hours. Exon skipping was assessed by q-PCR of the GFAPa and GFAPd transcripts, and the
GFAPd:GFAPa ratio was calculated (n53). Data were normalized to the reference genes GAPDH and 18S and are presented as the mean+s.e.m.
*P,0.05, **P,0.01.
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astrocytes, which are marked by GFAP expression (Asano et al.,
2009). By increasing the amount of histone acetylation in
astrocytes with HDACi, the maturation state of the astrocytes
might be affected. This hypothesis is further supported by the
change in the GFAP isoform ratio in favor of GFAPd expression.
In mature human astrocytes, expression of the alternative
transcript GFAPd is low, whereas GFAPa represents the
predominant GFAP transcript, indicating low alternative
splicing of GFAP (Roelofs et al., 2005). As our data
demonstrate, HDAC inhibition enhances GFAPd expression
relative to that of the canonical form GFAPa. Conversely, low
acetylation levels in differentiated astrocytes might reduce
alternative splicing of GFAP, resulting in low GFAPd but high
GFAPa expression. The specific function and the role of GFAPd
is still unknown. Its high expression in NSCs suggests that
GFAPd might play a specific role in the formation of the
intermediate filament network in NSCs and is not of importance
after differentiation into astrocytes.
The observed change in GFAP isoform usage depending on the
transcription rate of the gene is in line with a close interaction
between transcription and alternative splicing. Our data suggest
that upon decreased H3K27 acetylation at the GFAP promoter
(Fig. 2), the chromatin might be more condensed, reducing the
transcriptional speed and increasing GFAPd splicing. There are
two possible hypotheses that might explain a causal relationship
between epigenetic modifications and alternative splicing. The
first hypothesis states that a decrease in histone acetylation could
reduce the RNA Pol II elongation rate; thus, co-transcriptional
splicing is altered upon a changed transcriptional 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 regulate alternative splicing
(Luco et al., 2011). Both mechanisms could take place at the
GFAP gene depending on the degree of acetylation.
In line with the first hypothesis, the ratio between constitutive
and alternatively spliced isoforms increased in association with
4376

lower GFAP transcription levels induced by HDAC inhibition,
suggesting a dependency on transcriptional speed. A correlation
of promoter activity and alternative splicing of GFAP has been
previously demonstrated for a GFAP minigene. Total GFAP
expression is enhanced upon increased promoter activity of the
minigene, but the increase in the expression of the alternative
forms d and k was less pronounced (Blechingberg et al., 2007).
An effect of transcriptional speed 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 in the expression of
GFAPa than that of GFAPd. This indicates that at lower GFAP
promoter activity, alternative splice site usage decreases less than
constitutive splice site usage, thus resulting in an increase in the
GFAPd:GFAPa ratio.
At low concentrations of sodium butyrate, alternative splicing of
GFAP was induced in a manner that was dependent on the
expression and binding of SR proteins. Upregulation of SR protein
expression upon stimulation of GFAPd expression suggests the
involvement of a chromatin adaptor model in the regulation of
GFAPd 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+, thereby inducing its inclusion in
the transcript (Luco et al., 2011). Enrichment of the expression of
mRNAs encoding SR proteins in primary human NSCs with high
endogenous levels of GFAPd further supports this hypothesis. An
experiment that combines HDAC inhibition and stable expression
of an AON that blocks SR protein binding sites (Fig. 7) could
determine whether SR protein binding is crucial for the
upregulation of GFAPd upon HDAC inhibition.
Dysregulation of SR protein binding has been previously
associated with human disease. Cartegni and colleagues have
demonstrated that 50% of mutations in human genes that are
associated with exon skipping disrupt one or more binding motifs
of SR proteins (Cartegni et al., 2002). In addition, dysregulation
of SR protein expression has been linked to cancer. Expression
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Fig. 8. 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 (Ac) and transcriptional changes
in the cell. As a result, expression of GFAP is decreased, whereas the GFAPd:GFAPa ratio is increased. Moreover, the intermediate filament (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 favors expression of the alternative transcript GFAPd, which leads to an increase in the GFAPd:GFAPa ratio and aggregation of the
intermediate filament network. Hence, changes in the GFAP expression levels and a different isoform usage might lead to a reorganization of the intermediate
filament network, which aggregates next to the nucleus.

levels of SR6, identified here as a crucial regulator of GFAP
alternative splicing, have been found to be elevated in breast
tumor tissue, in association with changes in CD44 alternative
splicing (Huang et al., 2007). In vitro data suggest a role for
CD44 alternative splicing in epithelial–mesenchymal transition
and cancer progression (Brown et al., 2011). Based on these
findings, future studies are necessary to investigate a possible
regulatory role of SR6 in CD44 splicing and, consequently, the
formation and progression of breast cancer.
Recently, dysregulation of alternative splicing of GFAP was
associated with leukodystrophies, rare genetic disorders that
affect glial cells in the white matter of the central nervous system.
Astrocytes of patients with vanishing white matter (VWM)
disease, a genetic disorder involving mutations in the eukaryotic
translation initiation factor 2B (eIF2B), show a specific
overexpression of GFAPd but not GFAPa, resulting in an
increase in the GFAPd:GFAPa ratio (Huyghe et al., 2012;
Bugiani et al., 2011). Correlating with high GFAPd expression, a
reduction in the mRNA levels of hnRNPH1, hnRNPF and
hnRNPC was observed (Huyghe et al., 2012). Intriguingly,
proteins of the hnRNP family influence the inclusion of exons by
binding to SR protein binding sites to inhibit SR protein binding
(Wahl et al., 2009). The crucial importance of SR protein binding
for GFAPd 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 GFAPd
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 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 the fine arborisations of astrocytes in control tissue (Huyghe
et al., 2012). In AxD, mutations in GFAP result in the aggregation
of the mutant protein in ‘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 eIF2B or
GFAP (Huyghe et al., 2012).
Here, we demonstrate that suppression of histone acetylation
triggers a reorganization of the GFAP network. This is the first
report on aggregation of the endogenous GFAP protein and
additional intermediate filament proteins vimentin and nestin in
vitro. Previously, general GFAP overexpression or incorporation of
high concentrations of GFAPd in an existing GFAP network has
been shown to result in compromised assembly of the GFAP
filaments (Kamphuis et al., 2012; Roelofs et al., 2005; Nielsen
et al., 2002). The data presented here indicate that an increased
GFAPd:GFAPa ratio in the presence of reduced GFAP
transcription can also lead to reorganization of the GFAP
network and the whole intermediate filament 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 who carried, in addition
to a mutation in the GFAP 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 deacetylation activity, partially resembling the
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general HDAC inhibition performed in our study. Moreover,
HDAC6 mutation in fibroblasts caused an aggregation of acetylated
a-tubulin in the perinuclear region, indicating dysregulation of the
microtubule-organizing centre. Because the intermediate filament
network and microtubules are closely interconnected to form the
cytoskeleton of a cell, an aggregation of acetylated a-tubulin might
influence intermediate filament organization. Consistently, an
HDAC6-dependent collapse of the intermediate filament vimentin
was recently described. The authors suggest that, dependent on
HDAC6 activity, changes in the acetylation of microtubules lead to
a reorganization of the vimentin network (Rathje et al., 2014). By
analogy, mutations in HDAC6 and GFAPd in AxD patients might
synergistically trigger a reorganization of the GFAP network and an
abnormal morphology of astrocytes.
We observed upon HDAC inhibition that histone acetylation at
the GFAP promoter is reduced (Fig. 2) and that no changes in
histone acetylation on other GFAP regulatory elements occur
(data not shown). These data suggest that HDAC inhibition might
not directly act on the GFAP gene. Moreover, HDAC activity
might have a direct effect on the acetylation of the GFAP protein.
Acetylation of GFAP has been reported in the context of
amyotrophic lateral sclerosis (Liu et al., 2013). Whether
acetylation of the GFAP protein is involved in the regulation of
GFAP filament assembly is still unclear.
Together with our finding of a reorganization of the intermediate
filament network upon HDAC inhibition, the data from AxD
suggests that HDACs could have a modulatory role in diseases
involving abnormal morphology of astrocytes associated with
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 GFAPd:GFAPa ratio, which
resembles a more immature pattern of GFAP expression.
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. Decreased transcription
of GFAP favored expression of the alternative GFAPd isoform
dependent on the binding of splice regulators of the SR proteins
family. Moreover, a disturbance of the tight regulation of histone
acetylation in astrocytes induced aggregation not only of GFAP
filaments but of the whole intermediate filament network
in astrocytes. Taken together, these data show that histone
acetylation in astrocytes regulates (1) transcription of GFAP, (2)
GFAP isoform usage and (3) the assembly of GFAP and the
whole intermediate filament network of astrocytes.
MATERIALS AND METHODS
Cell culture

All cells were cultured at 37 ˚C under a humidified 5% CO2, 95% air
atmosphere. U343 astrocytoma cells were cultured in a 1:1 mixture of
high-glucose Dulbecco’s modified Eagle medium (DMEM, Gibco,
Invitrogen, Carlsbad, CA) and F10 HAM (Gibco, Invitrogen)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin (all Invitrogen).
Isolation of primary human astrocytes and fetal NSCs

Isolation of primary human astrocytes was performed as described
previously (Smolders et al., 2013). Fetal brain tissue (gestational week
14–17, n55) was obtained from spontaneous or medically induced
abortions with appropriate maternal written consent for abortion. Tissue
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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 12 hours after abortion.
For isolation of NSCs, fetal brain tissue was collected in 10 ml of cold
Hibernate (Invitrogen), mechanically dissociated into small pieces, and
digested with 0.2% trypsin and 0.1% DNase I (Invitrogen) for 5 minutes
at 37 ˚C with shaking. Next, 1 ml of 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 g, 4 ˚C for
20 minutes. 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 g, 10 minutes), the cell pellet was
taken up in beads buffer [phosphate-buffered saline (PBS), pH 7.2, 0.5%
bovine serum albumin (BSA) 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 g, 5 minutes) and the pellet was
stored at 220 ˚C.
Cell treatments

The HDAC inhibitors trichostatin A (TSA) and sodium butyrate were
obtained from Sigma-Aldrich (St Louis, MO). Cells were treated for 24,
48 or 72 hours with a final concentration of 330 nM or 660 nM TSA.
Ethanol (final concentration of 0.3%) 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 the binding of SR proteins, cells were treated for 72 hours with
a synthetic antisense oligonucleotide (AON) with the following sequence;
59-CUUGUGAUUUUCCCCGUCUUUGG-39. The AON is directed
against SR protein binding motifs encoded in exon 7+ of the human
GFAP gene. The AON consists of 29-O-methyl-modified ribose molecules
and a full-length phosphorothioate backbone (Eurogentec, Belgium). As
control, a non-targeting AON was added with the sequence 59GCAAGAUGCCAGCAGA-39 (encoding the sense sequence targeting
exon 19 of the dystrophin gene; a kind gift from Annemieke Aartsma-Rus).
The culture medium was supplemented with oligonucleotides at a
concentration of 200 nM and was replaced every day during the
experiment. Treatment conditions were optimized with a control AON
carrying a 59-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 fetal neural
stem cell line (De Filippis et al., 2007). The low proliferation rate compared
with that of astrocytoma cells prevented a ‘wash-out’ of the AON due to
frequent cell divisions.
siRNA transfections and lentiviral transduction

For the HDAC6 and HDAC3 knockdown studies, U343 cells were plated
in 24-well plates, at a density of 50,000 cells per well in 500 ml of culture
medium. The next day, medium was replaced with 500 ml of fresh culture
medium without antibiotics. Then, cells were transfected using 3 ml of a
20 mM siRNA stock [siGENOME HDAC6 siRNA (M-003499-00-0005),
ON-TARGETplus human HDAC3 siRNA (L-003496-00-0005) or nontargeting siRNA (D-001210-02-05), all from Thermo Scientific], together
with 1 ml of Lipofectamine 2000 (Invitrogen) per well, following the
manufacturer’s instructions. After 72 hours, cells were collected in Trizol
for mRNA analysis or fixed with 4% formalin for 10 minutes at room
temperature for immunofluorescent staining. Lentiviral production and in
vitro transduction were performed as described previously (Moeton et al.,
2014).
Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described previously
(Creyghton et al., 2010).
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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
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). The reverse transcriptase
and qPCR reactions were performed as described previously (Kamphuis
et al., 2012). The primers used in this study are listed in supplementary
material Table S1.
Western blot analysis and immunocytochemistry

Western blot analysis was performed as described previously (Moeton
et al., 2014). The antibodies used are listed in supplementary material
Table S2.
Statistical analysis

Data were analyzed using GraphPad Prism software (GraphPad
Software, San Diego, CA). All data are presented as the mean+s.e.m.
To eliminate intra-experimental variation, we applied a factor correction
tool as described previously (Ruijter et al., 2006). A Kolgmorov–
Smirnov test was performed to test for a normal distribution. If a
normal distribution was confirmed, a Student’s t-test was performed.
Alternatively, a non-parametric Mann–Whitney test was applied.
Differences amongst groups were considered to be significant at
P,0.05.
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