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Abstract
Glial fibrillary acidic protein (GFAP) is an intermediate filament protein that is characteristic for astrocytes and neural stem

cells, and their malignant analogues in glioma. Since the discovery of the protein 50 years ago, multiple alternative splice var-

iants of the GFAP gene have been discovered, leading to different GFAP isoforms. In this review, we will describe GFAP iso-

form expression from gene to protein to network, taking the canonical isoforms GFAPα and the main alternative variant

GFAPδ as the starting point. We will discuss the relevance of studying GFAP and its isoforms in disease, with a specific

focus on diffuse gliomas.
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Introduction
Glial fibrillary acidic protein (GFAP) is celebrating its 50th

birthday after being first described by Lawrence Eng in a pub-
lication called ‘An acidic protein isolated from fibrous astro-
cytes’ published on May 7th 1971 (Eng et al., 1971; Helman
et al., 2020). After its discovery in 1971 and official naming
in 1972 (Uyeda et al., 1972), GFAP was recognized as a
marker with high specificity for central nervous system
(CNS) astrocytes (Bignami et al., 1972; Bignami and Dahl,
1974; Uyeda et al., 1972). GFAP was later classified as a
type III intermediate filament (IF) protein along with vimen-
tin, desmin, and peripherin based on sequence homology
(Geisler and Weber, 1983). Unique to GFAP, in comparison
to the other type III IF proteins, is the regulation of the
GFAP pre-RNA transcript by alternative splicing and alterna-
tive polyadenylation. Since the discovery of the canonical
isoform GFAPα, seven murine and twelve human
splice-isoforms have been described (Middeldorp and Hol,
2011), of which the isoforms GFAPλ and GFAPμ were
only discovered recently (Helman et al., 2020; van
Bodegraven et al., 2021). Although the difference in function-
ality between the isoforms is not entirely known, neurological
disorders are associated with alterations in isoform expression
levels (Bugiani et al., 2011; Clairembault et al., 2014; Flint
et al., 2012; Helman et al., 2020; Kamphuis et al., 2014;
Stassen et al., 2017).

In this review, we summarize the history and current state
of knowledge on GFAP alternative splicing, with a specific
focus on the relevance for glioma. We start by describing

the classification and assembly properties of IF proteins and
GFAP, followed by an overview of the discovered GFAP iso-
forms. Next, we will focus on the expression regulation and
protein characteristics of the two best-studied isoforms,
GFAPα and GFAPδ. In the second part of the review, we
will discuss the current state of knowledge on the clinical rel-
evance of GFAP and the GFAPα/GFAPδ ratio as a glioma
biomarker, and the known functions of the protein in relation
to glioma.

GFAP and the Intermediate Filament (IF)
Network

GFAP IF Network Assembly
The IF protein family consist of a large group of proteins that
give rise to one of the three cytoskeletal networks in the cell.
With a diameter of 10 nm, the filaments were originally distin-
guished by their intermediate size in comparison to microtu-
bules (24nm) and actin filaments (7 nm), the other two
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cytoskeletal components in the cell (Herrmann and Aebi,
2016). With over 65 genes encoding for different IF proteins,
the expression pattern of IFs is very cell type- and differenti-
ation state-specific, a characteristic that sets it apart from the
more ubiquitously expressed isoforms of actin and tubulin
(Hesse et al., 2001). All IF proteins share a secondary struc-
ture consisting of an α-helical ‘rod’ domain flanked by a flex-
ible N-terminal ‘head’ and a C-terminal ‘tail’ domain. Based
on homology in sequence and assembly properties, the IF pro-
teins are further classified into six subtypes. Although most
subtypes contain proteins that form a network in the cyto-
plasm of the cell, the lamins of subtype V form a separate
network on the inside of the nuclear envelope, also termed
the nuclear lamina (Etienne-Manneville, 2018). GFAP is a
type III IF protein that is most abundantly expressed in the
brain, where it is classically used as a marker for astrocytes.
However, its expression can also be found in several cell
types outside the CNS, including liver stellate cells, fibro-
blasts, myoepithelial cells, chondrocytes, and lymphocytes
(Messing and Brenner, 2020).

Assembly of IF proteins into the IF network is a multistep
process (Figure 1) that occurs in the absence of cofactors and
nucleotides (Etienne-Manneville, 2018). The first step in this
process is the lateral association of monomers or heteromers
to form a dimer. GFAP can form homodimers, but also heter-
odimers with vimentin. In the next step of IF network assem-
bly, dimers bind in an antiparallel fashion to form tetramers,
which then laterally associate into octamers forming struc-
tures called unit-length fragments (ULFs). Subsequent associ-
ation of ULFs in a non-polar fashion leads to the formation of
a filament, which then undergoes radial compaction leading to
the final diameter of 10 nm. Because of the extreme stability
of IFs, IF networks were long thought to be stagnant struc-
tures, but live-cell imaging has revealed that the IF network
is, in fact, very dynamic and has a continuous turnover
(Etienne-Manneville, 2018).

GFAP Isoforms
A GFAP IF network is likely to consist of several GFAP
isoforms, in combination with other IF proteins, such as
vimentin. Up till now, 12 GFAP isoforms (Table 1 and
Figure 2) have been described in mice and humans that are
either due to alternative starts sites or alternative splicing
(Hol and Capetanaki, 2017; Middeldorp and Hol, 2011; van
Bodegraven et al., 2019a). The first cDNA clone of mouse
GFAP was sequenced in 1984 (Lewis et al., 1984) and of
human GFAP in 1990 (Brenner et al., 1990). The cDNA of
the canonical GFAP isoform, GFAPα, consists of 9 exons.
In 1992 the first GFAP mRNA variant was described by
Feinstein et al. in rat Schwann cells (Feinstein et al., 1992).
This variant, GFAPβ, has an alternative start site 169 nt
upstream of GFAPα. Later it was shown that this variant is
also expressed in the central nervous system of rats
(Condorelli et al., 1999b; Galea et al., 1995). GFAPγ is
another variant with an alternative start, as it lacks exon1
and starts in intron 1, 130 nt upstream the start of exon 2
(Zelenika et al., 1995), and is expressed in mouse and
human brain, and in mouse spleen. There is no definitive
proof of protein expression of the GFAPβ and GFAPγ tran-
scripts (Messing and Brenner, 2020). Several variants have
been identified that are the result of alternative splicing
(Table 1). In the paper of Zelenika et al. in 1995, besides
GFAPγ another alternative splice variant was described with
arretention of the last 284 nt of intron 8 (Zelenika et al.,
1995). We confirmed the presence of the mRNA of this
variant in mouse brains and termed it GFAPζ, however, the
protein has not been identified yet (Kamphuis et al., 2012).
GFAPδ was discovered in the rat brain and was first described
to be the result of an extra exon; exon 7+ (Condorelli et al.,
1999a). A few years later, GFAPϵ was found in a library of
human fetal brain RNA. The cDNA of this isoform includes
exon 1–7, plus exon 7a (which is highly similar to exon 7+ )
(Nielsen et al., 2002), but misses exon 8 and 9. GFAPδ

Figure 1. The multi-assembly steps from intermediate protein monomers to filaments.

ULF= unit length fragment.
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protein is expressed in a subpopulation of astrocytes in the
human brain (Roelofs et al., 2005) and is more widely expressed
in the mouse brain (Kamphuis et al., 2012). The consensus now
is that GFAPδ and GFAPϵ are the same variant (Middeldorp
and Hol, 2011; Roelofs et al., 2005). In following years, more
GFAP splice variants were discovered: GFAPΔ135,
GFAPΔexon 6, and GFAPΔ164 in human and mouse brain
(Hol et al., 2003; Kamphuis et al., 2012), GFAPΔexon 7 in
mouse brain (Kamphuis et al., 2012), GFAPκ in pig brain
(Blechingberg et al., 2007a), GFAPλ in human brain (Helman
et al., 2020), and GFAPμ in human brain and glioma (van
Bodegraven et al., 2021). Note that in the original GFAPδ
paper the authors described 2 transcripts: (i) with an intron 7
retention (exon 7a) and alternative polyadenylation site (=
GFAPδ/ϵ) and (ii) with an intron 7 retention and including
exon 8 and 9 (=GFAPλ) (Condorelli et al., 1999a).

Taken together, it is clear that GFAP is alternatively
spliced but the full extent of the splicing is not known yet.
In ENSEMBL 38 different human transcripts are listed
(GFAP ENSG00000131095), but these need further valida-
tion. In addition, novel antibodies are necessary to prove
that the protein isoforms are also expressed. In the next part
of this review, the focus will be on two of the most highly
expressed isoforms: the canonical GFAPα and the alternative
GFAPδ isoform, which differ in their last 41/42 amino-acid
tail-region (Figure 3). We will describe how the two

transcripts are regulated by posttranscriptional regulation
and how post-translationally the difference in the tail-region
lead to altered protein dynamics.

Regulation of GFAPα and GFAPδ Isoform Expression
and Localisation
The human GFAP gene is located on chromosome 17q21 and
spans over 10 kb of DNA (Huebner et al., 1991). The pro-
moter region of the human GFAP gene extends from −2162
to +47 and contains consensus sequences and binding sites
for a dozen transcription factors, as extensively discussed in
Brenner and Messing (2021). Of the different transcription
factors, AP-1, NF1, and STAT3 are considered most evi-
dently involved in GFAP expression (Brenner and Messing,
2021). Both the GFAPα and GFAPδ splice variants share
their RNA start site and their pre-mRNA consists out of
nine exons, eight introns, four alternative exons, and two
alternative introns (Middeldorp and Hol, 2011). Canonical
splicing of the pre-mRNA leads to the inclusion of nine
exons and results in the mRNA transcript of GFAPα. Upon
an alternative splice event, the last two exons are replaced
by an alternative exon 7a, which encodes for the tail-region
of the GFAPδ protein. In addition to a difference in the last
123/126 nucleotides of the coding region of the mRNA, the

Table 1. GFAP Isoforms and Proof of mRNA and Protein Expression.

GFAP

variant mRNA Protein References (PMIDS)

α Human, mouse, rat Human, mouse, rat (1, 2, 3)+many other

papers

β Human, mouse, rat No proof (no specific antibody available) (3, 4, 5, 6, 7)

γ Human, mouse No proof (no specific antibody available) (3, 7)

δ= ϵ Human, mouse, pig Human, mouse (3, 8, 9, 10, 11, 12, 13)

ζ Human, mouse No proof (no specific antibody available) (3, 7, 14)

Δ135 Human

Not in: mouse
No proof (because GFAP-pan antibodies cannot discriminate between α and Δ135) (3, 15)

Δ164 Human

Not in: mouse
Human: note-hGFAP+1 antibody cannot discriminate between Δ164, Δexon6,
Δexon7

(11, 15, 16)

Δexon6 Human

Not in: mouse
See Δ164 (11, 15, 16)

Δexon7 Human, mouse Human: note-hGFAP+1 antibody cannot discriminate between Δ164, Δexon6,
Δexon7.
Not in: mouse (mGFAP+1 antibody recognizes Δ164, Δexon6, Δexon7
recombinant mouse proteins but does not stain mouse brain tissue)

(3, 7)

κ Human, mouse, pig No evidence for protein expression in mice and humans: Three mouse-specific

GFAPκ antibodies and 1 human-specific recognize recombinant protein but do

not stain brain tissue.

(3, 7, 13)

λ Human Human (can be identified with anti-GFAPδ) (17)

μ Human Human spinal cord (band of right size on Western blot) (18)

References: (1) (Lewis et al., 1984), (2) (Brenner et al., 1990), (3) (Kamphuis et al., 2012), (4) (Feinstein et al., 1992), (5) (Galea et al., 1995), (6) (Condorelli et al.,

1999b), (7) (Kamphuis et al., 2014), (8) (Roelofs et al., 2005), (9) (Mamber et al., 2012), (10) (Middeldorp et al., 2010), (11) (Middeldorp et al., 2009), (12)

(Stassen et al., 2017), (13) (Blechingberg et al., 2007a), (14) (Zelenika et al., 1995), (15) (Boer et al., 2010), (16) (Hol et al., 2003), (17) (Helman et al., 2020), (18)

(van Bodegraven et al., 2021).
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transcript of GFAPδ has an alternative 3 prime untranslated
region (3′ UTR) and polyadenylation site. A study by
Blechingberg and colleagues showed that the activity of the
polyadenylation signal rather than the 3′-splice site usage
was the primary determent for processing into the GFAPα
or GFAPδ/κ mRNA (Blechingberg et al., 2007b).

Nevertheless, manipulation of splice enhancers and the poly-
adenylation signal in exon 7a within the minigene system
used in this study also hinted towards an interplay between
splicing and polyadenylation regulation, indicating a role
for both mechanisms in the modulation of levels of GFAPα
and GFAPδ isoforms (Blechingberg et al., 2007b). The

Figure 2. The GFAP gene, premRNA and alternative splice variants. White rectangles depict 5′ and 3′ untranslated regions, grey rectangles
depict translated regions. The alternative exons for the GFAP tail-region are represented in blue and purple. Exons with partial deletions are

represented in red.

Abbreviations: (A)n= poly-A-tail.
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effect of the GFAP gene transcription rate on isoforms
balance has also been studied, although findings are inconclu-
sive. Studies with the GFAP minigene with different promo-
tors did not indicate an effect of transcriptional rate on
polyadenylation site selection (Blechingberg et al., 2007b).
On the other hand, inhibition of histone deacetylases activity
in glioma cells and primary astrocytes was linked to decreased
expression GFAP and a shift in the balance between the
GFAPα to the GFAPδ isoform, a process modulated by splic-
ing factor SR6 (Kanski et al., 2014). Although this suggests
that lower transcriptional rates lead to increased alternative
splicing, an increased transcriptional rate has also been
linked to higher levels of GFAPδ and GFAPκ. In a transgenic
mouse model carrying several copies of the human GFAP
transgene, disproportionally increased levels of GFAPδ and
GFAPλ were found (Lin et al., 2021).

Another level of post-transcriptional regulation of GFAP
isoforms can come from microRNAs (miRNA). miRNAs
are small non-coding RNAs that affect mRNA translation
and stability. Upon association with the Argonaute protein,
the seed sequence of the miRNA can bind to a complementary
sequence of the mRNA, leading to mRNA cleavage or silenc-
ing (Matsuyama and Suzuki, 2020). Since miRNAs usually
target the 3′ UTR of a transcript, and GFAPα and GFAPδ
have different 3′ UTRs, their transcripts can be targeted by

different miRNAs. Several studies have investigated the
effect of miRNAs on GFAP expression in mouse models
and human cell lines. However, direct regulation of
miRNAs of specific human GFAP transcripts has so far not
been proven, as aptly discussed by Brenner and Messing
(2021).

Besides the regulation of GFAP mRNA isoform expres-
sion, also the localization of the different GFAP mRNAs
within the cell has been investigated. Two independent
studies made similar observations regarding distinct subcellu-
lar localisation patterns of the GFAPα and GFAPδ transcripts
within astrocytes in vitro (Thomsen et al., 2013), and in
mouse brain tissue (Oudart, 2012). Whereas GFAPδ localisa-
tion is mainly restricted to the soma of the cell, GFAPα
mRNA is particularly enriched within the fine processes of
the astrocyte (Oudart, 2012; Thomsen et al., 2013).

GFAPα and δ Protein Characteristics and Dynamics
The human canonical GFAPα protein consists of 432 amino
acids with a molecular weight of 55 kDa. As a result of the
alternative exon usage, the last 42 amino acids of the tail-
region of the GFAPα isoform are replaced by 41 alternative
amino acids in the GFAPδ isoform (Figure 3). Despite the
similarity in length, the tail sequences of GFAPδ and α

Figure 3. The distinct features of the GFAPα and GFAPδ proteins. The GFAP protein consists of α-helical rod-domain (dark grey), flanked

by a head- and tail-domain. The distinct tail-regions of the GFAPα and δ isoforms and the corresponding exons are marked in blue (GFAPα)
and purple (GFAPδ). GFAPα contains an additional citrullination site (Jin et al., 2013) and a conserved RDG sequence (Chen and Liem,

1994). Both tail-regions have a different predicted phosphorylation site (Boyd et al., 2012). Collapse of GFAPδ has been assigned to T411

and T412 (Nielsen and Jørgensen, 2004).

Abbreviations: aa= amino acids, PCS= predicted citrullination site, PPS= predicted phosphorylation site.
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share no homology and have different isoelectric points (Boyd
et al., 2012). Also on a phylogenetic level, the two isoforms
are different. Most of the GFAP protein, including the tail-
region of the GFAPα isoform, is highly conserved between
species and shows more than 90% homology to mouse, rat,
and pig GFAP and even 67% to the protein in zebrafish
(Nielsen and Jørgensen, 2004). In contrast, the C-terminus
of GFAPδ varies considerably between species, and is only
conserved among higher primates, but not among other
mammals (Singh et al., 2003). Since many of the non-
conserved sequence changes in primates also alter the
amino acid sequence of the C-terminus, it has been suggested
that this change may have led to a positive selection of a novel
function of the protein in higher primates. What this potential
novel function is, remains to be investigated (Messing and
Brenner, 2020; Singh et al., 2003).

On a functional level, the difference between the GFAPα
and δ isoforms is best illustrated by the assembly properties
of the proteins. Whereas GFAPα can self-assemble into a fil-
amentous network, expression of solely GFAPδ leads to the
formation of perinuclear aggregates (Nielsen and Jørgensen,
2004; Perng et al., 2008; Roelofs et al., 2005). Despite the
incapacity of GFAPδ to form filaments by itself, the
isoform can be incorporated into the IF network by forming
heterodimers with GFAPα or vimentin. Nevertheless, only
low amounts of GFAPδ are tolerated within the GFAPα/
vimentin network and abundance of GFAPδ of more than
10% of all GFAPs leads to a collapse of the entire IF
network (Moeton et al., 2016; Nielsen and Jørgensen,
2004). The lack of the highly conserved RGD-motif
(KTXEMRDG) in the amino acid sequence of the
C-terminus of GFAPδ was hypothesized to play a role in
this incapacity to self-assemble into networks, as mutations
in this motif in vimentin were associated with aberrant fila-
ment assembly (McCormick et al., 1993). Nevertheless, it is
unlikely that the lack of filament-forming efficiency can be
solely explained by the absence of this region, as the
RGD-motif is not essential for homodimer formation of
GFAPα (Chen and Liem, 1994). In addition, GFAP lacking
the entire tail-domain can still dimerize and does not fully
aggregate like GFAPδ. The inhibitory effect of the
C-terminus of GFAPδ can likely be explained by its capacity
to bind the coiled-coil 2B domain of the GFAP protein, pin-
pointed to the residues 411 and 412 of the sequence
(Nielsen and Jørgensen, 2004). The presence of GFAPδ
within the network can also lead to altered exchange dynam-
ics. Fluorescence after photobleaching experiments showed
that GFAPδ incorporates and dissociates slower from an IF
network than GFAPα, and that collapse of the network
slows down both isoforms even more (Moeton et al., 2016).

In addition to distinct assembly properties and dynamics,
the difference in the tail-region between the GFAPα and δ iso-
forms can also lead to altered protein interactions. In a yeast
two-hybrid screen it was shown that GFAPδ has decreased
affinity for other IFs, like neurofilament light chain (NFL),

peripherin, and internexin, but also non-IF proteins, like peri-
plakin and envoplakin both focal adhesion proteins (Nielsen
and Jørgensen, 2004). Presenilin, on the other hand, a
protein that is part of the gamma-secretase complex involved
in the cleavage of amyloid precursor protein and notch, was
identified as a protein that specifically binds to GFAPδ, but
not GFAPα (Nielsen et al., 2002). In addition to protein-
protein interactions, GFAPα and δ also have different pre-
dicted kinase binding sites and phosphorylation residues
(Boyd et al., 2012). Whether the predicted phosphorylation
sites can indeed be phosphorylated and what the functional
consequences are for the protein, remains to be investigated.

Clinical Relevance of GFAP and GFAPδ/α
and in Diffuse Glioma
Shortly after the discovery of GFAP, the protein was discov-
ered in primary brain tumours, where GFAP was found in
gliomas with astrocyte-like characteristics (Uyeda et al.,
1972). Since then, GFAP has been widely studied in the
context of brain tumours, both to study the relevance of
GFAP as a biomarker and to understand its function as a
potential therapeutical target. After the discovery of GFAPδ
in adult neural stem cells (Roelofs et al., 2005), also GFAP
isoform research extended to the field of glioma biology,
where neural stem cells are hypothesised to play a major
role in the pathogenesis of glioma (Bradshaw et al., 2016).
In the next part of the review, we give a short overview of
the classification and clinical challenges of diffuse glioma,
and if and how GFAP is relevant in the disease.

Classification and Clinicopathology of Diffuse Gliomas
Tumours in the CNS that arise from glial cells in the brain are
classified as gliomas. Within this group, diffuse glioma is the
most prevalent form in adults. This is characterized by infiltra-
tive growth into the CNS parenchyma (Louis et al., 2016).
Classically, diffuse gliomas are subdivided into different sub-
groups based on histopathological features, namely astrocyto-
mas, oligodendrogliomas, and tumours with mixed astrocytic
and oligodendroglial phenotypes. This sub-distinction is
made based on the nuclear shape, with uniformly rounded
nuclei generally considered to be oligodendrogliomas
whereas nuclear irregularities and hyperchromasia point
towards astrocytomas (Perry and Wesseling, 2016). In addi-
tion, the presence or absence of atypic nuclei, mitotic activity,
microvascular proliferation, and necrosis are used to assign
the tumour to a malignancy grade II, III, or IV, of which
the latter is also referred to as glioblastoma multiforme
(GBM) (Louis et al., 2016; Wesseling and Capper, 2018).
This histological classification: i.e. astrocytoma, oligodendro-
glioma (grade II/III), and GBM is still used. However, in the
most recent update of the World Health Organization (WHO)
classification of CNS tumours, the molecular genetic features
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of the tumour play a more prominent role (Louis et al., 2021).
The main driver mutations used for diffuse glioma classifica-
tion are point mutations in the isocitrate dehydrogenase 1 and
2 (IDH1 and IDH2) genes, and mutations in these genes are
associated with a more favourable prognosis (Hartmann
et al., 2011; Sanson et al., 2009). In accordance, the majority
of diffuse gliomas that present as grade IV at first diagnosis
(primary GBM) are IDH wild-type (WT), whereas IDH1/
IDH2 mutated grade IV gliomas more frequently develop
from lower-grade tumours (secondary GBM) (Louis et al.,
2016). In lower grade IDH1/IDH2 mutated gliomas, two addi-
tional molecular subgroups can be identified. IDH1/IDH2
mutations in combination with 1p/19q codeletion and TERT
promoter mutation coincide with histological features of oli-
godendrogliomas, whereas IDH1/IDH2 mutations in combi-
nation with ATRX mutations and frequent TP53 mutations
correspond to astrocytomas.

With an average of about 6.0 patients per 100,000 persons,
glioma is a relatively rare disease (Ho et al., 2014; Ostrom
et al., 2018). Nevertheless, the aggressiveness of the
disease, particularly GBM, and the absence of a curative treat-
ment makes glioma a serious health burden. Besides being the
most severe form, GBMs are also the most prevalent form of
diffuse gliomas, representing 52.9% of the cases (Ostrom
et al., 2018). Even after therapy, the median survival of

patients is only 14.6 months after initial diagnosis.
Although lower-grade gliomas (LGGs) present with slower
tumour growth, over time LGGs frequently develop into
GBMs also making this tumour type not fully curable
(Louis et al., 2016). The incurability of both low- and high-
grade gliomas can be largely attributed to two clinical chal-
lenges in the treatment of the disease. First, similar to many
other cancers, gliomas consist of a heterogeneous population
of cells with many different subsets (Patel et al., 2014).
Heterogeneity is one of the major challenges in developing
novel curative treatments for the disease as heterogeneity
can lead to an adaptive response of specific subsets of cells
to existing treatment regimes, leading to treatment evasion
(Wang et al., 2016). Reinitiation of developmental programs
and neural stem cell hierarchies are thought to play an impor-
tant role in glioma heterogeneity (Couturier et al., 2020;
Neftel et al., 2019; Venteicher et al., 2017). A second major
challenge in the treatment of gliomas is their infiltrative
growth. Glioma cells typically migrate along pre-existing
structures in the brain (Figure 4), which leads to therapy
evasion and tumour recurrence (Claes et al., 2007). There is
a great need for both novel biomarkers to follow tumour pro-
gression and recurrence, and novel therapeutical targets to
treat the disease. In the next section, we give an overview
of the GFAP IF network composition changes during

Figure 4. Characteristics, drivers, and consequences of glioma cell invasion. Glioma cell invasion typically occurs along pre-existing

structures in the brain, i.e. in the subarachnoid space and along the perivasculature and white-matter tracks. Glioma invasion is influenced by

extracellular matrix (ECM) composition, tissue topology, immune cell interaction and infiltration, hypoxia, and glioma network formation,

indicated with the green triangles. Consequences of invasion are neuronal network disturbances, astrocyte endfoot displacement, and

blood-brain barrier disruption, indicated with the red lightning bolts.
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glioma development and progression, and the functional con-
sequences these alterations may have.

The GFAP IF Network Composition in Diffuse Gliomas
The IF network in glioma cells is similar to the network in non-
malignant glia. Gliomas with astrocytic characteristics, like
astrocytomas and also GBMs, can express a combination of
cytosolic IF proteins that are also found in immature, mature,
and reactive astrocytes and neural stem cells. These IF proteins
include GFAP, vimentin, nestin, and synemin (Hol and Pekny,
2015). Like the earlier described GFAP, vimentin is a class III
IF that is similar in amino acid length and also has the property
to self-assemble into networks. Nestin and synemin on the
other hand are class IV IF proteins that cannot homodimerize
and are characterized by an 8 to 10 times larger C-terminus.
Heteropolymerisation of GFAP and vimentin was already dis-
covered with immunoelectron microscopy in glioma cell lines
and surgical biopsies over 30 years ago and more recently also
nestin was observed to be part of the GFAP/vimentin-positive
filaments in astrocytes (Leduc and Manneville, 2017; Paulus
and Roggendorf, 1988; Wang et al., 1984). Depletion of
either vimentin or GFAP leads to different IF network struc-
tures in astrocytes, with GFAP dominant networks being
more compact and dense, and vimentin dominant networks
more dispersed (Lepekhin et al., 2001; Menet et al., 2001).
Although the effects of nestin and synemin and different iso-
forms of GFAP on the ultrastructure of IF networks have not
yet been described in glia- and glioma cells, these findings
show that different IF components within the same filament
can have distinct contributions to the filament characteristics.
In addition to cytosolic IF proteins, gliomas also express
class IV IF proteins that make up the nuclear lamina. Of the
four different lamins / lamin isoforms, laminB1 is the dominant
protein expressed in glioma cells, and lamin A levels are rela-
tively low in comparison to other cell types (Harada et al.,
2014). In addition, laminB1 but not laminA depletion affects
the organization of the cytosolic IF network in astrocytes
(Dupin et al., 2011). Although this review will mainly focus
on the cytosolic IF network, this and other findings suggest
that the nuclear- and cytosolic IF networks interact and
should not be regarded as two entirely separate entities.

The Heterogeneous Nature of GFAP Expression in
Glioma
Although GFAP is commonly found in diffuse gliomas, the
expression is highly heterogeneous both within and between
tumours, as reviewed in van Bodegraven et al. (2019a).
Within the tumour there is both regional diversity in GFAP
expression, as well as variation in the cellular morphology
of the GFAP expressing cells (van Bodegraven et al.,
2019a). The last decade, (single cell) transcriptomics have
better mapped the molecular diversity of cells within diffuse

gliomas and have identified three molecular subtypes of
grade IV gliomas: the classical, mesenchymal, and proneural
subtypes (Verhaak et al., 2010; Wang et al., 2017), all of
which can exist within the same tumour (Patel et al., 2014).
Of these catogories, the mesenchymal subtype is associated
with a less favorable patient prognosis (Verhaak et al., 2010;
Wang et al., 2017), and mesenchymal-like cells are linked to
treatment-resistence and invasiveness (Kim et al. 2021).
Single-cell transcriptomics reveal that GFAP is mostly enriched
in the classical subtype and is least abundantly expressed in the
mesenchymal subtype, the latter being more associated with
vimentin expression (Neftel et al., 2019; Celiku et al., 2014).
The molecular subtypes are, however, highly plastic and transi-
tions betweenmesenchymal and classical-like states are common
(Neftel et al., 2019). The tumour microenvironment is described
as an important driver of state transitions, and particularly the
presence of immune cells like microglia and infiltrated
monocyte-derived macrophages are closely associated with the
mesenchymal signature (Kim et al., 2021). Interestingly, it has
been reported that GFAP-positive neoplastic cells can express
immune cell markers as well (Deininger et al., 2000; Leenstra
et al., 1995; Takeuchi et al., 2008), leading to the hypothesis
that cell fusions between neoplastic cells and macrophages/
microglia can give rise to an aggressive and invasive population
of glioma cells (Huysentruyt et al., 2011). These studies highlight
the heterogeneous and dynamic nature of GFAP-expression in
glioma and emphasize the need to better understand the regula-
tion of the gene in the context of the disease.

Expression of GFAP in Relation to Diffuse Glioma
Clinical Outcome
The IF network organization and general expression patterns of
GFAP and other IF proteins have been studied in relation to
glioma malignancy and overall survival, as reviewed in (van
Bodegraven et al., 2019a). Based on semiquantitative immuno-
histochemical evaluation of vimentin, nestin, GFAP, and
synemin expression in glioma tissue, Skalli and colleagues
identified three subtypes of glioma: one group with high expres-
sion levels of all four IFs, one with low expression levels of all
four IFs, and one group with strong nestin expression but low
vimentin, GFAP, and synemin (Skalli et al., 2013). No correla-
tion between staining patterns and survival was found in this
study, and patient numbers were limited. The expression of
GFAP is often regarded as a differentiation marker and is there-
fore associated with a less malignant tumour. Nevertheless, in a
recent systematic review on GFAP expression levels in differ-
ent malignancy grades, we show that GFAP is not consistently
associated with more differentiated tumours (van Bodegraven
et al., 2019a). Also, two recent studies that investigated the
prognostic impact of GFAP immunopositivity in relation to
GBM patient survival reported contradictory results.
Ahmadipour and collegues found a significant correlation
between high levels of GFAP and decreased long-term
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survival, independent of IDH1 mutation and MGMT methyla-
tion status (Ahmadipour et al., 2020). This is in contrast with
the findings of Sommerlath and collegues, where
GFAP-positivity was a positive predictor of long-term survival,
particularly in patients with MGMT promotor hypermethyla-
tion (Sommerlath et al., 2022). The presence of GFAP in
serum is, however, more consistently associated with malig-
nancy grade, as serum GFAP is significantly elevated in
grade IV patients, but not in lower grade gliomas or controls
(van Asperen et al., 2022; van Bodegraven et al., 2019a).
Together these studies highlight that GFAP protein levels are
frequently altered in gliomas, but heterogeneity between
patients and inconsistent findings between studies makes the
use of pan GFAP levels as a biomarker uncertain.

GFAP Isoform Expression in Diffuse Glioma
In addition to general GFAP levels, multiple studies, includ-
ing research performed in our group, have looked into the
expression patterns of GFAP isoforms in tissue sections of
gliomas (van Bodegraven et al., 2019b). In healthy adults,
GFAPδ expression is limited to a subgroup of astrocytes
located in the subpial zone of the cerebral cortex, the subgra-
nular zone of the hippocampus, the subventricular zone, the
rostral migratory stream, and the olfactory bulb (Roelofs
et al., 2005; van den Berge et al., 2010). In accordance,
whereas GFAPδ positive cells are absent in control autopsy
brains in sections of cortical areas, GFAPδ positive cells
have been reported in glioma tissue sections of different
grades in the brain (Andreiuolo et al., 2009; Choi et al.,
2009), and in the spinal cord gliomas (Heo et al., 2012). In
contrast to general GFAP levels, multiple studies report an
increase in GFAPδ levels in high- versus low-grade
tumours (Andreiuolo et al., 2009; Brehar et al., 2015; Choi
et al., 2009; van Bodegraven et al., 2019a). Brehar and col-
leagues compared the GFAPδ and nestin immunopositive
staining of tissue biopsies to the macroscopic invasive proper-
ties of the tumour based on neuroimaging. They reported that
neuroimaging features of highly invasive tumours correlate to
a higher percentage of GFAPδ and nestin-positive cells in the
corresponding tumour biopsy (Brehar et al., 2015). Since the
biopsies were taken from the tumour core and areas of the
tumour with the highest IF staining were selected, it
remains to be investigated whether different regions of the
tumour, like the invasive front, show the same increase in
GFAPδ- and nestin-expressing cells. In addition to immuno-
histochemical analysis of gliomas, GFAP isoform expression
patterns have also been investigated at the RNA level.
Analysis of GFAP isoform expression in bulk RNA sequenc-
ing data of 528 high grade- and 516 low-grade gliomas,
derived from the Cancer Genome Atlas (TCGA), showed
that canonical isoform GFAPα is significantly lower in
grade IV versus grade II and III tumours. GFAPδ on the
other hand remains constant over the different malignancy
grades. This results in a shift in ratios, with high GFAPδ/α

ratios in high-grade tumours and a lower GFAPδ/α ratio in
lower grade tumours (Stassen et al., 2017).

Although multiple research groups report changes in
GFAPδ/α ratios in the different malignancy grades of glioma,
it is important to note the high heterogeneity when it comes
to GFAPδ expression. Andreiuoli and colleagues reported a
large variation in GFAPδ staining levels, with strongly positive
and negative foci in tumour tissue of GBM patients
(Andreiuolo et al., 2009). Despite the high heterogeneity,
some basal observations on the characteristics of the GFAPδ
and GFAPα/pan positive cells were reported. First of all,
Andreiuoli and colleagues described a high extend of overlap
between GFAPδ and vimentin immunostaining in grade II
and grade IV, although this observation has not been systemati-
cally quantified (Andreiuolo et al., 2009). Also, observations
on morphological differences have been described. Choi and
colleagues found a correlation between GFAPδ levels and
the number of primary processes of the cell. In this study,
increased levels of GFAPδ was associated with fewer
primary processes and rounder cell morphology (Choi et al.,
2009).The morphological analysis of GFAPα and GFAPδ
expressing cells is performed in tissue biopsies that are fre-
quently taken from areas of the tumour with high malignant
cell densities. Whether similar morphological characteristics
are found in cells that have invaded the brain parenchyma
remains to be investigated. At last, although this review
mainly focuses on adult diffuse gliomas, also in pediatric
diffuse intrinsic pontine glioma (DIPG) GFAPδ-positive cells
with distinctive morphologies are found, although no morpho-
logical characterisation has been performed in this context
(Caretti et al., 2014). Based on these observations it can be
hypothesised that the GFAPδ-positive cells in adult and
diffuse gliomas form a distinct population of cells in the
tumour. Given the restriction of GFAPδ-expression to adult
neural stem cells in the human brain, GFAPδ-positive cells
may represent a glioma stem cells population, although with
current knowledge this is highly speculative and this hypothesis
needs to be further investigated with additional characterization
of the GFAPδ-positive population. Also how this population
arises is currently not known. Whether alternative splicing in
glioma is triggered by cell-intrinsic factors (e.g. as a down-
stream effect of mutated genes, or by reinitiation of develop-
mental programs) or by extrinsic triggers (e.g. immune cell
infiltration, hypoxia, or changes in tissue mechanics) remains
to be experimentally tested in future research.

The Functional Role GFAP and GFAP
Isoforms in Glioma Cell Behaviour
GFAP and GFAP isoforms have not only been studied as
potential (bio)markers but their function has also been inves-
tigated. GFAP plays a role in a broad range of cellular pro-
cesses, including but not limited to vesicle trafficking,
localisation of organelles, and autophagy (Middeldorp and
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Hol, 2011). In the next paragraph, we will discuss some of the
functions that have been discovered for GFAP in cell biolog-
ical domains that are relevant to glioma malignancy, with a
focus on GFAP isoforms where possible (Figure 5).

Glioma Tumorigenesis, Cell Proliferation and Growth
Uncontrolled cell division is a hallmark of cancer. Several
studies have investigated the link between manipulation of

GFAP expression and tumorigenesis, cell proliferation, and
cell cycle progression, however, the findings are contradic-
tory. An early study investigated the effect of the presence
of GFAP on spontaneous astrocytoma development in
p53-negative mice exposed to carcinogen ethyl nitrosourea.
When comparing GFAP wild-type mice to GFAP-null mice,
tumour incidence, histological characteristics, and tumour
progression were similar (Wilhelmsson et al., 2003). This is
in contrast to a study performed by Toda and colleagues,

Figure 5. The effect of modifications of the GFAP IF network on different biological domains relevant for glioma biology. The studies based

on overexpression-expression are underlined, the other studies are based on endogenous expression levels, knock-down, or knock-out

experiments. All studies in grey are based on experiments with (primary) astrocytes, the studies in black on studies with glioma cell lines.

G=GFAP, Gδ/α=High GFAPδ/α-ratio cells, Gα/δ= Low GFAPδ/α-ratio cells, G/V/N=GFAP, vimentin, nestin, L.T.= long-term, S.T.=
short-term (1) de Pablo et al. (2013); (2) de Pascalis et al. (2018); (3) Dupin et al. (2011); (4) Elobeid et al. (2000); (5) Moeton et al. (2014);

(6) Moeton et al. (2016); (7) Murphy et al. (1998); (8) Lepekhin et al. (2001); (9) Pekny et al. (1998); (10) Rutka et al. (1994); (11) Rutka et al.

(1998); (12) Stassen et al. (2017); (13) Toda et al. (1994); (14) Toda et al. (1999); (15) van Bodegraven et al. (2019b); (16) Weinstein et al.

(1991); (17) Wilhelmsson et al. (2003).
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where C6 rat glioma cells transfected with murine GFAP
formed smaller tumours in athymic mice (Toda et al.,
1999). Also, studies using in vitro models to investigate the
effect of GFAP on cell proliferation are inconclusive. Most
studies associate high levels of GFAP with decreased cell pro-
liferation (Elobeid et al., 2000; Rutka et al., 1994; Toda et al.,
1999) or find no effect (Murphy et al., 1998; Weinstein et al.,
1991). However, one study described that a subpopulation of
glioma cells with high GFAP expression generated more and
larger colonies in a soft-agar colony formation assay in com-
parison to the GFAP low population (Murphy et al., 1998).
Previous studies from our lab have investigated the effect of
the GFAP isoforms on proliferation, but also here findings
are somewhat contradictory. Whereas overexpression of
GFAPα and GFAPδ does not affect proliferation based on
BrdU incorporation, MTT assays, and PHP3 positivity
(Moeton et al., 2016; Stassen et al., 2017), a higher fraction
of BrdU positive cells was described in GFAPα versus
GFAPpan depleted cells (Stassen et al., 2017). However, in
these knockdown (KD) cells, proliferation was not affected
based on Ki67 positivity or the number of cells in the G2/
M/S phase of the cell cycle (Moeton et al., 2014).

GFAP has also been studied in the context of tumour sup-
pressor gene regulation. The head domain of GFAP, and also
vimentin, can bind to tumour suppressor protein menin, and
colocalizes with menin during the S and early G2 phase of
the cell cycle (Lopez-Egido et al., 2002). The authors
suggest that the GFAP IF network is involved in sequestering
menin during the S-G2 phase of the cell cycle, thereby regu-
lating the activity of menin (Lopez-Egido et al., 2002).
Whether these are interactions are involved in glioma malig-
nancy, remains to be investigated.

Cellular Stress and Survival
GFAP and other IF proteins are frequently linked to the cellu-
lar response to stress, and regulators of apoptosis and cell
death. GFAP interacts with Heat Shock Protein 27 (HSP27)
and protein chaperone αB-crystallin (CRYAB), and the inter-
action of these proteins with GFAP prevents aggregation
(Perng et al., 2008). GFAP is also identified as an interactor
of c-Jun N-terminal Kinases (JNK) JNK1α1 and JNK3α1 in
a yeast two-hybrid screen, linking GFAP to a major signalling
pathway of apoptosis (Chen et al., 2014). In addition to regu-
latory pathways of apoptosis, another yeast two-hybrid screen
linked GFAP to DNA Fragmentation Factor 45 (DFF45), a
protein involved in the execution of apoptosis. The binding
of GFAP to DFF45 prevents cleavage of the DFF45 protein
by caspase-3, therewith preventing nuclease activity of the
catalytic subunit DFF40 (Hanus et al., 2010). Many IF pro-
teins, including GFAP and vimentin, also contain caspase 3
and 6 cleavage sites, showing that IFs are also targets of the
apoptotic pathway (Byun et al., 2001; Messing and Brenner,
2020). The role of these interactions between IF proteins

and stress- and cell survival-related pathways remain to be
further investigated.

Although the effect of GFAP on cell survival has not been
investigated in detail in glioma, in astrocytes GFAP was
found to protect against cell death in response to cellular
stress. In astrocytes challenged with oxygen-glucose depriva-
tion, cell death was observed more frequently in GFAP/
vimentin-null mice in comparison to astrocytes where the IF
network remained intact (de Pablo et al., 2013). High-grade
gliomas are frequently associated with hypoxia (Gérard
et al., 2019; Jensen et al., 2014), therefore whether GFAP
has a protective role in hypoxia-induced cell death in
glioma is an interesting topic for further investigation.

Cell Motility, Migration, and Invasion
Several studies have investigated the role of GFAP in glial
and glioma cell motility and migration. However, the effect
of GFAP on motility and migratory behaviour is not straight-
forward. Early studies linked downregulation of GFAP with
antisense oligonucleotides to increased velocity and motility
of cell migration, suggesting an inhibitory effect of GFAP
on migration (Murphy et al., 1998; Rutka et al., 1994,
1998). Also in Matrigel invasion studies, low levels of
GFAP or depletion of GFAP in glioma cells led to higher
invasiveness into Matrigel (Murphy et al., 1998; Rutka
et al., 1994, 1998, 1999). However, in astrocytes isolated
from mice lacking GFAP and vimentin, depletion of GFAP
or vimentin alone led to a small defect in cell migration, but
when both IFs were targeted a larger reduction in cell migra-
tion was observed (Lepekhin et al., 2001). Similar observa-
tions were made in primary astrocytes treated with siRNAs
targeting GFAP, nestin, and/or vimentin, where the lack of
all three IFs together leads to a stronger decrease in velocity,
directionality, and persistence in comparison to depletion of
individual IFs (de Pascalis et al., 2018; Dupin et al., 2011).
When only GFAP was targeted in these cells, a reduction in
velocity was observed, although no changes were seen in
the directionality and persistence of the migration (de
Pascalis et al., 2018). The role of GFAP isoforms has also
been studied in the context of migration and motility. In
glioma cells, shRNAs specifically targeting GFAPα reduced
motility of glioma cells, whereas targeting all GFAP isoforms
did not affect this (Moeton et al., 2014). Overexpression of
GFAPα or GFAPδ in these cells on the other hand does not
affect cell motility and migration (Moeton et al., 2016).

The cell migration machinery is a complex system that
depends on many dynamic processes in the cell. In several
of these processes, the IF network has been proven the play
a role. One of the first steps in directional migration is cell
polarization (Petrie et al., 2009). In migrating astrocytes,
cell polarization is characterised by translocation of the
nucleus to the rear of the cell, termed nucleus off-centring.
Loss of GFAP, nestin, and vimentin in primary astrocytes
leads to aberrant nucleus off-centring during cell polarization
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(Dupin et al., 2011). In contrast to nucleus off-centring, cen-
trosome positioning during cell polarization is not dependent
on the presence of GFAP but is regulated by nestin (Dupin
et al., 2011). After the polarization of the cells, the next step
in the process of glioma cell migration is the formation of
focal adhesions through integrin-extracellular matrix (ECM)
binding. The role of vimentin in the regulation of integrin-
and focal adhesion dynamics is well established (Ivaska
et al., 2007; Leube et al., 2015), and over the years the role
of GFAP is becoming more apparent as well. The size of
focal adhesions is affected by GFAP isoform expression, as
both overexpression of GFAPα and GFAPδ leads to a
smaller focal adhesion size (Moeton et al., 2016). GFAP
can interact with focal adhesions through binding to vinculin
and talin (de Pascalis et al., 2018), but whether this interaction
directly affects focal adhesion size remains to be investigated.
After the formation of adhesions, forces can be loaded on the
integrin-ECM complexes by actomyosin contractility, facili-
tating cellular movement (Case and Waterman, 2015).
Knockdown of vimentin, nestin, and GFAP in migrating
astrocytes leads to stronger traction forces and a loss of
force distribution in leader versus follower cells in collec-
tively migrating astrocytes (de Pascalis et al., 2018). Also,
cell-cell interactions are altered under these conditions, as
the flow of N-cadherins at cell-cell adherent junctions is
diminished. Interestingly, the morphology of the adherent
junctions is also affected when GFAP is targeted alone, indi-
cating a direct involvement of GFAP in the regulation of
adherent junctions (de Pascalis et al., 2018).

In addition to the intracellular dynamics, glioma cell inva-
sion into the brain parenchyma is also dependent on dynamic
interactions with the surrounding cells and extracellular
matrix. During tissue invasion, cells encounter ECM matrices
with different topologies, ligand densities and distributions,
all of which can affect the migration mode and strategy of a
cell (Charras and Sahai, 2014). The function of GFAP in
glioma appears to be strongly ECM-context dependent, as
the outcome regarding adhesive- and migratory properties in
response to depletion of the GFAP isoforms is dependent
on the substrate (Moeton et al., 2014; van Bodegraven
et al., 2019b). GFAP-isoforms also differentially regulate
ECM production and remodelling. An increase in the
GFAPδ/α-ratio leads to increased laminin-deposition of
cells, and to altered gene expression of metalloproteinase 2
and A2M, genes that are involved in ECM remodelling (van
Bodegraven et al., 2019b). The altered cell-ECM interaction
in cells with a high GFAPδ/α-ratio is regulated by dual-
specificity phosphatase 4, a gene that negatively correlates
to glioma patient survival (Stassen et al., 2017; van
Bodegraven et al., 2019b). In GFAPδ/α-high cells, DUSP4
is specifically localised to the focal adhesions of the cells,
where it regulates laminin signalling (van Bodegraven et al.,
2019b). These findings suggest that the GFAPδ/α-ratio partic-
ularly affects cellular processes that are relevant for cell
migration within a three-dimensional context, potentially

explaining the discrepancies in effect on cell migration on
flat surfaces. Indeed, we recently have shown that GFAPδ/
α-ratio high and low cells show different migratory behav-
iours when implanted in ex vivo organotypic brain slice cul-
tures or in mice with a cranial imaging window
(Uceda-Castro et al., 2022). GFAPδ/α-high cells show
diffuse, directionally persistent invasion into the brain paren-
chyma, whereas GFAPδ/α-low cells migrate in a random-
fashion. This shows that to fully understand the role of
GFAP and GFAP isoforms in glioma cell invasion, it is
important to investigate the protein within a cellular context
that recapitulates the environmental conditions that glioma
cells normally encounter.

Future Directions
In this review, we described the role of GFAP and its isoforms
in glioma cell behaviour. The fully understand the function of
GFAP and its isoforms on glial cell function we provide some
directions for further research.

1. GFAP is a highly spliced gene and multiple splice variants
have been identified in the mouse and human brain.
Several subtypes of astrocytes express different isoforms,
but the full spectrum of GFAP splice isoforms is still
unknown. In the near future, targeted long-read RNAseq
and single-cell RNA seq approaches will reveal which
cell types express which GFAP variants. Importantly, the
expression of the isoforms also needs to be confirmed at
the protein level. This requires the development of a
range of isoform-specific antibodies and analysis of the
isoforms with proteomics.

2. The research on GFAP isoforms in glioma has been
focused on GFAPα and GFAPδ. We have shown that a
change in the ratio between GFAPα and GFAPδ changes
cell-environment interactions. Thus, it is important to
better understand the function of GFAP and its splice iso-
forms. This requires (1) novel mouse and cell models with
targeted and timed deletion of specific GFAP isoforms and
(2) tools and drugs to interfere with the GFAP IF network.

3. GFAP is a highly regulated gene and its expression is upre-
gulated in several neurological diseases, mutations in
GFAP are the cause of Alexander disease, a white matter
disorder, and GFAP isoforms play a role in glioma malig-
nancy. Thus understanding the regulation of GFAP gene
expression and GFAP alternative splicing is important to
understand how this protein is involved in these disorders.
Targeting GFAP can be attractive to selectively and specif-
ically interfere with the glial cell function in disease.

4. GFAP is part of the cytosolic IF network in cells, that con-
sists of different IF proteins. Understanding the interac-
tions of GFAP with other proteins in the IF network and
the interaction of the IF network with other cytoskeletal
systems (actin and microtubules) is essential to fully
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understand the cell biological and biomechanical function
of GFAP and its isoforms.

All in all, fifty years after the first description of GFAP and
due to the discoveries concerning isoforms and protein func-
tion, GFAP is still an exciting protein to study for a multidis-
ciplinary group of researchers. Novel technologies in the field
of genomics, biophysics, chemistry, molecular biology, cell
biology, and neuroscience now make it possible to unravel
the full function of this intriguing protein.
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