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Abstract

Alexander disease is a primary genetic disorder of astrocyte caused by dominant mutations in the
astrocyte-specific intermediate filament glial fibrillary acidic protein (GFAP). While most of the
disease-causing mutations described to date have been found in the conserved a-helical rod
domain, some mutations are found in the C-terminal non-a-helical tail domain. Here, we compare
five different mutations (N3861, S3931, S398F, S398Y and D417M14X) located in the C-terminal
domain of GFAP on filament assembly properties in vitro and in transiently transfected cultured
cells. All the mutations disrupted in vitro filament assembly. The mutations also affected the
solubility and promoted filament aggregation of GFAP in transiently transfected MCF7, SW13
and U343MG cells. This correlated with the activation of the p38 stress-activated protein kinase
and an increased association with the small heat shock protein (SHSP) chaperone, aB-crystallin.
Of the mutants studied, D417M14X GFAP caused the most significant effects both upon filament
assembly in vitro and in transiently transfected cells. This mutant also caused extensive filament
aggregation coinciding with the sequestration of aB-crystallin and HSP27 as well as inhibition of
the proteosome and activation of p38 kinase. Associated with these changes were an activation of
caspase 3 and a significant decrease in astrocyte viability. We conclude that some mutations in the
C-terminus of GFAP correlate with caspase 3 cleavage and the loss of cell viability, suggesting
that these could be contributory factors in the development of Alexander disease.
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Introduction

Alexander disease (AxD) is a rare and often fatal neurological disorder that has been divided
into three subtypes based on the age of onset [1]. The infantile form, which occurs within
the first 2 years of life, is currently the most common. This form of AxD is often associated
with an aggressive disease progression and characterized by dramatic changes in white
matter and the loss of myelin, leading to the usual classification of AXxD among the
leukodystrophies [2]. The juvenile and adult forms are associated with cerebellum and
brainstem pathology. Leukodystrophy is less apparent in these later-onset forms of AxD and
is sometimes completely absent [3,4]. A prominent neuropathological feature of all forms of
AXxD is the presence of Rosenthal fibers, ubiquitinated protein inclusions in the cytoplasm of
astrocytes composed of glial fibrillary acidic protein (GFAP) and containing the small heat
shock proteins (SHSPS) aB-crystallin and HSP27 in the cytoplasm of astrocytes [5-7].

The molecular basis of AXD was unknown until the serendipitous finding that transgenic
mice engineered to constitutively overexpress human GFAP developed a lethal phenotype
associated with the formation of GFAP inclusions throughout the central nervous system,
which are morphologically and biochemically similar to Rosenthal fibers [8,9]. This
unexpected discovery strongly suggested that altering GFAP protein levels might be
responsible for AxD. Accordingly, sequencing of GFAP gene in autopsy-confirmed AxD
cases revealed single nucleotide coding changes that predicted amino acid substitutions
throughout the GFAP protein [10]. Since that initial discovery, there are now 62 different
GFAP mutations associated with AxD and interestingly these mutations are distributed
throughout the entire GFAP protein sequence. Four mutational hotspots have emerged
affecting residues R79, R88, R239 and R416. These account for more than half of all
reported cases of AxD (see website information at http://www.waisman.wisc.edu/
alexander/). Although most of these mutations are missense and located within the highly
conserved rod domain of GFAP, some insertional and frame-shift mutations have also been
identified. These include an in-frame deletion—insertion of two amino acids
(K86V87delinsEF) [3], a duplication (R126L.127dup) [3], an insertion (Y349Q350insHL)
[11], and D417M14X out-of-frame mutation, in which 16 amino acids at the C-terminal of
the tail domain are completely altered [12]. All mutations detected so far are heterozygous
coding mutations, which are genetically dominant and therefore are expected to act in a
gain-of-function fashion.

Like other intermediate filament (IF) family members, GFAP has a characteristic tripartite
domain structure comprising a central a-helical rod domain flanked by non-a-helical N-
terminal “head” and C-terminal “tail” domains [13]. The GFAP rod domain is flanked by
consensus LNDR and TYRKLEGGE motifs that are evolutionary highly conserved
throughout the whole IF family [14,15]. Mutations in these motifs found in other IF protein
disorders usually correlate with the severest forms of the diseases [16,17] (see http://
www.interfil.org). Although regions containing these motifs have been crystallized for
vimentin [18,19], our knowledge of the important higher-order interactions within IFs is
limited to low-resolution studies [20-22]. Therefore the full structural impact of GFAP
mutations has yet to be fully detailed.
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The non-a-helical head and tail domains are structurally the most variable among IF
proteins in terms of size and primary sequence [23]. Their contributions to filament
assembly vary depending on the IF protein considered [14]. For GFAP, the tail domain is
reported to be important for filament assembly and function [24,25] and contains the
R416W mutation, which is the cause of both sporadic and inherited AxD. Five other
mutations have been found in this GFAP domain [12,26-30]. Here, we investigate the
effects of these other tail mutations on GFAP assembly in vitro and in cultured cells. We
find that the effects of the C-terminal GFAP tail mutants are dominant, affecting filament
assembly in a way that promotes aggregate formation, increases SHSP sequestration and
correlating with both the activation of p38 kinase and a significant decrease in cell viability.

Material and methods

Plasmid construction and site-directed mutagenesis

GFAP mutations were introduced by site directed mutagenesis (QuickChange, Stratagene,
La Jolla, CA) with use of wild type (WT) GFAP, corresponding to the most abundant splice
variant GFAPaq expressed in astrocytes [31]. For transient expression into tissue culture
cells, the various GFAP constructs were subcloned into the pcDNA3.1(-) vector
(Invitrogen, Carlsbad, CA) [32]. All newly generated GFAP mutants were verified by
sequencing before use. For expression in bacteria, both WT and mutant GFAP in the
PCDNA 3.1(-) vectors were subcloned into the bacterial expression vector pET23b
(Novagen, Nottingham, UK) with use of the Xbal and EcoRI restriction sites.

Expression and purification of recombinant GFAPs

The bacterial expression vector containing either WT or mutant GFAP was transformed into
the host Escherichia coli strain BL21(DE3) PLYSS (Novagen, Nottingham, UK) and
inclusion bodies prepared as described previously [32]. The expressed proteins were further
purified from inclusion bodies by ion exchange chromatography as described [32,33], except
that an AKTA prime plus system equipped with DEAE-Sepharose and CM-Sepharose Fast
Flow columns (GE Healthcare, Uppsala, Sweden) were used in the purification.
Recombinant human R416W and the GFAP iso form GFAPS were purified as described
previously [32,33]. aB-crystallin was purified from bovine eye lenses as described [34]
using a Sephacryl S-400 HR gel filtration column (GE Healthcare, Uppsala, Sweden).

In vitro assembly and sedimentation assay

In vitro assembly was carried out as described previously [32,33] and the efficiency of in
vitro assembly was assessed by high-speed sedimentation assay [35]. To investigate the
extent of filament—filament interactions after filament assembly, samples were subjected to
low-speed centrifugation at 3000xg for 5 min at room temperature in a benchtop centrifuge
(Eppendorf, Hamburg, Germany). The amount of GFAP in the supernatant and pellet
fractions was analyzed by an image analyzer (ImageQuant 350, GE Healthcare, Uppsala,
Sweden) and quantified using the image analysis software (ImageQuant TL 7.0, GE
Healthcare, Uppsala, Sweden).
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For cosedimentation assays, WT or mutant GFAP was mixed with aB-crystallin in low-
ionic strength buffer (10 mM Tris—HCI pH 8.0, 5 mM EDTA, and 1 mM DTT) at the
indicated molar ratios. After assembly, samples were subjected to a low speed centrifugation
assay and the supernatant and pellet fractions were compared by SDS-PAGE as described
above.

Transmission electron microscopy (TEM)

GFAP filament morphology was determined by negatively staining with 1% (w/v) uranyl
acetate (Electron Microscopy Sciences, Hatfield, PA) followed by electron microscopy
(Hitachi H-7500) essentially as described [32]. Measurement of filament length and
diameter was performed on enlarged electron micrographs using the Image J software
(National Institute of Health, USA).

Cell cultures and transient transfection

Human breast cancer epithelial MCF7 cells were obtained from the European Collections of
Cell Cultures (Sigma, St. Louis, MO). Human adrenal cortex carcinoma SW/cl.1 and
SW13/cl.2 cells were kindly provided by Dr. Robert Evans (University of Colorado Health
Sciences Center, Denver). The human astrocytoma cell line U343MG was a gift from Dr. J.
T. Rutka (Division of Neurosurgery, University of Toronto, Toronto) and they were grown
essentially as described [32].

For transient transfection studies, plasmid DNA was prepared by PureLink™ HiPure
plasmid Midi-Prep Kit (Invitrogen, Carlsbad, CA). Cells on 13-mm coverslips at a density of
40%-50% confluency were transfected using GeneJuice® transfection reagent (Novagen,
Nottingham, UK) according to the manufacturer’s protocol. In some experiments, cells were
cotransfected with a reporter plasmid pDsRed2-Mito (Clontech Laboratories, CA) to
identify transfected cells. Cells were allowed to recover for 48 h before further processing
for immunofluorescence microscopy.

Immunofluorescence microscopy

Cells grown on coverslip were processed for indirect immunofluorescence microscopy
essentially as described [32]. The following primary antibodies used in this study were
mouse monoclonal anti-GFAP (GA-5, 1:500, Sigma, St. Louis, MO), monoclonal anti-
human GFAP (SMI-21, 1:500, Covance, Princeton, NJ), monoclonal anti-aB-crystallin
(2D2BE6, [36]), rabbit polyclonal anti-GFAP (1:200, DakoCytomation, Carpinteria, CA) and
polyclonal anti-vimentin (clone 3052, 1:200, [37]) antibodies. Primary antibodies were
detected using Alexa® 488 (1:600) or Alexa® 594 (1:600) conjugated secondary antibodies
(Invitrogen, Carlsbad, CA). Slides were observed using a LSM 510 confocal laser scanning
microscope (Carl Zeiss Inc., Jena, Germany) taking 1.0 um optical sections. Images were
collected in multi-track mode and processed for figures using Adobe® Photoshop CSlI
(Adobe System, San Jose, CA). Quantification of the GFAP filament phenotypes was
performed by visual assessment of various staining patterns in transfected cells. For each
DNA construct, cells on three coverslips were counted and approximately 200-250
transfected cells were assessed per coverslip.
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Cell fractionation and immunoblotting analysis

Cells grown on 10-cm? Petri dishes were transfected with control vector (pcDNA3.1) or the
same vector containing either WT or mutant GFAP. At 48 h after transfection, cells were
lysed using two different extraction buffers, designed to test the resistance of GFAP
filaments and aggregates to extraction, essentially as described previously [32]. Briefly a
mild extraction buffer (10 mM Tris—HCI pH 7.6, 140 mM NaCl, 5 mM EDTA, 1 mM
EGTA, 1% (v/v) Triton X-100, supplemented with protease inhibitor cocktails (Sigma, St.
Louis, MO) and 1 mM PMSF) and a harsh extraction buffer (mild extraction buffer
containing 0.5% (w/v) sodium deoxycholate and 0.1% (w/v) SDS) were used to prepare
supernatant and pellet fractions. Pellet fractions were resuspended in Laemmli’s sample
buffer, in a volume that was proportional to the supernatant before analysis by SDS-PAGE
and immunoblotting.

After immuneblotting essentially as described [32], the following primary antibodies were
used to identify specific proteins; mouse monoclonal anti-GFAP (GAS5, 1:5000, Sigma, St.
Louis, MO), monoclonal anti-GFAP (cl.52, raised against a peptide sequence from codon
418 to 432 of the human GFAP, 1:1000, BD Transduction Laboratories, San Diego, CA),
monoclonal anti-human GFAP (SMI-21, 1:5000, Covance, Princeton, NJ), monoclonal anti-
HSP27 (G3.1, 1:2000, Abcam, Cambridge MA), monoclonal anti-aB-crystallin (2D2B6,
1:1000, [36]), monoclonal anti-actin (1:2000, AC-40, Sigma, St. Louis, MO), monoclonal
anti-ubiquitin (1:1000, P4D1, Cell Signaling Technology, Danvers, MA), monoclonal anti-
caspase 3 (1:1000, Cell Signaling Technology, Danvers, MA), rabbit polyclonal anti-GFAP
(1:2000, DakoCytomation, Carpinteria, CA) and polyclonal anti-cyclinD1(1:1000, Cell
Signaling Technology, Danvers, MA) antibodies. In some experiments, the membrane was
probed with rabbit monoclonal anti-p38 kinase and anti-phospho-p38 kinase antibodies
(both from Cell Signaling Technology, Danvers, MA) diluted by 1:1000 in blocking buffer.
Primary antibodies were detected by horseradish peroxidase (HRP)-conjugated secondary
antibodies (DakoCytomation, Carpinteria, CA) diluted by 1:2000 in blocking buffer,
followed by washing with TBS for 30 min with several changes. Antibody labeling was
detected by enhanced chemiluminescence (Western Lightning Plus-ECL, Perkin Elmer)
with use of a luminescent image analyzer (ImageQuant 350, GE Healthcare, Uppsala,
Sweden). The strength of signal was quantified using the image analysis software
(ImageQuant TL 7.0, GE Healthcare, Uppsala, Sweden).

Cell viability assay

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Promega, Madison, WI) assay. This assay reflects cell viability and
proliferation as well as integrity of the mitochondria [38]. Briefly, 5x10% U343MG cells
were seeded in 24-well plates containing 0.5 ml of growth medium. Cells were cultured for
24 h prior to transfection with either WT or mutant GFAP. Cells transfected with empty
pcDNA3.1 DNA vector were used as a control. At 48 h after transfection, culture medium
was replaced by fresh medium containing 0.5 mg/ml MTT. After incubation with MTT at 37
°C for 4 h, 0.5 ml of dimethyl sulfoxide was added to each well and incubated for 5 min to
dissolve formazan crystals. Four 50 pl aliquots were then transferred to a 96-well plate, and
absorbance was measured at a wavelength of 560 nm on a microplate reader.
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Impact of disease-causing mutations upon GFAP assembly in vitro

To determine how C-terminal AxD-causing mutations affected the assembly properties of
GFAP, invitro assembly studies were performed. Five different C-terminal GFAP mutants
(N3861, S393I, S398F, S398Y and D417M14X) were generated by site directed mutagenesis
and then used to produce recombinant protein (Fig. 1A) suitable for studies in vitro. The
expression and purification of WT GFAP are shown as an example (Fig. 1B). This protein
assembled into typical 10-nm filaments that were many microns in length (Fig. 2A). During
the assembly of type 111 IF proteins like vimentin, desmin and GFAP, the in vitro assembly
goes through several distinct and well-characterized stages [14]. The first stage is the
formation of the unit length filament (ULF). These are usually 60—70 nm long. ULFs then
anneal end to end to form filaments that are wider in diameter (~15 nm), but then these
undergo compaction to form the mature filament that is 10-nm wide and many microns long.

All the GFAP mutations studied here perturbed in vitro filament assembly. Some inhibited
the annealing of the ULFs into filaments (N3861, S398F and S398Y) and one (S393I)
appeared to affect the compaction stage of filament assembly. The N386I mutation
prevented GFAP filament assembly by forming structures that appeared to resemble ULFs
(Fig. 2B, arrowheads), but which are 62.3 + 4.7 nm long, variable in width and aggregation
prone. Some end to end annealing of these ULFs was possible as seen by the presence of
some filamentous material (Fig. 2B). By contrast, S3931 GFAP was able to form short
filament-like structures, but these had not compacted properly as their diameters were
irregular (Fig. 2C). The S398F (Fig. 2D) and S398Y (Fig. 2E) GFAP mutants both formed
mainly ULF-like structures (Figs. 2D and E, arrowheads) that tend to aggregate. The most
dramatic assembly defect was observed for the frameshift mutation in codon 417
(D417M14X), which is predicted to generate a protein product of 431 residues [12]. This
D417M14X deletion mutant failed to self-assemble into filaments, but instead formed small
(23.8 + 3.4 nm) particles that tended to aggregate strongly (Fig. 2F, arrows).

A low-speed sedimentation assay ([39]; Fig. 2G and Supplementary Fig. 1A) was used to
determine the effect of the C-terminal mutations upon GFAP assembly in vitro. Most of the
WT GFAP remained in the supernatant fraction under these assay conditions (Fig. 2G, lane
1), with only 12% protein being pelleted (Fig. 2G, lane 2). These data indicate that the
assembled filaments had a low tendency to self-associate and to form filament complexes
that could be sedimented at 3000 x g after 5 minute centrifugation. The high-speed
sedimentation assay confirmed that virtually all the GFAP could be pelleted using g-forces
that sediment individual filaments (Supplementary Fig. 1B). TEM confirmed the presence
IFs, which were very abundant in this sample.

All the GFAP mutants sedimented more efficiently than WT protein in the low speed
sedimentation assay, with 79% of N3861 (Fig. 2G, lane 4), 47% of S393I (Fig. 2G, lane 6),
86%o0f S398F (Fig. 2G, lane 8), 81% of S398Y (Fig. 2G, lane 10) GFAP and 77% of the
D417M14X frameshift mutant (Fig. 2G, lane 12) being found in the pellet fraction. These
data confirm that the assembled polymers of all the C-terminal GFAP mutants are more
prone to self-aggregation than the WT protein.

Exp Cell Res. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 7

The D417M14X frameshift GFAP mutant showed a greatly increased tendency to
polymerize even under unfavorable buffer conditions. The proportion of mutant GFAP in
the pellet fraction (Fig. 2H, lane 12, labeled P) was markedly greater than that of the WT
GFAP (Fig. 2H, lane 1, labeled S) and the other mutant GFAPs (Fig. 2H, lanes 3, 5, 7 and 9,
labeled S), which under these conditions remained mostly in the soluble fractions. These
results suggest that the D417M14X frameshift mutant promoted oligomerization and
subsequent aggregation of the assembled structures as confirmed by electron microscopy
(Fig. 21).

To demonstrate the dominant effects of the C-terminal tail mutants, WT GFAP was mixed
with different proportions of either S3931 or D417M14X GFAP, two mutants with different
effects upon the in vitro filament assembly. When S3931 and WT GFAP were coassembled
in 10:90 and 25:75 ratios, the filaments formed were not dramatically altered in morphology
(data not shown) compared with those made from WT GFAP alone (Fig. 2A). Increasing the
proportion of S3931 GFAP to 50% in the assembly mixture, however, resulted in filaments
that appeared shorter, less uniform and had a marked tendency to aggregate (Fig. 3A). When
compared to S393l, the D417M14X mutant had the most deleterious effect upon WT GFAP
assembly. Coassembly studies showed that even 10% D417M14X GFAP altered the
morphology of the assembled filaments (Fig. 3B). These filaments appeared more irregular
in width, were shorter and more angular. With increasing D417M14X GFAP levels in the
mixture with WT GFAP, more filament disruption was observed. In the 1:1 mixture large
electron dense structures appeared, indicating a greater tendency for the assembled material
to aggregate (Fig. 3C, arrow). Low-speed centrifugation assay confirmed that increasing the
proportion of the S3931 (Fig. 3D, lane 6) or D417M14X mutant (Fig. 3E, lanes 4 and 6) also
increased the proportion of GFAP in the pellet fractions. These data show that both the
S3931 GFAP and D417M14X GFAP act in a dominant manner over the WT protein with
respect to GFAP assembly in vitro.

The N386I mutation alters the binding of the GA5 antibody to GFAP

In the course of our studies, we noticed that the N3861 mutant GFAP was virtually
undetectable by the monoclonal anti-GFAP GAS5 antibody (Fig. 4A, lane 2), despite the fact
that both the monoclonal SMI21 and the polyclonal anti-GFAP antibodies could readily
detect this mutant (Fig. 4A, lane 2). The GAS5 antibody was able to detect WT (Fig. 4A,
lanes 1,4 and 7) and R416WGFAP (Fig. 4A, lane 7) as well as GFAPS (Fig. 4A, lane 8), a
natural occurring GFAP isoform with unique C-terminal 42 amino acid sequence in its C-
terminal domain [40]. In addition, the clone 52 (cl.52) monoclonal antibody raised against
the C-terminal tail domain of human GFAP recognized WT GFAP (Fig. 4A, lane 4) but not
the D417M14X mutant (Fig. 4A, lane 5). Removing the GFAP C-terminal tail domain by
generating a tailless GFAP (E374X) prevented GAS5 antibody detecting the truncated GFAP
(Fig. 4A, lane 3) demonstrating that the GA5 epitope was contained within this domain.

We confirmed by both immunoblotting (Fig. 4B) and immunofluorescence (Figs. 4C and D)
techniques that the GAS5 antibody was also incapable of detecting transfected N3861 mutant
GFAP in human breast cancer epithelial MCF7 cells, although WT GFAP was readily
detected. Taken together, we conclude that the epitope of the GA5 antibody locates to a
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region immediately after the rod domain, but preceding the last 42 amino acids in the C-
terminal tail of GFAP (Fig. 4E).

Effect of GFAP mutations upon IF network formation in SW13 cells

We used transient transfection assays to investigate the effect of the GFAP C-terminal tail
mutations on the formation of GFAP networks in cells. Transient transfection into SW13/cl.
2 (vim-) cells, which do not express any cytoplasmic IFs [41] was used to assess de novo IF
network formation of the various GFAP mutants. WT GFAP forms filament networks in
these cells (Fig. 5A, arrows), although filament bundles and aggregates were also observed
(Fig. 5A, arrowheads). In contrast, all the GFAP C-terminal tail mutants failed to form
filamentous networks, but instead formed clusters of punctuate aggregates with no obvious
filamentous substructure (Figs. 5B—F, arrows).

Vimentin is a natural coassembly partner of GFAP that is required for filament formation in
astrocytes [42]. We therefore also selected the SW13/cl.1 (vim+) cell line that expresses
vimentin to analyze the ability of GFAP and its mutants to integrate into an endogenous
vimentin IF network. As expected, transient expression of WT GFAP resulted in its
incorporation into the endogenous vimentin IF networks (Fig. 6A, arrows) in 80% of the
transfected cells (Fig. 6G). In contrast, expression of N3861 (Fig. 6B, arrows), S398F (Fig.
6D, arrows) and S398Y (Fig. 6E, arrows) GFAP mutants resulted in aggregate formation in
43%, 30% and 31% of transfected cells (Fig. 6G). In 77% of transfected cells (Fig. 6G), the
D417M14X GFAP (Fig. 6F, arrows) also formed aggregates. By comparison, the S393lI
GFAP produced the least severe phenotype as 69% of the transfected cells (Fig. 6G)
contained filament networks (Fig. 6C) and only 21% of transfected cells contained
aggregates. Interestingly the S3931 GFAP didn’t appear to incorporate to the same extent
throughout the endogenous vimentin network, but rather was concentrated in aggregates in
the perinuclear region (Fig. 6C, arrows). For all the GFAP mutants except for S3931 GFAP
(Fig. 6C), the endogenous vimentin IF networks were also disrupted (Figs. 6B, D—F, green
channel) and colocalized with the mutant GFAP (Figs. 6B, D-F, red channel) in aggregates.

The high transfection efficiency of the SW13/cl.1 cells allowed us to assess biochemically
the solubility properties of the transfected GFAPs. Immunoblotting of supernatant and pellet
fractions prepared from WT or mutant GFAP-transfected cells revealed that WT GFAP was
detected in both the supernatant and pellet fractions (Fig. 6H, lanes 2 and 8). In contrast,
nearly all N3861 (Fig. 61, lane 2), S398F (Fig. 6H, lane 10), S398Y (Fig. 6H, lane 11)
mutant GFAPs were found in the pellet fractions, consistent with the formation of
cytoplasmic aggregates. The D417M14X mutant GFAP (Fig. 6H, lane 12) was found almost
entirely in the pellet fraction. The S3931 mutant GFAP was somewhat intermediate between
these two extremes of the WT and D417M14X GFAP, although the majority of the
expressed S3931 GFAP was found in the pellet fraction (Fig. 6H, lane 9), indicating that this
point mutation had also adversely affected the solubility of the GFAP.

Aggregate formation by mutant GFAP in transfected human astrocytoma U343MG cells

To try to mimic better the cellular environment of the astrocyte, U343MG human
astrocytoma cells were transiently transfected with either WT or mutant GFAP and analyzed
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by immunofluorescence microscopy. Transfected cells were identified using a reporter
plasmid pDsRed2-Mito (Supplementary Fig. 3), which was cotransfected along with the
various GFAP expression constructs. WT GFAP incorporated into the endogenous GFAP
network without obviously altering the endogenous distribution (Fig. 7A, arrows). All the
GFAP mutants, however, formed cytoplasmic aggregates and also disrupted the endogenous
GFAP networks (Figs. 7, B-F, arrows).

GFAP expression levels and its solubility were analyzed by immunaoblotting of the
supernatant and pellet fractions prepared from the transfected cells. After transfection, total
GFAP levels were increased between 1.5 and 2.4 folds over the endogenous baseline levels
(Supplementary Fig. 4). Levels were elevated in both the supernatant and pellet fractions,
but all the GFAP mutants induced a greater increase in the pellet fraction(Fig. 7G, lanes 9—
12 and 14). The endogenous GFAP could be extracted completely from untransfected cells
(Fig. 7G, lane 1) and this was not dramatically changed after transfection with WT GFAP
(Fig. 7G, lane 2) because only 8% was detected in the pellet fraction (Fig. 7G, lane 8). In
contrast, the GFAP levels in the pellet fractions of cells transfected with the mutant GFAPs
were all increased (Fig. 7G, lanes 9-12 and 14), consistent with their sequestration into
cytoplasmic aggregates.

Activation of stress kinases and association of sHSPs with mutant GFAP in U343MG
transfected cells

Stress kinases are activated by the over-expression of other GFAP mutants (R239C [43,44]
and R416W GFAP [33]) and therefore we monitored the phosphorylation status of p38
kinase (p38) in our transiently transfected astrocytoma cells (Fig. 8A). In contrast to
untransfected (Fig. 8A, lane 1) or WT GFAP-transfected (Fig. 8A, lane 2) cells,
phosphorylated p38 levels were significantly elevated for those cells transfected with mutant
GFAPs (Figs. 8A, lanes 3-7 and B).

As with the R416W mutant GFAP [32], the activation of p38 also coincided with the
increased association of HSP27 and aB-crystallin with the GFAP aggregates in transiently
transfected cells. Both HSP27 and aB-crystallin could be almost completely extracted from
untransfected (Fig. 8C, lane 1) and WT GFAP-transfected cells (Fig. 8C, lane 3). In cells
transfected with either S3931 or S398F GFAP, however, some aB-crystallin resisted
extraction (Fig. 8C, lanes 11 and 12), while HSP27 did not (Fig. 8C, lanes 11 and 12). Both
HSP27 and aB-crystallin were detected in the pellet fractions of N3861 (Fig. 8C, lane 10)
and S398Y (Fig. 8C, lane 13) GFAP-transfected cells, but the most significant increase in
the sHSP signals was seen for the D417M14X mutant (Fig. 8C, lane 14). Double label
immunofluorescence microscopy demonstrated the colocalization of aB-crystallin (Fig. 8D,
arrows) and HSP27 (data not shown) with the GFAP aggregates formed by the D417M14X
GFAP (Fig. 8E, arrows). The transient overexpression of the GFAP tail mutants therefore
not only activates the stress activated protein kinase pathway, but also leads to an increased
association with the sHSPs, HSP27 and aB-crystallin.
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The appearance of GFAP aggregates coincides with impaired proteasome activity,
activation of caspase 3 and decreased cell viability in U343MG cells

Altered proteosome function has been reported as a consequence of the accumulation of
R239C GFAP [43] and so we investigated whether this is also the case for D417M14X
GFAP. Levels of protein ubiquitination were indeed increased in mutant GFAP-transfected
cells (Fig. 9A, lane 3) compared to controls (Fig. 9A, lanes 1 and 2). Cyclin D1, a known 20
S proteasome substrate [45], was increased in cells expressing the D417M14X GFAP (Fig.
9A, lane 3). These data suggest that the accumulation of mutant GFAP in transfected
U343MG cells increases the levels of ubiquitinated proteins, evidencing compromised
proteosome function.

The accumulation of mutant GFAP could adversely affect cell viability and to test this
hypothesis we selected the D417M14X GFAP mutant GFAP for further studies. We
measured cell viability in WT and D417M14X GFAP-transfected cells and found a 14% and
25% decrease respectively when compared to cells transfected with a control vector (Fig.
9B). We measured levels of caspase 3 cleavage in WT and mutant GFAP-transfected cells
and found cleaved caspase 3 was mainly detected in the D417M14X GFAP-transfected cells
(Fig. 9C, lane 3). This was accompanied by the cleavage of GFAP, as detected by
immunopositive GFAP fragments in extracts prepared from the mutant GFAP-transfected
cells (Fig. 9C, lane 3). No such degradation products were observed in mock or WT GFAP-
transfected cells (Fig. 9C, lanes 1 and 2). These GFAP fragments most likely correspond to
caspase-cleaved GFAP, as similar sized degradation products were also detected by site-
directed caspase-cleavage antibody in damaged astrocytes of the Alzheimer’s disease brain
[46]. These results suggest a direct link between the aggregation of the mutant GFAP and
the loss of cell viability through the activation of caspase 3.

Discussion

Impact of GFAP tail mutations on IF assembly and network organization

This is the first comprehensive investigation of the effects of the five C-terminal domain
mutations in GFAP linked to AxD. The data presented here show that all the point mutations
and the one frameshift mutation (1249delG; D417M14X GFAP) affect the in vitro assembly
and network formation of GFAP in transiently transfected tissue culture cells. The effects on
the in vitro assembly suggest the mutations all affect the formation and subsequent
annealing of the ULF.

This study contrasts a recent study of myopathy-causing mutations in desmin [47], where
the mutations studied were mostly distal to the conserved RDG-sequence and appeared to
compromise the mechanical properties of the filaments and their networks [48] rather than
preventing in vitro assembly per se. The GFAP mutations studied here appeared to disrupt in
vitro filament assembly at earlier stages affecting the ability of the ULFs to anneal and
subsequently compact appropriately. When transfected into tissue culture cells, the GFAP
mutants all induced aggregate formation (Figs. 5-7). Interestingly, this was not the case for
myopathy-causing mutations in C-terminal tail of desmin [47,48]. There are perhaps
important differences in the precise role(s) played by the C-terminal domains of type Il IF
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proteins. Unlike vimentin or desmin, GFAP is altered by gene splicing to produce three
different protein products with very distinct C-terminal sequences [31]. It is therefore
reasonable to expect that mutations in the C-terminal domain of GFAPa, the most abundant
splice variant expressed in astrocytes, is to significantly affect GFAP function.

The C-terminal mutations affect GFAP solubility with increased associations with sHSPs
and activation of stress kinases

Of all the mutants that were studied here, the S3931 GFAP has been linked to an adult-onset
case of AxD (Table 1), which has relatively mild symptoms and disease progression. In
agreement with the pathology, the effect of this mutation on the in vitro assembly was the
mildest, but did induce a very strong interaction with aB-crystallin in vitro (Supplementary
Fig. 6D). This mutant also produced the most obvious shift in GFAP solubility when
transfected into U343MG cells. So although the effects on the in vitro assembly as measured
by sedimentation assay appeared to be the least dramatic, both the morphological changes
and its interaction with aB-crystallin would suggest otherwise. S393 is also a potential
phosphorylation site for kinases such as the Ca2*-calmodulin (CaM)-dependent protein
kinase 2 [49]. It is too early to speculate on the reason for this apparent anomaly between the
studies presented here and symptoms based on a single patient. Nevertheless, these data do
confirm that changing the morphology of the assembled GFAP causes an increased
association with aB-crystallin, supporting our previous studies [32,33,50].

At the other extreme, the D417M14X GFAP mutant is linked to an infantile form of AxD
(Table 1). The sequence changes as a result of the mutation contrast the two naturally
occurring splice variants (GFAPS [40] and GFAP x [51]) that also dramatically alter the C-
terminal sequences of GFAP. The C-terminus of GFAPS very significantly altered the
solubility and function of GFAP [33]. Both GFAPS and the D417M14X mutant GFAP were
incapable of forming 10-nm filaments in vitro, but would do so when mixed with the WT
GFAP (GFAP«). Both GFAPS and the D417M14X GFAP mutant GFAP induced GFAP
aggregate formation after transient transfection into tissue culture cells and both induced the
activation of stress kinases and the increased association of SHSPs. The difference is that the
D417M14X GFAP mutant leads to AxD [12], whereas GFAPS is associated with long-term
quiescence of neural stem cells [52]. Therefore what are the cellular consequences of
D417M14X GFAP expression and how does this potentially relate to AxD?

Mechanisms involved in AxD

AXD is a primary genetic disorder of astrocyte, where mutations in GFAP are found in the
large majority of AxD patients. Although the genetic basis linking GFAP mutation with
AXD is firmly established, the precise detail of the mechanisms by which GFAP mutations
lead to the disease have yet to be determined [53]. Previous studies using transient
transfection of tissue culture cells had failed to demonstrate that AxD-causing mutant
R239C GFAP would decrease cell viability [43] and it was only when primary astrocytes
isolated from knocking mice overexpressing R236H GFAP by 2.5 fold was this seen [54]. In
another report [55] that used primary astrocyte for transfection, R236H GFAP was also
linked to decreased cell viability. When compared to the reported pathology associated with
AXD, astrocyte cell death is not reported as a major consequence. In infantile cases, there is
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considerable loss of white matter through the compromisation of astrocyte function and of
course disease progression has reached an end point making it difficult to identify this as an
important disease feature [54,56]. This study, in conjunction with previous studies at least
now formally poses that reduced astrocyte viability could be a contributory factor in the
development of AxD as it is both rod (R239C/H) and tail (D417M14X) mutants that are
seen to decrease cell viability.

An increase in absolute levels of GFAP is nevertheless a critical element in AxD
pathogenesis, as even the overexpression of WT (GFAPa) GFAP induces pathogenesis in a
dose-dependent manner [8,9]. The comprehensive comparison of the remaining C-terminal
tail domain mutants in addition to R416W GFAP [32] indicate a range of effects upon in
vitro assembly, the sequestration of aB-crystallin and the activation of p38. These collective
data suggest that it might not be absolute changes that are important, but rather the altered
balance in cellular homeostasis triggered by the presence of the mutant GFAPSs that causes
AxD. Our data show that extensive aggregate formation leading to the sequestration of
SHSPs, the activation of p38 stress kinase and a greater decline in cell viability is driven by
the over-expression of the mutant GFAPs. Which of these is the more important is still an
open question.

The mechanism by which GFAP could induce astrocyte death is unknown. Based on the
observations that aB-crystallin negatively regulates apoptosis through multiple mechanisms
[57-59], sequestration of aB-crystallin into GFAP aggregates could result in depletion of its
soluble cytoplasmic pool and therefore compromise its anti-apoptotic activity. Previous
studies have also shown that aB-crystallin interacts with IFs and by so doing minimizes
inter-filament associations [60] and reorganizes abnormal IF accumulations [61,62]. We
therefore assessed whether GFAP filament aggregation in vitro and after transient
transfection could be reversed by the presence of aB-crystallin (Supplementary Fig. 6), but
we could only confirm an increased association of this chaperone with the pelletable
fractions of the mutant GFAPs. Therefore these data suggest that preventing GFAP
aggregation per se by aB-crystallin overexpression is too simplistic a goal as a strategy to
prevent AxD. Indeed aggregate formation could be seen as a protective mechanism [63] and
in AxD, mutant protein is found not only in aggregates but also in filaments too [32]. It is
clear that aB-crystallin expression in astrocytes can positively influence survival in a mouse
model of AxD [64]. The association of aB-crystallin with Rosenthal fibers is also a key
histopathological feature [5-9,65], but itisnot yet clear how its association with GFAP
filaments and their aggregates might prevent morbidity [64].

Recent studies have shown that aB-crystallin can protect cells from apoptosis by
downregulating caspase-3 expression [66], or by inhibiting its activation [67]. In a recently
published Drosophila model of AXD [65], the expression of R79H GFAP was correlated
with a significant increase in TUNEL-positive glial and neuronal cells. Our data presented
here show for the first time that the expression of a GFAP mutant (D417M14X) coincided
with the increased activation of caspase 3 and a decrease in astrocyte viability. Perhaps our
success in detecting a loss in cell viability where others have failed [43] might be related to
the transient transfection strategy we have employed. Nevertheless, GFAP is itself a caspase
substrate, detected within damaged astrocytes of Alzheimer’s disease-damaged brains [46].
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In a retinal detachment model, the removal of GFAP and vimentin from the Miller glia
reduced photoreceptor cell death [68] clearly implicating the astrocyte IF network in
propagating signals that are key to neuronal death. The recent analysis of some of the
original murine model of AxD [69] now reveals altered metabolic functions for both
astrocytes and neurons as well as a decrease in the transfer of glutamine from astrocytes to
neurons. These observations coupled to the fact that caspase activation may be related to
alterations in astrocyte function that can be independent of cell death [46,70,71] implicate
caspase activation as a result of altered GFAP function as a key part of the pathophysiology
of AxD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression, purification and electrophoretic analysis of WT and mutant GFAPS. (A)

Purified recombinant GFAP was analyzed by 12% (w/v) SDS-PAGE and visualized by
silver staining. Lane 1, WT GFAP; lane2, N3861 GFAP; lane 3,53931 GFAP; lane 4, S398F
GFAP; lane 5, S398Y GFAP. Note the relative increase in electrophoretic mobility of the
D417M14X GFAP (A, lane 6). (B) WT GFAP was used to illustrate the expression and
purification of recombinantly produced proteins. Total protein profiles of extracts from
induced (B, lane 1) and IPTG-induced (B, lane 2) bacteria protein extracts are shown. After
inclusion body preparation, one major protein band is seen (B, lane 3), which was
subsequently purified to homogeneity by anion (B, lane 4) and cation exchange (B, lane 5)
column chromatography. Samples were separated by 12% (w/v) SDS-PAGE and proteins
visualized by silver staining. The relative electrophoretic mobility of molecular weight
markers (in kDa) is indicated.

Exp Cell Res. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Chen et al.

-y, —

D417M14X

G 1 D417M14X(pH 8)
WT  N3861 S3931 S398F S398Y D417M14X
S PS PS P S PS P S P

W e e w — gy ~— @ — W|-—-GFAP
1 2 3 4 5 6 7 8 9 10 11 12

H

WT_ N3861 S3931 S398F S398Y D417M14X
S P P S P S P S P S P

S
- . -— W W8 - e --GFAP
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2.

Ef?‘ects of GFAP mutation upon the in vitro filament assembly. (A—F) Purified WT and
mutant GFAP at a concentration of 0.3 mg/ml were assembled in vitro. Samples were
negatively stained and visualized by TEM. In panels B,D and E, arrowheads indicate the
presence of ULF-like structures. Bar=200 nm. (G) WT and mutant GFAP were subjected to
low-speed centrifugation assay and the resulting supernatant (S) and pellet (P) fractions
were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining. Under these
assay conditions, WT GFAP remained mostly in the supernatant fraction (G, lane 1, labeled
S). While S3931 GFAP was found equally distributed in the supernatant and pellet fractions
(G, lanes 5 and 6), other GFAP mutants were found mainly in the pellet fraction (G, lanes 4,
8, 10 and 12). (H) When preassembled materials in low ionic strength buffer (10 mM Tris
—HCI pH 8.0, 5mM EDTA, and 1 mM DTT) were subjected to the same assay, the
D417M14X mutant was found mainly in the pellet fraction (H, lane 12, labeled P),
suggesting that aggregate formation had occurred early in the assembly protocol. (1)
Electron microscopy of negatively stained samples of preassembled materials showed that
the tail frameshift mutant had aggregated.
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Fig. 3.
The dominant effect of the GFAP tail mutants revealed by in vitro assembly studies. WT

GFAP was coassembled with either S3931 (A) or D417M14X (B and C) GFAP in the
indicated ratios. After assembly, samples were negatively stained and visualized by TEM.
Bar=200 nm. (D, E) Supernatant (S) and pellet (P) fractions from the low speed
sedimentation assay were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue
R250 staining. Notice that increasing the ratio of mutant GFAP in the assembly mixtures led
to an increased GFAP signal in the pellet fractions.
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Fig. 4.
Epitope mapping of a monoclonal antibody GA-5 binding site on GFAP. (A) Purified

recombinant GFAP variants were immunoblotted with the indicated anti-GFAP antibodies.
The ability of the antibodies to detect WT and mutant GFAP proteins is summarized (E).
(v"), Immunopositive; (x), immunonegative. (B) MCF7 cells (B, lane 1; untransfected) were
transfected with WT (B, lane 2) or N3861 (B, lane 3) GFAP. The total cell lysates were
probed with anti-GFAP antibodies as indicated. Notice that the GA5 antibody failed to
recognize N3861 GFAP (lane 3). (C, D) MCF7 cells transiently transfected with N3861
GFAP were fixed 48 h after transfection and visualized by double-label
immunofluorescence microscopy. Cells were stained with either GA5 (C, green channel) or
SMI-21 (D, green channel) antibody and counterstained with a polyclonal anti-GFAP
antibody to reveal transfected cells (C, D; red channel). Merged images are shown. Note that
transient expression of N3861 GFAP in MCF7 cells resulted in the formation of GFAP-
containing aggregates that were readily stained by the SMI antibody and a polyclonalanti-
GFAP antibody, but not GA5 antibody. Bar = 10 um. (E) A schematic view of GFAP
structural organization and localization of alterations in the GFAP variants. GFAP
comprises a central a-helical rod domain, flanked by non-a-helical head and tail domains
(denoted by black bars). Within this rod domain, the heptad repeat-containing segments
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(denoted by boxes) are separated by short linker sequences (denoted by black bars). The
blue (D417M14X with 14 novel residues after the codon 417) and red (GFAPS with 42
novel residues after the codon 391) color-coding of the C-terminal domain gives a schematic
representation of where these sequences differ to GFAPa. The single-letter amino acid code
for tail domain of the WT GFAP (GFAPa) is also given and the disease-causing mutations
studied are indicated (red letters). The sequence containing the GA5 epitope is underlined.

Exp Cell Res. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chen et al. Page 23

Fig. 5.
Effect of GFAP tail mutations upon the de novo IF network formation. SW13/cl.2 (vim-)

cells were transiently transfected with either WT or mutant GFAP. At 48 h after
transfection, cells were processed for immunofluorescence microscopy and probed with the
SMI-21 monoclonal anti-GFAP antibody. When expressed in this cell line, WT GFAP
assembled into filamentous networks (A, arrows) that tended to bundle (A, arrowheads). In
contrast, mutant GFAPs mainly formed cytoplasmic aggregates in transfected cells (B-F,
arrows). Bar = 10 um.
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Fig. 6.

Trinsient expression of mutant GFAPs leads to aggregate formation in SW13/cl.1 (Vim+)
cells. SW13/cl.1 (Vim+) cells transiently transfected with either WT (A) or mutant (B-F)
GFAP were processed for double label immunofluorescence microscopy with antibodiesto
both GFAP (red channel) and vimentin (green channel). For each transfection, cells on three
coverslips were counted and their staining patterns (Filament; Filament + Aggregate;
Aggregate) assessed. Quantification of the various patterns observed for transfected
SW13/cl.1 (Vim+) cells are shown as mean + SE and presented as bar charts (G). All the
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GFAP mutants resulted in a significant increase in GFAP aggregation in transiently
transfected cells with the D417M14X deletion mutant predominantly forming protein
aggregates. Bar=10 pm. (H,l) SW13/cl.1 (Vim+) cells transfected with the indicated GFAP
construct were then extracted using a mild extraction protocol. The resulting supernatant (S)
and pellet (P) fractions were analyzed by SDS-PAGE followed by immunoblotting with
GAb5 (H) and SMI-21 (1) monoclonal anti-GFAP antibodies. Actin was used as a sample
loading control. Uncropped images of blots are shown in Supplementary Fig. 2.
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Fig. 7.

Fi?ament organization and solubility properties of WT and mutant GFAPSs in astrocytoma
U343MG cells. The human astrocytoma cell line, U343MG, was cotransfected with the
indicated GFAP constructs and a reporter plasmid for cell identification purpose
(Supplementary Fig. 3). At 48 h after transfection, cells were examined by
immunofluorescence microscopy using a monoclonal anti-GFAP antibody (SMI-21). When
transfected into U343MG cells, WT GFAP formed mainly filamentous networks that
extended throughout the cytoplasm (A, arrows). In contrast, transient expression of mutant
GFAP resulted in the formation of cytoplasmic aggregates (B—F, arrows). Bar=10 um. (G)
The solubility properties of the transfected GFAPs were analyzed by cell fractionation
followed by SDS-PAGE and immunoblotting. WT or mutant GFAP-transfected cells were
extracted using the harsh extraction protocol and the resulting supernatant (S) and pellet (P)
fractions were probed with anti-GFAP antibodies GA5 (G, lanes 1-12) and SMI-21 (G,
lanes 13 and 14). Under these extraction conditions, the endogenous GFAP in untransfected
cells was found almost entirely in the supernatant fraction (G, lane 1). Although transfected
WT GFAP was detected predominantly in the soluble fraction (G, lane 2), after transfection
with the mutant constructs the GFAP was found mainly in the pellet fractions (G, lanes 9-12
and 14). Additional signals above and below the prominent GFAP-positive band are shown
in uncropped images of blots (Supplementary Fig. 5). Actin was again usedasaloading
control.
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Fig. 8.

Agtivation of p38 kinase and associations with SHSPs by mutant GFAPs intransfected
U343MG cells. (A) Total cell lysates prepared from WT or mutant GFAP-transfected
U343MG cells were analyzed by SDS-PAGE followed by immunoblotting with antibodies
to p38, the phosphorylated form of p38 (p-p38), and lastly actin as a loading control. (B)
Quantification of p38 and p-p38 immunoreactive bands from three independent experiments
are expressed as mean + SD and presented as bar charts. Levels of p38 and p-p38 were
normalized to the measurement obtained for actin and fold changes are expressed in
arbitrary units relative to the untransfected cells. (C) To monitor the distribution of sHSPs,
the supernatant and pellet fractions prepared from GFAP-transfected U343MG cells were
also probed with antibodies to aB-crystallin and HSP27. Notice that a significant proportion
of both HSP27 and aB-crystallin were detected in the pellet fractions (C, lane 14) in
D417M14X GFAP-transfected cells. (D, E) The colocalization of aB-crystallin (D, arrows)
with the aggregates formed by the D417M14X mutant GFAP (E, arrows) was visualized by
double label immunofluorescence microscopy. Bar=10 pm.
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Expression of D417M14X GFAP reduces astrocyte viability. (A) D417M14X GFAP inhibits
the proteosome as shown by immunoblotting with antibodies to ubiquitin and cyclin D1,
respectively. (B) U343MG cells were transfected with the pcDNA 3 vector alone or
containing either WT or D417M14XGFAP and left for 48 h prior to measuring cell viability
using the MTT assay. Data (bar charts) shown are the means = SE from three independent
experiments. Statistical significance was tested using the Student’s t-test and the
significance was set at*P<0.005, when compared to cells transfected with control vector. (C)
Total lysates prepared from WT or mutant GFAP-transfected cells were probed with
antibodies to either GFAP or caspase 3, including one to detect activated caspase 3. Notice
that cells transfected with mutant GFAP also contained a ~30 kDa degradation product of
GFAP (C, lane 3). Actin was used as a loading control. The relative electrophoretic mobility
of certain molecular size markers (in kDa) are indicated.
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Clinical features of AxD patients with GFAP tail mutations.
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Nucleotide change (types of Amino acid substitution  Typesof AXxD  Clinical symptoms Reference
mutation)
1157A>T (missense) N3861 Infantile Multifocal seizures, macrocephaly, [26]
hypotonia with spasticity, neurologic
deterioration, and white matter
abnormalities
1178G>T missense S393I Adult Spastic paraparesis, bilateral Babinski sign,  [27-29]
tetrahyperreflexia, dysphagia, dysarthria
pseudobulbar speech, and brain stem
atrophy
1193C>T missense S398F Adult Spastic gait, dysarthria, dysphagia, and [30]
atrophy of medulla oblongata
1193C>A missense S398Y Adult Atrophy of medulla oblongata [27,28]
1247-1249 GGG>GG deletion D417M14X Infantile Frontal cerebral atrophy and white matter [12]

abnormalities
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