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Alexander disease (AxD) is a neurodegenerative astrogliopathy caused by mutation in the glial fibrillary acidic protein (GFAP) gene. A
42-year-old Korean man presented with temporary gait disturbance and psychiatric regression after a minor head trauma in the
absence of bulbar symptoms and signs. Magnetic resonance images of the brain and spinal cord showed significant atrophy of the
medulla oblongata and the entire spinal cord as well as contrast-enhanced T2 hypointensity in the basal ganglia. DNA sequencing
revealed a novel 33-bp in-frame deletion mutation (p.Glu138_Leu148del) within the 1B rod domain of GFAP, which was predicted
to be deleterious by PROVEAN analysis. To test whether the deletion mutant is disease-causing, we performed in vitro GFAP

assembly and sedimentation assays, and GFAP aggregation assays in human adrenal carcinoma SW13 (Vim™) cells and rat primary
astrocytes. All the assays revealed that GFAP p.Glu138_Leu148del is aggregation prone. Based on these findings, we diagnosed the
patient with Type Il AxD. This is a report that demonstrates the pathogenicity of InDel mutation of GFAP through functional studies.
This patient’s atypical presentation as well as the discrepancy between clinical symptoms and radiologic findings may extend the

scope of AxD.

European Journal of Human Genetics (2022) 30:687-694; https://doi.org/10.1038/s41431-022-01073-2

INTRODUCTION

Alexander disease (AxD; Online Mendelian Inheritance in Man
(OMIM), #203450) is a rare neurodegenerative astrogliopathy
caused by mutation of the glial fibrillary acidic protein (GFAP) gene
[1-3]. The human GFAP is 432-amino acid long and consists of an
N-terminal head domain, an o-helical central rod domain
including 1A, 1B, and 2 segments, and a C-terminal tail domain
[4-6]. Although heterozygous missense variants account for over
95% of the mutations found in patients with AxD, a small number
of in-frame insertion or deletion (InDel) mutations has been also
reported (Table 1) [7].

Since 1976, AxD has been traditionally divided into infantile-
onset, juvenile-onset, and adult-onset according to the age at
onset of symptoms [8]. A revised classification system was
proposed in 2011 by Prust and colleagues: Type | may often
develop at an earlier age and present with classic cerebral
symptoms along with the magnetic resonance imaging (MRI)
findings proposed by van der Knaap and colleagues including
extensive cerebral white matter abnormalities with a frontal
preponderance [9], whereas Type Il may develop throughout
the lifespan and present with bulbar symptoms, autonomic
dysfunction, and ocular movement abnormality with MRI
features distinct from Type |, including atrophy of the medulla
oblongata and cervical spinal cord [10]. In patients with AxD,

analyzing phenotypic characteristics and their relationship
with GFAP mutation may be helpful to understand the natural
course and pathogenesis of the disease. Despite some reports
that the affected amino acids may influence the occurrence
of a specific phenotype [7, 11-13], the correlation between
the genotype and phenotype of AxD seems to be vague in
general [13-15].

In a patient presenting with gait disturbance and psychiatric
regression after a minor head trauma, we found severe
atrophy of the medulla oblongata (MO) on brain MR images
and an in-frame deletion mutation in the 1B rod domain of
GFAP (c.413_445delAGGTTGAGAGGGACAATCTGGCACAGGACCT-
GG, p.E138_L148del). We then set out to test whether GFAP
p.E138_L148del elicits GFAP aggregation, thereby being asso-
ciated with AxD.

MATERIALS AND METHODS

Subjects and ethics

A 42-year-old Korean male with post-traumatic neuropsychiatric symptoms
was studied. Written informed consent for publication of his medical
records, MR images and genetic study results was obtained from the
patient. This study protocol was approved by the Institutional Review
Board at Chonnam National University Hospital (CNUH-2020-018), and was
conducted in accordance with the Helsinki Declaration of 1975.
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General reagents

All the chemical reagents and materials used in this study were of
analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise specified.

DNA sequencing, DNA manipulation, expression and
purification of recombinant GFAPs, in vitro assembly and
sedimentation assay, cell culture and transfection, lentivirus
production and cell transduction, cell fractionation, western
blotting (WB), immunocytochemistry analysis, zebrafish
study, electron microscopy study and statistical analysis
Detailed information is provided in the Supplementary Methods.

RESULTS

Clinical findings

A 42-year-old man presented with a month-long history of gait
disturbance and right forearm pain. While riding a bicycle, the
patient lost his balance and hit his head and right forearm on the
road. He experienced temporary pain at the injury sites, but no loss
of consciousness, fracture, or intracranial hemorrhage occurred. He
had no siblings and was married with no children. He had been
taking mood stabilizers for a year under the diagnosis of bipolar
disorder and was on medication for nocturia for several years. A
neurologic examination showed generalized hyperreflexia, ankle
clonus, and positive Hoffman’s reflexes and Babinski sign of both
sides without muscle weakness. Bulbar symptoms or signs
including dysarthria, dysphagia, dysphonia and palatal myoclonus
were absent. Neither cerebellar ataxia nor nystagmus was
observed. MRI of the patient’s brain suggested syringomyelia or
myelopathy at the level of cervicomedullary junction of uncertain
etiology (Fig. 1a). A total of 2 months after the bicycle accident, his
gait became so stiff and spastic that he walked like a person with
Parkinsonism. His gait disturbance aggravated such that he was
unable to walk independently. Accompanied by the gait dis-
turbance were psychomotor regression, depression, anxiety,
shortness of breath, and sleep apnea. However, his neuropsychia-
tric symptoms improved gradually upon physical rehabilitation and
supportive psychotherapy in several months, and his physical and
mental state returned to the pre-traumatic condition.

Although he denied gait unsteadiness before the accident, the
following findings pointed to chronic inherited neurological
disorders including AxD, familial amyotrophic lateral sclerosis
(ALS), or spinal muscular atrophy (SMA) of adult-onset: (1) his
deceased father developed chronic gait disturbance starting
approximately at the age of 40, at which point his father’s spine
MRI exhibited atrophy of the entire spinal cord (SC), (2) his
relatives had noted his odd gait since his early childhood, and (3)
according to his colleagues, he had experienced alternating bouts
of mania and depression since his mid-twenties.

MRI of the brain and SC showed medullocervical T2-hyper-
inensity, tadpole-like appearance of the brainstem, upward
bowing of the corpus callosum (Fig. 1a), pial fluid-attenuated
inversion recovery (FLAIR) signal abnormality in the brainstem and
cerebellum (Fig. 1Tb-e), mild ventriculomegaly, T2-hyperintensity
of periventricular WM and basal ganglia (BG) with contrast-
enhancement (Fig. 1g-i), thoracic scoliosis and atrophy of the
cervical and thoracic SC (Fig. 1j). The ratios of the diameter of MO
(762 mm) to that of midbrain and pons were 0.51 and 0.35,
respectively (figure not shown), which fulfilled the radiologic
criteria for the diagnosis of adult-onset Alexander disease
proposed by Yoshida and colleagues [16]. Nerve conduction
study and electromyography were unremarkable, which excluded
familial ALS and SMA.

Mutational analysis

Whole exome sequencing uncovered a novel heterozygous in-
frame deletion (p.Glu138_Leu148del) in exon 1 of GFAP, and two
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heterozygous single nucleotide variants (c.1258-86 C>T,
rs11651396 and c.1171+459 A>G, rs9916491) in the intronic
regions. No mutation was found in the causative genes of several
other leukodystrophies, including adrenomyeloneuropathy/X-
linked adrenoleukodystrophy (ABCDT), Krabbe disease (GALC),
metachromatic  leukodystrophy  (ARSA &  PSAP) and
Pelizaesus—Merzbacher disease (PLP1). Further, no causative muta-
tions were noted in the genes associated with hereditary spastic
paraplegia (HSP; 80 spastic paraplegia genes [SPG]) [17] and familial
ALS (C90RF72, SOD1, TARDBP, FUS, FIG4, and ANG). GAA repeat
expansion analyses revealed no expansion, thereby excluding
Friedreich ataxia.

Sanger sequencing of GFAP uncovered a novel heterozygous
in-frame deletion of 33 bp (c.413_445delAGGTTGAGAGGGA-
CAATCTGGCACAGGACCTGG, p.E138_L148del, Fig. 1k) at the end
of exon 1, which is located in the 1B rod domain (Fig. 1l). This
deletion is predicted to remove 11 amino acids (EVERDNLAQDL)
from the WT GFAP protein. This mutation was found in neither
200 normal Korean control subjects nor the Exome Variant Server
database (http://evs.gs.washington.edu). In contrast to PolyPhen-
2 and SIFT, PROVEAN (Protein Variation Effect Analyzer) can
predict functional effects of InDel mutations [18]. PROVEAN
predicted that the mutation would be deleterious (score:
—51.950; cutoff: —2.5).

p.E138_L148del mutation does not reduce the stability of
GFAP in HEK293T cells

To check whether the p.E138_L148del mutation suppresses the
stability of GFAP protein, we first transfected HEK293T cells,
which do not express endogenous GFAP, with plasmids
encoding WT GFAP or GFAP p.E138_L148del C-terminally fused
to FLAG epitope. As expected, western blotting with anti-FLAG
antibody showed that the molecular weight (MW) of GFAP p.
E138_L148del is slightly smaller than that of WT GFAP. However,
we did not observe any noticeable decrease in expression levels
of GFAP p.E138_L148del compared to WT GFAP, indicating that
this deletion mutation does not reduce GFAP protein stability.
Of note, more mutant GFAP was found in the insoluble fraction
(pellet) than WT GFAP (Fig. 1m), suggestive of the aggregation
prone nature of GFAP p.E138_L148del. In addition, more WT
GFAP was observed in the pellet fraction in the presence of the
mutant form, indicating interaction between the mutant and
WT GFAPs.

p.E138_L148del aggregates GFAP in vitro

To investigate whether p.E138_L148del is prone to aggregation,
we performed in vitro filament assembly studies. While WT GFAP
assembled into typical 10-nm intermediate filaments (IFs) that
were several microns in length, the deletion mutant failed to form
extended filaments. Instead, it formed short filament-like struc-
tures that had a strong tendency to laterally associate into
aggregates. Because the deletion mutation was heterozygous in
the patient, we also examined the assembly behavior of the
deletion mutant in the presence of WT GFAP in a 1:1 ratio, and
observed aggregates similar to those formed by the mutant alone
(Fig. 2). To assess the extent of GFAP aggregation, we first
performed a low-speed sedimentation assay. While most of the
WT GFAP (>80%) was found in the supernatant fraction, nearly all
of the mutant sedimented into the pellet fraction (Fig. 2b, upper
panel). Mixture of the mutant and the WT GFAP in a 1:1 ratio
yielded higher GFAP levels in the pellet fraction than WT GFAP
alone (Fig. 2b, upper panel). High-speed sedimentation revealed
that the WT and mutant GFAP, either individually or in
combination, were present primarily (>90%) in the pellet fraction,
suggesting that they all assembled efficiently (Fig. 2b, lower
panel). Collectively, this outcome indicates that the mutant GFAP
sediments more efficiently than the WT GFAP, and this effect is
dominant over the WT GFAP.
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413 c.445
CTGGAGGTTGAGAGGGACAATCTGGCACAGGACCTGGCCACT

A138-148
(EVERDNLAQDL)
m
Total Supernatant Pellet
Mw + + + + + +
- - - WT
(kDa) - + + - + + - + +  Del
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a-FLAG
55
40 a-B-ACTIN
Relative 070 065 088 094 063 0.56 032 052 032
expression 0.75 0.56 0.32

Fig. 1 Radiological and genetic profiles of the proband. a A sagittal T2-weighted brain MR image shows thinning of the corpus callosum,
atrophy, and signal changes in the medulla oblongata. b-e Axial FLAIR images show the atrophy and abnormal hyperintensity of medulla
oblongata, which indicates an “eye spot of Taenaris” sign (b), hyperintensity of the peripheral rim of pons (c) and midbrain (d), and bilateral
hyperintense lesions involving the hilum of the dentate nuclei (e). f-h Axial T2-weighted images show periventricular garlands-like thin bands
of signal intensity (f), ventriculomegaly (Evans’ ratio = 0.38) and bilateral WM hyperintensity of lateral ventricle with posterior predominancy
(g), and hyperintense putaminal rim sign (h). i A gadolinium-enhanced axial T1-weighted image shows patchy enhancement in bilateral basal
ganglia. j A sagittal T1-weighted spine MR image shows atrophy extending from the upper cervical spinal cord to the level of middle thoracic
vertebrae. k DNA sequence analysis of the WT (upper) and mutant (lower) GFAP. | Schematic illustration of human GFAP. The numbers of
amino acid residues are based on NP_002046 (NCBI accession number). Asterisk indicates the p.Glu138_Leu148del mutation. Not drawn to
scale. m Expression levels are comparable in HEK 293 T cells between WT GFAP and GFAP p.Glu138_Leu148del. HEK293T cells were transfected
with plasmid encoding WT GFAP, GFAP p.Glu138_Leu148del, or both in a 1:1 ratio, and lysed with RIPA lysis buffer. The resulting lysates were
separated into supernatant and pellet fractions and then processed for immunoblotting with anti-FLAG antibody. p-Actin was used as loading
control. Numbers at the bottom are intensity of the WT or mutant GFAP protein normalized to that of actin. In lanes with two bands, upper
number at the bottom is for mutant GFAP and lower number for WT GFAP. MW, molecular weight.
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Fig.2 GFAP p.E138_L148del is prone to aggregation in vitro. a Recombinant WT GFAP and GFAP p.E138_L148del (Del) were purified from E.
coli, assembled in vitro alone or in combination in a 1:1 ratio, negative-stained with uranyl acetate and then imaged via electron microscopy.
b The assembled GFAPs were subjected to low- and high-speed centrifugation, and the resulting supernatant (S) and pellet (P) fractions were

visualized with SDS-PAGE and Coomassie Brilliant Blue staining.

p.E138_L148del aggregates GFAP in human adrenal cortex
carcinoma SW13 (Vim™) cells and rat primary astrocytes

To assess the ability of the deletion mutant to assemble into the
de novo IF network, lentivirus expressing WT and mutant GFAPs,
either individually or in combination, were transduced into SW13
(Vim™) cells that do not express any endogenous cytoplasmic IFs.
When expressed in SW13 (Vim™) cells, the WT GFAP formed
filaments that tend to bundle in most of the transduced cells. In
contrast, the deletion mutant failed to assemble into extended
filament networks, yet instead formed an irregular pattern of small
clumps scattered throughout the cytoplasm. Since the patient was
heterozygous for the GFAP deletion, the presence of both WT and
deletion mutant GFAP was also tested. Co-transduction of SW13
(Vim™) cells with the deletion mutant and WT GFAP in a 1:1 ratio
produced GFAP aggregates similar to those formed by the deletion
mutant alone, with an additional feature that aggregates appeared
to accumulate at the perinuclear regions (Fig. 3a, arrowheads).
Presence of WT GFAP failed to rescue the defect in GFAP network
formation, suggesting a dominant effect of the deletion mutation.
Subsequently, we sought to assess the relative expression levels
and solubility of WT and mutant GFAP in SW13 (Vim™) cells. To this
end, proteins were extracted from the transduced SW13 (Vim™)
cells using a deoxycholate-based extraction protocol, which
solubilizes GFAP filaments while retaining GFAP aggregates [19],
and processed for western blotting. The WT and mutant GFAP
were expressed at comparable levels. Because of the lack of 11
amino acids, however, the deletion mutant (Fig. 3b, lane 2) had
slightly higher electrophoretic mobility than the WT GFAP (Fig. 3b,
lane 1). These findings indicate that it is the mutation per se, rather
than elevated expression levels, that aggregates mutant GFAP.
Analysis of both the supernatant and pellet fractions revealed that
while WT GFAP was detected primarily in the supernatant fraction
(about 80%; Fig. 3b, lane 4, 3c), approximately 60% of the mutant
GFAP was found in the pellet fraction (Fig. 3b, lane 8, 3c),
consistent with its sequestration into cytoplasmic aggregates. Co-
transduction with lentivirus expressing WT and mutant GFAP in a
1:1 ratio resulted in the partition pattern (Fig. 3b, lanes 6 and 9, 3¢)
similar to that obtained with mutant transduction alone (Fig. 3b,
lanes 5 and 8, 3c). Collectively, these data suggest that the deletion
mutant has a dominant effect over the WT GFAP with respect to
network formation and filament solubility.

To validate the aforementioned findings in more relevant
settings, we repeated the lentivirus transduction in rat primary
astrocytes where endogenous GFAP is present. Transduced cells
were distinguished from untransduced cells by staining cells with
the monoclonal antibody SMI-21, which specifically recognizes
human GFAP [20]. When expressed in rat primary astrocytes, the
WT GFAP assembled into filamentous networks in most of the
transduced cells, whereas the deletion mutant formed large
aggregates in almost all transduced cells. These aggregates also

European Journal of Human Genetics (2022) 30:687 - 694

disrupted the endogenous GFAP IF networks, causing them to
collapse into a large perinuclear aggregate. Co-transduction with
the deletion mutant and the WT GFAP in a 1:1 ratio failed to
restore IF network formation, and aggregates similar to those from
mutant transduction alone were noted (Fig. 3d). To evaluate the
solubility of mutant GFAP aggregates, we extracted proteins from
the transduced cells and observed that expression levels were
comparable between the WT GFAP and mutant (Fig. 3e). However,
approximately 85% of the WT GFAPs were extracted into the
supernatant fraction (Fig. 3f, lane 1, 3 g), whereas about 70% of
mutant GFAP remained in the pellet fraction (Fig. 3f, lane 5, 3 g).
Co-transduction with WT GFAP and mutant GFAP in a 1:1 ratio
displayed that the pellet fraction (Fig. 3f, lane 6, 3 g) again had
higher levels of GFAP than that from cells transduced with WT
GFAP alone (Fig. 3f, lane 4, 3 g), suggesting that presence of WT
GFAP may not increase the solubility of mutant GFAP. Of note,
53% and 47% of GFAP were observed in the supernatant and
pellet fractions, respectively, in the double transduced cells, which
is not statistically significantly different from the calculated values
(57.5% in the supernatant and 42.5% in the pellet, Fig. 3g). This
may be caused by disruption of potential interaction between WT
GFAP and mutant GFAP during the protein extraction from the
cells. Collectively, these data suggest the dominant effect of the
deletion mutant over the WT protein.

DISCUSSION
Here, we show that a 42-year-old Korean man with significant
atrophy of the MO and the entire SC on MRI harbors a 33-bp in-
frame deletion mutation in GFAP, leading to deletion of part of the
1B rod domain. Moreover, we demonstrate that this deletion
promotes GFAP aggregation in an in vitro system, SW13 (Vim™) cells,
rat primary astrocytes and zebrafish. The patient with post-traumatic
neuropsychiatric dysfunction is finally diagnosed with Type Il AxD.
This case has several characteristics that are not common in
AxD. From a clinical perspective, a minor head trauma exacer-
bated the patient’s neuropsychiatric symptoms, but the patient
stabilized back to the pre-traumatic state within a few months.
This temporary worsening and remission may not be consistent
with previously reported AxD cases in which the symptoms
worsened steadily after head trauma [21, 22]. In addition, based on
his acquaintances’ account, it is likely that his symptoms had
already existed since his early childhood, which compounded the
determination of disease onset. The patient had no bulbar
symptoms or signs throughout his life despite significant atrophy
and signal change in the MO and brainstem, and even during his
post-traumatic neurological deterioration. From a radiological
perspective, the patient’s MRI revealed T2-hyperintensity of BG
with contrast-enhancement and atrophy of the thoracic SC. The
former has been reported to be more common in Type | AxD [10],
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Fig. 3 p.E138_L148del mutation aggregates GFAP in human adrenal cortex carcinoma SW13 (Vim™) cells and rat primary astrocytes. a
SW13 (Vim™) cells were transduced with lentivirus expressing WT GFAP, GFAP p.E138_L148del (Del), or in combination in a 1:1 ratio. At 72 h after
transduction, cells were fixed, immunostained with anti-GFAP antibodies (red), counter-stained with DAPI (blue) to visualize nuclei, and imaged
using a confocal laser microscope. Arrowheads indicate perinuclear aggregates. Scale bar = 20 pm. b The SW13 (Vim™) cells in (a) were separated
into supernatant and pellet fractions, and then processed for immunoblotting with anti-GFAP antibody. Actin was used as loading control.
Numbers to the left are molecular weight of protein standards in kDa. ¢ Levels of GFAP in (b) were quantified (n = 3). d Rat primary astrocytes
were transduced with lentivirus expressing WT GFAP, GFAP p.E138_L148del, or in combination in a 1:1 ratio. At 72 h after transduction, cells were
fixed, immunostained with anti-human GFAP (green) and anti-panGFAP (red) antibodies, counter-stained with DAPI (blue), and imaged with a
confocal laser microscope. Scale bar =20 pm. e, f The rat primary astrocytes in (c) were separated into supernatant and pellet fractions, and
processed for immunoblotting with anti-human GFAP and anti-panGFAP antibodies. Anti-actin antibody was used as loading control. Cells

transduced with empty lentiviral vector were used as negative control (lane 1 in (d)). g Levels of GFAP in (f) were quantified (n = 3).

whereas the latter in Type Il AxD [23, 24]. From a genetic
perspective, the patient harbored an in-frame 33-bp deletion in
the 1B rod domain of GFAP, which is an unprecedently large in-
frame deletion in the 1B rod domain (Table 1).

AxD can be diagnosed without pathological confirmation (such as
Rosenthal fibers) in individuals with typical clinicoradiologic features
and a previously reported pathogenic mutation in GFAP [7]. The
recent advances in DNA sequencing and bioinformatics increase the
likelihood of discovering novel GFAP variants even in presympto-
matic individuals and patients with atypical phenotype [7, 25-27].
However, genome-wide analysis of 60,706 exomes has shown that
some variants previously reported to be pathogenic in other
disease-related genes have turned out to be harmless later on [28].
As such, newly discovered GFAP variants do not guarantee their
pathogenicity. This is the reason why researchers resort to functional
assays (either in vitro or in vivo) to determine whether novel
mutations are pathogenic. In this study, we assessed the
pathogenicity of the novel GFAP variant p.E138_L148del using
in vitro GFAP assembly and sedimentation assays, and GFAP
aggregation assays in human SW13 (Vim™) cells, rat primary
astrocytes and zebrafish embryos. Findings from these studies
indicate that the GFAP variant p.E138_L148del is aggregation prone.

SPRINGER NATURE

To date, 16 GFAP mutations located in the coil 1B segment,
including p.E138_L148del, have been found in 26 individuals with
type Il AxD. To find out the relationship between the AxD subtype
and the location of GFAP mutation, approximately 160 pathogenic
mutations identified in the GFAP-a transcript (the most common
splicing isoform of GFAP) were categorized into two types based
on the Prust classification [10], and their distribution at each
domain was investigated. As a result, all GFAP mutations in the
coil 1B result in type Il AXxD as opposed to other domains where
two subtypes co-exist (Table 2). Furthermore, 13 different in-frame
InDel mutations were identified in the whole GFAP gene. Among
them, all six mutations in the coil 1B showed relatively mild or
atypical phenotypes compared with other mutations (Table 1). For
example, a previously healthy 32-year-old male with p.
R124_L125insQLR mutation presented with spastic quadriparesis
of sudden-onset after excessive alcohol consumption [29]. A 9-
year-old male with p.R126_L127insRL mutation had abnormal
signal change and thickening of the entire SC without atrophy of
MO [30], and p.R201del mutation has been reported in a 71-year-
old female with progressive left hemiparesis and hemi-
hypoesthesia of sudden-onset [31]. Taken together, GFAP muta-
tions in the 1B rod domain may be related to Type Il AxD, and in-
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frame InDel mutations of this domain may be associated with mild
or atypical presentation.

We conclude that GFAP p.E138_L148del is a pathogenic
mutation responsible for the development of AxD, and that this
case is classified into Prust Type Il AxD. Our patient’s atypical
presentation and clinicoradiologic discrepancy may extend the
spectrum of AxD.
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