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Abstract

Two de novo mutations in GFAP gene were identified (c.214G>A, p.E72K and c.1235C>T, p.T412I) by whole exome sequenc-

ing. The common clinical features of the two patients was bulbar dysfunction, pyramidal signs and white matter lesions in

periventricular regions. We conducted a novel data-driven method to explore the atrophic pattens and spontaneous brain func-

tional network activity according to the neuroimaging data. Similar atrophic patterns, increased brain functional connectivity in

occipital and posterior parietal cortex were detected in the two probands. Western blotting revealed the decreased level of GFAP

with p.T412I mutation, while p.E72K and p.R239C mutations were at a similar level to wild type, suggesting the mutations

located in the tail domain could decrease the solubility of GFAP. Abnormal inclusions of mutant GFAP were colocalized with

ubiquitin, 20S proteasome, protein 1 light chain 3-II (LC3-II) and lysosome. The mutant GFAP caused activated autophagy

flux while ubiquitin-proteasome pathway could be blocked as a mechanism for degrading aggregates.We herein presented two

AxD patients with heterozygous mutations in GFAP. We noticed that mutant GFAP aggregations induced activated autophagy

upon proteasome degrading pathway impairment. Our findings further expand the clinical and genetic spectrum of AxD.

Introduction

Alexander disease (AxD) is a progressive and fatal neurological disorder characterized by white matter
degeneration caused by heterozygous mutations in the GFAP gene, which encodes the intermediate filament
protein in astrocytes. The pathological hallmark of AxD is the presence of astrocytic cytoplasmic inclusions
named Rosenthal fibers (RFs). These inclusions contain glial fibrillary acidic protein (GFAP), small heat
shock proteins hsp27 and αB-crystallin. In 2001, Messing et al. identified GFAP as a candidate gene for
AxD (Brenner et al., 2001). Since then, more than 550 cases have been reported, most of them were missense
mutations (”Alexander’s Disease,”). AxD has been classified into three types proposed by Yoshida based on
the neurological and MRI findings: cerebral form (type 1), bulbospinal form (type 2) and intermediate form
(type 3). Type 1 AxD is characterized by delayed psychomotor development, convulsions, macrocephaly
and leukoencephalopathy with frontal lobe predominance on brain imaging. Type 2 patients with atrophy
of medulla oblongata or cervical cord on MRI generally showed muscle weakness, hyperreflexia and distinct
bulbar dysfunction. Type 3 is an intermediate form which contains various symptoms of type 1 and type
2 (Yoshida et al., 2011). In addition to the featured clinical manifestations and brain MRI imagings, the
definitive diagnosis for AxD still requires genetic analysis or brain biopsy.

The pathogenic mechanisms mediating AxD remain undefined. Previous studies suggested that mutant
GFAP could implicate intracellular vesicle regulation and organelle distribution, leading to abnormal ac-
cumulations of eosinophilic cytoplasmic inclusions and dysfunctional consequences (Jones et al., 2018).
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Aggregate-prone proteins unsuccessfully corrected by chaperones are likely to be ubiquitylated and sub-
sequently recognized by protein degrading pathways, such as the ubiquitin-proteasome system (UPS) and
the autophagy-lysosomal pathway (ALP) (Kwon & Ciechanover, 2017). However, mutant GFAP can inhibit
proteasome activity and result in elevated levels of ubiquitinated proteins. The proteasome impairment in
turn activates intracellular stress response, resulting in alteration of protein levels caused by up-regulated
transcription and activated autophagy.

Here, we identified two AxD patients with de novo mutations inGFAP gene. Based on detailed clinical, neu-
roimaging and genetic analysis, functional investigations were further conducted to explore the pathogenicity
of identified variants.

Materials and Methods

Participants

Two probands (P3433 and P4288) identified with AxD were enrolled. This study had received ethics approval
from the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China. All participants had signed informed consents.

Genetical analysis

Genomic DNA was extracted by phenol-chloroform method. 200 healthy subjects were enrolled as nor-
mal controls. Whole exome sequencing was performed for 2 probands. The human genome reference
sequence (GRCh37/hg19) were used to map the sequence reads. All the GFAP variants were denoted
as RefSeq NM 002055.5. On the basis of public databases of normal human variation (1000g, ExAC
and gnomAD), all the variants of which Minor Allele Frequency (MAF) is higher than 1% were filtered.
Polyphen-2 (http://genetics.bwh.harvard.edu/pph2), SIFT (http://provean.jcvi.org) and Mutationtaster
(http://www.mutationtaster.org) were used to predict the pathogenicity of mutation. American College
of Medical Genetics and Genomics (ACMG) Guidelines were used to interpret and classify variants. Sanger
sequencing was carried out to confirm the putatively pathogenic variants.

MRI acquisition, preprocessing and statistical analysis

Two probands were scanned on a magnetic resonance system (Ingenia, Philips MR system, Dutch) with
an 8-channel based-array head coil, with 15 normal individuals (5 male, 10 female participants) as controls.
The protocol included a 3-dimension high-resolution turbo field echo T1-weighted sequence for neuroanatomy
(sagittal slice orientation; matrix = 256×256; repetition time = 7.2 ms; echo time = 3.3 ms; flip angle = 7°;
slice thickness=1 mm; slice number = 192). Resting-state blood oxygen level dependent (BOLD) MRI used
T2*-weighted echo planar imaging sequence (240 functional images, sagittal slice orientation; 39 slices; slice
thickness = 3.5 mm; matrix = 64×64; repetition time = 2000 ms; echo time = 30 ms; flip angle = 90°). The
two patients also had T2-weighted fluid attenuated inversion recovery (FLAIR) sequence to recognize white
matter lesions better.

The T1-weighted anatomical image was firstly segmented into grey matter (GM), white matter
(WM) and cerebrospinal fluid using computational anatomy toolbox (CAT) 12 (http://www.neuro.uni-
jena.de) within SPM 12 (v6685; http://fil.ion.ucl.ac.uk/spm) in MATLAB 2014b environment (htt-
ps://www.mathworks.com), with reference to tissue probabilistic maps in MNI (Montreal Neurological In-
stitute) space. WM hyperintensity was also estimated by GM-WM tissue probability map in CAT12. Voxel
based morphology analysis was performed between each patient and normal controls by t test for GM and
WM respectively, with total intracranial volume (TIV) as covariate. For multiple comparison correction, we
used false discovery rate (FDR) correction at p < 0.05.

Regarding the fMRI, the first 40 fMRI images of each subject were discarded. The remaining 200 images were
realigned to adjust head motion, co-registered to the anatomical image and normalized into MNI space using
a modified MATLAB toolbox “Data Processing & Analysis of Brain Imaging (DPABI, version 3.0)” (Yan,
Wang, Zuo, & Zang, 2016). We computed mean amplitude of low frequency fluctuation (ALFF) to represent
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individuals’ regional neural activities (Yang et al., 2007), regional homogeneity (Reho) and degree centrality
(DC) representing the quantity of functional connections of a region (Eijlers et al., 2017; Zang, Jiang, Lu, He,
& Tian, 2004). Individual participants’ weighted DC values were from for all voxels in standard space with
DPABI. Mean ALFF and voxel-wise centrality values were also compared between one patient and controls
with t test adopting FDR of p < 0.05, with voxel-based morphometry of GM as covariate volume.

Cell culture and transfection

The cDNAs for identified variants in GFAP (NM 002055.5) were inserted into the pcDNA3.1-GFP plasmids
to express GFP-tagged fusion proteins. HEK 293T cells were grown in Dulbecco’s modified Eagle’s medium
supplement with 10 % Fetal bovine serum (FBS) (Gibco) and 1% penicillin streptomycin (P/S) (Invitrogen).
24h after plating, cells were transfected with GFAP-GFP wild-type (GFAP-WT) or mutant (p.E72K and
p.T412I) plasmid DNA using Lipofectamine 3000 transfection reagent (Invitrogen). Moreover, a hot spot
mutation (c.715C>T, p.R239C) (Li et al., 2005) identified as disease-causing was set as positive control. 24h
after transfection, cells were collected to extract proteins for western blot. As for pharmacological treatment,
MG132 (proteasome inhibitor) (10 uM) (Tang, Perng, Wilk, Quinlan, & Goldman, 2010) (Cell Signaling
Technology) and Bafilomycin AI (BafAI, lysosomal inhibitor) (5nM) (Bresciani et al., 2018) (Sigma) were
added to post-transfected cells respectively and incubated for 12h to extract proteins, with DMSO as the
vehicle control.

Western blotting and immunofluorescence

Cells were collected and lysed in radioactive immunoprecipitation assay (RIPA) buffer (Beyotime) with pro-
tease inhibitors for protein extraction. After centrifuged at 13000 g for 20min under 4 , cell lysates were
separated into two parts, the supernatant as the soluble fraction, and the sedimentation as the “insoluble”
fraction. The insoluble fraction was dissolved by denaturing protein solubilization reagent (Invent). Equal
amounts of protein were diluted in 6X SDS-PAGE Sample Loading Buffer (Beyotime) and were then sepa-
rated by 12% SDS-PAGE. The protein levels of EGFP-GFAP were detected by anti-GFP antibody (1:2500,
AVES). Anti-proteasome 20S (1:2000, Enzo Life Science) and anti-ubiquitin antibodies (1:1000, Cell Signal-
ing Technology) were used for the analysis of the UPS. Anti-LC3B (1:1000, Cell Signaling Technology) and
anti-LAMP1 antibodies (1:1000, Cell Signaling Technology) were used to detect the ALP. We chose 20S and
LC3 to undergo western blot, respectively. Using anti-GAPDH antibody (1:1000, Cell Signaling Technology)
to normalize sample loading and transfer. Then the blots were incubated with secondary HRP-conjugated
antibodies (1:5000, Beyotime) and subjected to chemiluminescence detection.

For immunofluorescence, 48h after transfection, cells were fixed with 4% PFA, blocked with 10% serum and
0.3% Triton X-100 in PBS for 60min, and incubated with primary antibodies to detect the UPS and the
ALP mentioned above in blocking solution at 4degC overnight. Then cells were stained with the Alexa Fluor
594 secondary antibodies (1:1000, Life), and nucleic acid was stained with DAPI (1:10000, Life). Cells were
visualized under a Zeiss 710 confocal microscope.

Clinical findings

Patient P3433 was a 29-year-old woman featured as gait disturbance with a 19-year-duration. She had no
issues of developmental retardation or psychomotor abnormalities. She was diagnosed with scoliosis (Fig.
1A) at the age of 14. Then she received corrective surgery for scoliosis (Fig. 1B) due to progressive walking
difficulties. Likewise, her brain imaging showed mild leukoencephalopathy. There was no consanguineous
marriage in her family. Neurological examination revealed strabismus, extraocular muscle movement disor-
der, several beats of bilaterally horizontal nystagmus and cerebellar ataxia. Muscle tension and strength of
lower extremities were significantly decreased. The bilaterally pathologic signs were positive. She showed
dysmetria in the finger-to-nose test on both sides. Her sensory system and cognitive functions were nor-
mal. Laboratory examinations revealed unremarkable findings. A de novo missense mutation in GFAP gene
(NM 002055.5), c.214G>A (p.E72K) (Fig. 1C), which had been reported was identified in our study (Prust
et al., 2011). This variant was absent in 1000 Genome Project (1000g, http://browser.1000genomes.org),
Exome Aggregation Consortium (ExAC), gnomAD (http://gnomad-old.broadinstitute.org) and our controls.
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p.E72K was predicted damaging by PolyPhen2 (probability score 0.945), damaging by SIFT (score: 0.001)
and disease-causing by Mutationtaster (probability score 1.000). According to the ACMG Guidelines, this
variant was classified as likely pathogenic.

Patient P4288 was a 33-year-old man suffering slurred speech and progressive unsteady gait for two-year
duration. Imaging examinations revealed thoracic spinal cord thinning and tethered cord syndrome. Surgical
decompression of cauda equina nerve was performed and symptoms were slightly improved after operation.
About one year later, he presented with swaying while walking caused by progressive spasticity and muscle
weakness. Physical examinations revealed speech disfluency and horizontal nystagmus. Muscle strength
in lower limbs were decreased. Pathologic reflexes of both sides were positive. Examinations of coordi-
nate movement were difficult to complete. There was no significant abnormality in cognition and mental
states. Laboratory investigations were nearly normal. A rarely reported variant(NM 002055.5), c.1235C>T
(p.T412I) (Fig. 1D), were detected in patient P4288 which was absent in 1000g, ExAC and gnomAD, as
well as controls. SIFT (score 0.001), Polyphen2 (score 0.519) and mutationtaster (probability score 1.000)
predicted the variants were damaging, possibly damaging and disease-causing, respectively. According to
ACMG Guidelines, it was classified as likely pathogenic variant.

Neuroimaging findings

The brain MR imaging of the two probands displayed WM lesions in the bilateral corona radiata, centrum
semiovale and the regions surrounding the 4th ventricle (Fig. 1E to F). Volume estimation based on WM
tissue probability map in CAT12 suggested 17.33 ml of WM hyperintensity in patient P3433, while the TIV
was 1218.15 ml. Comparatively, minor WM lesions were found in patient P4288.

The ages of control group ranged from 23 to 45 years old, with an average of 30.4 and standard deviation of
7.5. The averaged TIV was 1481.34 ml, with standard deviation of 113.83 ml. After adjusting for the TIVs,
patient P3433 had atrophy mainly in the bilateral putamen and thalamus in the GM analysis. Consistent
with leukodystrophies in the Alexander disease, atrophic WM was observed in the corona radiata, centrum
semiovale, cerebellopontine angle and medulla. Patient P4288 presented similar pattern of atrophy in WM,
while no significant GM difference was observed (Fig. 1G to H).

Regarding the neural activity, higher ALFF in cerebellar vermis, cerebellopontine angles, occipital and
posterior parietal cortex was observed in patient P3433, overlapping with higher DC and Reho in cerebellum
and occipital cortex. Increased DC distributed in both frontal and posterior parietal cortex. In P4288,
higher ALFF, DC and Reho was overlapped in similar regions. Increased DC was additionally observed in
the bilateral insula (Fig. 1I to J).

Variants functional analysis

We evaluate the level of GFAP-WT/Mut proteins by western blotting, and the result showed the solu-
ble GFAP of p.T412I group was lower than the WT group; Correspondingly, c.1235G>T(p.T412I) group
exhibited a relatively higher level in the insoluble fraction. There was no significant difference among
WT, c.214G>A(p.E72K) and positive control (c.715C>T, p.R239C) in either soluble or insoluble fractions
(Fig. 2A). By immunostaining, the WT exhibited diffuse distribution with a few aggregates of GFAP pro-
teins throughout cytoplasm, while mutant GFAP (c.214G>A, c.1235G>T and positive control) appeared as
punctate aggregations in perinuclear areas (Fig. 2B).

Treated with proteasome inhibitor (MG132), GFAP proteins trended to decline especially in soluble WT,
c.214G>A(p.E72K )and positive control groups, while the 20S proteasome complexes remained unchanged
among all groups (Fig. 2C). Meanwhile, mutant GFAP were completely colocalized with ubiquitin and 20S,
while in WT group, these proteins showed diffuse distribution in cytoplasm with no colocalization (Fig. 2D
to E). We also tested the autophagy flux by the application of lysosome inhibitor (BafAI). The increased
level of LC3-II was observed in soluble mutant groups when treated with inhibitor, and the overexpression
of GFAP-WT could partly contribute to autophagy (Fig. 2F). Furthermore, the soluble GFAP level of
mutant groups showed an upregulated tendency after BafAI treated, especially in the c.1235G>T(p.T412I)
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and positive control group (Fig. 2G). By immunofluorescence, mutant GFAP nearly co-expressed with LC3
and lysosome (labeled by LAMP1) (Fig. 2H to I).

Discussion

Before our study, a total of 135 mutations in GFAP gene (NM 002055.5) have been reported, including
122 missense mutations, 1 splicing, 2 regulatory, 3 small deletion, 5 small insertion and 3 small indel muta-
tions(Fig. 3) according to the Human Gene Mutation Database. The GFAP protein comprises an N-terminal
head domain, a central rod domain and a C-terminal tail domain, which are important for assembling cel-
lular intermediate filament (diameter, 10nm) (Hol & Capetanaki, 2017). The rod domain manifesting a
lower conservation in intermediate filaments contains four α-helical segments (1A, 1B, 2A and 2B) (Li et al.,
2005). Pathogenic mutations were scattered all over the domains of GFAP protein. However, the genotype-
phenotype correlations appear to be complicated. The variants affecting the hot spot amino acids (R79, R88,
R239, R416) accounted for more than half of all mutations identified in AxD patients (Prust et al., 2011).
The R79, R88 and R239 mutations are common in early-onset patients (Yoshida et al., 2011), while R239
mutations could induce more severe manifestations (Prust et al., 2011). Moreover, there exists a great deal of
variability in clinical severity of AxD, even among the individuals carrying the same mutation. Patient P3433
with c.214G>A (p.E72K) mutation which is located near R79, showed various symptoms of adult-onset form
with relatively early-onset, such as bulbar symptoms, autonomic dysfunction and gait disturbance. Patient
P4288 with c.1235C>T (p.T412I) variant which is located close to R416, presented a rapidly progressive
clinical course. The patients with R416 mutation showed no obvious genotype-phenotype associations, sup-
porting that mutations in tail domain of GFAP exhibit varied clinical courses and severities (Li et al., 2005).
What accounts for these variabilities remains obscure, and the genetic modifiers or environmental impactors
were considered as the possible factors affecting clinical phenotypes (Messing, 2018).

A novel data-driven method was used in our study to explore the atrophic pattern and spontaneous brain
functional network activity in AxD patients. Patient P3433 and P4288 showed a similar pattern of atrophy in
WM mainly involving periventricular regions. It has been proposed that the subventricular region was most
vulnerable to the pathogenesis of AxD (Sawaishi, 2009). About one-third of the patients displayed abnormal
signals in the periventricular rim (Balbi et al., 2010) which may be associated with the abnormal aggregation
of Rosenthal fibers in subependymal regions (van der Knaap et al., 2006). Moreover, patient P3433 with
early age onset also presented GM atrophy mainly in the bilateral putamen and thalamus, which has not
been reported in AxD. GM volume loss may be related to long-term disability (A. Eshaghi et al., 2018) and
interprets physical disabilities better than WM lesions (Roosendaal et al., 2011). Several mechanisms may
underlie the GM damage including iron deposition, mitochondrial failure, WM lesions induced retrograde
degeneration and meningeal inflammation (Calabrese et al., 2015; Arman Eshaghi et al., 2018). Patient
P3433 suffered more severe WM atrophy, thus the overload and collapse of brain network could also explain
the atrophy of GM (Minagar et al., 2013). For the first time, we evaluated alterations in spontaneous brain
functional network activities in our patients by three different types of data-driven analyses, ReHo, DC and
ALFF. The results showed the ReHo, DC and ALFF values seem to be consistently increased in occipital and
posterior parietal cortex, indicating a higher amount of communication between these regions and the rest
of the brain network. Increased functional connectivity has been interpreted as a compensatory mechanism
or reorganization of the brain work (Widjaja, Zamyadi, Raybaud, Snead, & Smith, 2013).

It is notable that the variant c.1235C>T(p.T412I) induced abnormal aggregations and significantly decreased
solubility of GFAP, similar to the consequences caused by variant c.1178G>T(p.S393I) (Chen, Lim, Chen,
Quinlan, & Perng, 2011) and c.1246C>T(p.R416W) (Perng et al., 2006). The mutation with p.T412I,
p.S393I and p.R416W are located in tail domain which is highly conserved and important for stabilizing
filament-filament interactions (Yoshida, Sasayama, & Nakagawa, 2009). Filament disorganizations may
enhance the stability of the assembled protein, which could result in resistance to salt extraction (Hsiao et
al., 2005). HEK 293T cells contain endogenous intermediate filaments such as vimentin and keratin which
may have an effect on the assembly of filaments and GFAP network formation (Hsiao et al., 2005), but
more research was needed to confirm. We likewise observed 20S complexes colocalized with ubiquitylated
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GFAP inclusions, indicating the mutations did not disrupt GFAP binding to 20S complexes. Our results also
exhibited the degradation of GFAP through the UPS seemed to be blocked. Previous studies demonstrated
that overexpression of GFAP impairs proteasome activities and results in decreased protein turnover (Tang,
Xu, & Goldman, 2006), especially mutant oligomer GFAP proteins produce a stronger inhibition (Tang
et al., 2010). The loss of proteasome activity could be caused by the shift of 20S complexes from soluble
fraction to insoluble fraction (Tang et al., 2010). Proteasome dysfunction may establish a positive feedback
loop which would further increase the GFAP protein levels and accumulations (Tang et al., 2006). However,
some studies showed proteasome inhibitors could induce the reduction of GFAP gene transcription and
other intermediate filaments expression (Middeldorp et al., 2009), as we observed the decreased GFAP
levels in HEK 293T cells. This effect may only occur during the early stage (not after 7 days) of GFAP
expression which is more susceptible to proteasome inhibition (Tang et al., 2010), while the relationship
between proteasome inhibition and the expression of GFAP still needs explorations. As we had seen, the
degradation of GFAP mutants could be restored by lysosome inhibitor, suggesting autophagy may act as a
complementary pathway for degrading aggregated proteins in this disease (Tang et al., 2008). The GFP-tags
and overexpression of GFAP plasmid may increase the formation of GFAP accumulations and exacerbate
the pathological damage (Tang et al., 2006), which increased the difficulty to explore the mechanisms caused
by GFAP mutants. It remains to be undefined whether other compensatory mechanisms exist for regulating
the damaged proteins.

To summarize, we identified two cases of adult-onset AxD patients presenting with bulbar dysfunction and
pyramidal tract signs. Two de novo variants (c.214G>A, p.E72K and c.1235C>T, p.T412I) in GFAP gene
were identified, and the variant with c.1235C>T was explored the pathogenicity for the first time. Increased
brain functional connectivity in occipital and posterior parietal cortex was discovered in two probands,
while grey matter atrophy mainly in the bilateral putamen and thalamus was observed in the patient with
more severe white matter damage. Our study broadened the spectrum of clinical phenotypes of AxD.GFAP
mutations lead to abnormal accumulations and activate autophagy upon proteasome impairment to maintain
intracellular homeostasis.
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Figure legend

Fig.1 Genetic and radiologic characteristics of patients who carry de novo variant in GFAP . (A-B) Chest
radiography of patient P3433. Scoliosis was corrected after the operation. (C-D) Sequence chromatograms
of GFAP gene of two probands, patient P4288 and patient P3433. (E) Patient P3433 demonstrated hy-
perintensity in the bilateral corona radiata, centrum semiovale and regions surrounding the 4th ventricle in
T2-weighted FLAIR images. (F) In the proband P4288, minor hyperintensity was observed while the distri-
bution of these lesions was similar to patient P3433. (G) Patient P3433 presented atrophy in subcortical grey
matter: bilateral putamen, thalamus and cerebellum, as well as atrophic white matter in corona radiata,
centrum semiovale, cerebellopontine angle and medulla. (H) Patient P4288 presented insignificant atrophy
in grey matter, while the distribution of atrophic white matter was similar to patient P3433. Red/orange:
the significantly larger volume of grey matter in normal controls than the patient. Yellow: the significantly
larger volume of white matter in normal controls than the patient. (I) Patient P3433 presented higher ALFF
in cerebellar vermis, cerebellopontine angles, occipital and posterior parietal cortex. Increased DC was ob-
served in frontal and posterior cortex, overlapping with Reho mainly in cerebellum and posterior cortex.
(J) Patient P4288 presented higher ALFF, DC and Reho in similar regions with patient P3433. Increased
DC was additionally observed in bilateral insula. Red/orange: voxels with significantly higher centrality;
Blue: voxels with significantly higher amplitude of low frequency fluctuation. Pink: voxels with significantly
higher amplitude of regional homogeneity.

Fig .2Functional analysis of GFAP variants identified in this study. (A) The relative protein levels of GFAP-
WT/Mut in soluble fraction and insoluble fraction were detected by western blot (One-way ANOVA; n = 3
separate experiments; ns = non-significance, * 0.01 [?] P < 0.05, *** P < 0.001). (B) Immunofluorescence
showed distributions of GFAP-WT were diffuse with few aggregates, while mutant groups (p.E72K and
p.T412I) and positive control (p.R239C) were presented as punctate inclusions in perinuclear areas. Scale
bar, 10 μm. (C) After MG132 treatment, the soluble protein levels of 20S remained constant levels among
groups while GFAP levels showed a decreased trend especially in WT, p.E72K and positive control groups
(Two-way ANOVA; n = 3 separate experiments; * P < 0.05, ** P < 0.01). (D-E) Immunofluorescence
indicating that 20S complex (red, D) and ubiquitin (red, E) in mutant groups and positive control exhibited
as inclusions surrounding the nucleus, while diffuse distribution in cytoplasm was shown in WT group.
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Ubiquitin and 20S complexes were completely colocalized with mutant GFAP (green), respectively. Scale
bar, 10 μm. (F) The soluble levels of GFAP and LC3-II in BafAI-treated group were increased, especially
in mutant groups and positive control. (G) After BafAI treatment, the statistical analysis of GFAP levels
was shown (Two-way ANOVA; n = 3 separate experiments; ns = non-significance, * P < 0.05). (H-I)
Immunostaining displayed that GFAP-Mut proteins (green) exhibited aggregates and nearly co-expressed
LC3 (red) and LAMP1 (red). Scale bar, 10 μm.

Fig.3 Schematic diagram of GFAP structure with identified variants. Mutations identified in our study are
in red font.
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