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Abstract
Giant axonal neuropathy (GAN) is a progressive neurodegenerative disease affecting the peripheral and central nervous 
system and is caused by bi-allelic variants in the GAN gene, leading to loss of functional gigaxonin protein. A treatment 
does not exist, but a first clinical trial using a gene therapy approach has recently been completed. Here, we conducted the 
first systematic study of GAN patients treated by German-speaking child neurologists. We collected clinical, genetic, and 
epidemiological data from a total of 15 patients representing one of the largest cohorts described thus far. Average age of 
patients was 11.7 years at inclusion. The most frequently reported symptoms (HPO coded) were gait disturbance and muscle 
weakness, abnormality of muscle size, and abnormal reflexes. In line with the frequency of homozygous variants, in five 
families, parents reported being at least distantly related. In 14 patients, diagnosis was confirmed by molecular genetic test-
ing, revealing eight different GAN variants, four being reported as pathogenic in the literature. Proteomics of white blood 
cells derived from four patients was conducted to obtain unbiased insights into the underlying pathophysiology and revealed 
dysregulation of 111 proteins implicated in diverse biological processes. Of note, diverse of these proteins is known to be 
crucial for proper synaptic function and transmission and affection of intermediate filament organisation and proteolysis, 
which is in line with the known functions of gigaxonin.
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Introduction

Giant axonal neuropathy (GAN, MIM #256850), first 
described in 1972, is a rare autosomal recessive disorder 
with childhood-onset, characterised by progressive neurode-
generation of both, the peripheral and central nervous system 
[1]. Thus far, this neurological condition has been reported 
in approximately 75 families worldwide [2]. Genotypic data 
in combination with detailed phenotypic descriptions have 
been recorded for more than 100 patients [3, 4].

In general, two distinct clinical presentations have been 
described: the classical early onset, progressive neurode-
generative phenotype and a later-onset, slower-progressing 

axonal Charcot-Marie-Tooth (CMT) disease-like pheno-
type [5]. Some authors also define an intermediate pheno-
type [6]. Classical GAN phenotype typically manifests in 
infancy with distal weakness which expands to proximal 
weakness accompanied by cerebellar ataxia leading to loss 
of unassisted independent ambulation (LOA) by on average 
8–10 years of age [4, 6]. However, other authors report LOA 
at the age of 14–16 years [7]. In addition to muscle weakness 
and ataxia, patients may also develop bulbar symptoms in 
the further course of the disease and typically have frizzy 
hair as a phenotypic identifier (“gestalt”). Nerve conduction 
studies show nerve length–dependent, sensorimotor neurop-
athy [4, 7, 8]. Magnetic resonance imaging (MRI) shows 
high signals on T2-weighted sequences in the anterior and 
posterior periventricular regions as well as in the cerebellar 
white matter, sometimes referred to as leukoencephalopathy 
or leukodystrophy. GAN is typically fatal, often due to pul-
monary complications, by the third decade of life [4].
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GAN-associated phenotypes are caused by bi-allelic path-
ogenic variants in the gene GAN (MIM *605379, linked to 
chromosome 16q23.2), which encodes gigaxonin, a ubiqui-
tin ligase adaptor protein, member of the cytoskeletal BTB/
kelch repeat family presumably acting as a cytoskeletal 
component. Thus, gigaxonin regulates intermediate fila-
ment turnover in the central and peripheral nervous systems 
[9]. The absence of gigaxonin leads to the accumulation 
and deposit of intermediate filaments in cellular inclusions, 
resulting in axonal swelling and the occurrence of epony-
mous “giant axons” visible by electron microscopy [10].

The GAN gene was identified in the year 2000 by Bomont 
and colleagues [11], and to date, 66 pathogenic and 24 likely 
pathogenic variants are listed in ClinVar [12]. The reported 
pathogenic variants comprised evenly distributed missense, 
nonsense, and splice site mutations as well as small inser-
tions and deletions. An obvious mutation hotspot does not 
exist, and there is no apparent correlation between genotype 
and phenotype. The disease cannot yet be cured, but a first 
clinical gene therapy trial in the US has recently been com-
pleted showing a possible benefit in motor function scores 
at specific vector doses in a 1 year follow-up [2].

Here, we conducted a cross-sectional study to collect 
demographic, genetic, and clinical data from GAN patients 
clinically followed by paediatric neurologists across Ger-
man-speaking countries (DACH-region, Germany, Austria, 
Switzerland). Our aims were to describe the main clinical 
and genetic features, explore a potential genotype/phenotype 
correlation, and identify preclinical factors influencing the 
progression of the disease by performing additional prot-
eomic analyses of white blood cells derived from four GAN 
patients.

Materials and methods

Study design

This study was designed as a cross-sectional study col-
lecting data from patients with confirmed diagnosis of 
GAN. Therefore, we conducted a survey using the ESNEK 
(Survey of Rare Neurological Diseases in Childhood and 
Adolescence), with its study centre located in Göttingen, 
Germany. To recruit patients, the ESNEK team sends an 
e-mail to registered paediatricians specialised in neurope-
diatrics in Germany, Austria and Switzerland regarding a 
specific rare neurological disorder. Nine centres from Ger-
many contributed datasets of ten families with a total 15 of 
GAN patients. Clinical, genetic, and epidemiological data of 
GAN patients were collected from the participating centres 
using a standardised case report form (CRF), available from 
the corresponding author upon reasonable request. The data 
were collected retrospectively from clinical assessments of 

patient visits in routine clinical care. We did not receive 
any feedback from participating clinicians from Austria 
and Switzerland regarding treated GAN patients. In addi-
tion to the clinical data, we were able to obtain proteomic 
data sets derived from white blood cells from four patients 
(see below).

Patient cohort

The inclusion criteria for the study were: (1) genetically con-
firmed diagnosis of a GAN-related neurological phenotype 
by identification of a compound heterozygous or homozy-
gous variants in the GAN gene, or nerve biopsy findings 
strongly suggestive of GAN; and (2) sufficient data and clini-
cal records on disease onset and progression, organ involve-
ment, and muscle function status at last clinical assessment.

We categorised the patients in two phenotypes: the clas-
sic, severe, neurodegenerative, and a milder CMT-like phe-
notype based on the following characteristics:

• Severe: LOA before 10 years of age, MRI abnormalities, 
and/or clinical abnormality of the central nervous system 
(e.g., ataxia, dysarthria, dysdiadochokinesis, etc.).

• Mild: Independent ambulation beyond 10 years of age; 
ability to run and/or jump after 5 years of age.

We defined independent ambulation as the ability to walk 
10 m without any assistance, or orthotic devices and ambu-
lation with assistance as the ability to walk 10 m using any 
kind of external support (e.g., furniture, orthotics).

Proteomic analyses

Proteomic profiling on white blood cells (purified from 
7.5  ml EDTA blood samples) derived from four GAN 
patients (1, 5, 6, and 10) and five controls and subsequent 
data analyses was carried out as described previously [13].

Data availability

The data that support the findings of this study are available 
from the corresponding author, upon reasonable request. The 
mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE [14] part-
ner repository with the dataset identifier PXD053070.

Results

Demographic data

A total of 15 patients from ten families diagnosed with GAN 
were enrolled from nine German centres. Age of patients at 
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time of study inclusion ranged from 5.7 to 20.0 years with 
a median age of 11.7 years (SD 4.2). 13 (86.7%) patients 
were under 18 years old at the time of study enrolment. Eight 
(53.3%) were male and seven (46.7%) female. Eight (53.3%) 
patients originated from Syria, two (13.3%) from Turkey and 
from Germany, respectively. One patient (6.7%) was from 
Saudi Arabia, and in two (13.3%) patients, the origin was 
unknown. In 5/10 (50%) families, parents reported being 
at least distantly related. Table 1 gives an overview of the 
demographic, genetic and clinical data of our cohort.

Clinical characteristics

From the 15 patients described here, 13 (86.7%) had a clas-
sical and one a mild CMT-like phenotype. Owing to the 
young age, a final classification was not possible for a single 
patient. Abnormal gait was mentioned in all patients as one 
of the first symptoms, muscle weakness was notable in 13 
(86.7%) patients, and muscle hypotonia in 7 (46.7%). Gait 
abnormalities were noted at a median age of 2.0 years (SD 
1.3). At time of the last follow-up, 6 (40%) patients were 
able to walk >10 m independently and 9 (60%) were not 
able to walk 10 m without assistance, including 3 (20%) 
using orthotic aids, 2 (13.3%) being part-time wheelchair 
dependent and 4 (26.7%) being full-time wheelchair depend-
ent. LOA occurred between 8.8 and 11 years with a median 
age of 10.5 years (SD 0.9). Further clinical characteristics 
of our cohort are summarised in Table 2.

Figure 1 shows the classical GAN phenotype in patient 1 
including kyphoscoliosis, pes planus, generalised amyotro-
phy, contractures of interphalangeal joints and frizzy hair, 
as well as being fully wheelchair dependent at the time of 
examination due to profound muscle weakness. For patient 
5 cranial MRI was available showing typical diffuse signal 
hyperintensities of the white matter of the cerebrum and 
cerebellum, especially periventricularly, in the area of both 
thalami, the midbrain and the pons. Sural nerve biopsy was 
performed in patient 15 presenting the typical enlarged 
axons at the ultra-structural level (Fig. 1).

Genetic characteristics

Exome, panel, or direct gene sequencing detected patho-
genic GAN variants (Fig. 2) in nine families in the present 
study. All variants were homozygous, and the segregation 
was verified by Sanger sequencing on DNA samples from 
the available family members.

The pathogenic variants encompassed five missense 
mutations (c.218T>C, p.Ile73Thr; c.305T>C, p.Ile102Thr; 
c.806G>A, p.Arg269Gln; c.1102G>A, p.Gly368Arg; 
c.1703C>A, p.Thr568Lys), an in-frame deletion of 9 nucle-
otides (c.998-1006del, p.Gly333_Asp335del), an essential 
splice site mutation leading to the exclusion of the in-frame 

exon 9 (c.1502+1G>T, p.del459-501), and a single nonsense 
mutation predicted to involve mRNA decay (c.1006G>T, 
p.Glu336*). The predominance of missense mutations con-
firms previous studies on giant axonal neuropathy [15]. Only 
exon 6 harboured two pathogenic variants (c.998-1006del 
and c.1006G>T), and the other mutations were evenly dis-
tributed over the gene and were localised in exons 2, 3, 4, 
7, and 11.

The five missense mutations and both in-frame dele-
tions affected conserved amino acids in the BTB domain 
(c.218T>C), in Kelch domains 2 (c.1102G>A and c.998-
1006del), 4 and 5 (c.1502+1G>T), or 6 (c.1703C>A), or 
in linker regions without known function (c.305T>C and 
c.806G>A), emphasising the absence of a mutation hotspot 
and suggesting that any modification of the peptide sequence 
is pathogenic. This is supported by the almost complete 
absence of homozygous variants in the coding regions of 
GAN in the gnomAD population database.

Of note, the c.1502+1G>T splice site mutation was 
found in two unrelated families in our cohort. However, both 
families originate from Syria, indicating a founder effect 
and a distant family relationship. Four of the eight differ-
ent GAN mutations were described in previously reported 
families: c.305T>C [16]; c.806G>A [4, 17], c.1102G>A 
[17], and c.1502+1G>T [18] and all four are classified as 
pathogenic. Following the ACMG criteria and the presence 
of other homozygous nonsense mutations in reported GAN 
patients, the c.1006G>T nonsense mutation is classified as 
pathogenic. The impact and implication of the c.1703C>A 
missense mutation was supported by additional hair analy-
sis showing altered keratin structure typical for GAN and 
is classified as likely pathogenic. Both remaining variants 
(c.218C>T and c.998-1006del) are classified as VUS (vari-
ants of uncertain significance). Whilst the c.218C>T mis-
sense variant is listed once at the heterozygous state with a 
CADD score of 27.1, the c.998-1006del deletion is absent 
from the gnomAD database. Together with the confirmed 
segregation in the affected families, the high degree of con-
servation of the GAN gene, and the occurrence of similar 
mutations in other GAN patients in combination with very 
suggestive phenotype, this strongly suggests a pathogenic 
effect of the identified mutations.

Proteomic analyses

Blood samples from patients 1, 5, 6, and 10 presenting with 
severe phenotypes were available to isolate white blood 
cells and to perform proteomic analyses to obtain unbiased 
insights into the cellular pathophysiology. The utilisation of 
white blood cells to this end was also driven by results of our 
previous studies highlighting that this cellular population 
is suitable to investigate molecular processes underlying in 
inherited neuropathies [13, 19, 20].
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Before, gigaxonin abundance in white blood cells was 
confirmed based on an in-house generated spectral library 
revealing the presence of four unique tryptic peptides for 
gigaxonin in human white blood cells (Fig. 3), thus for 
the first time unveiling the presence of this neurological 
relevant protein in white blood cells and declaring same 
ones as a suitable in vitro system to investigate molecular 
consequences of loss of functional gigaxonin.

Indeed, our mass spectrometry-based approach defined 
a proteomic signature characterised by the significant dys-
regulation of 111 proteins (DAPs = differentially abundant 
proteins), whereby 22 are increased and 89 are decreased, 
respectively. A GO-term based in silico study was next 
conducted to pinpoint biological processes and cellular 
compartments affected by the respective protein dysregu-
lations. Increased DAPs impact on different biological 
processes, including intermediate filament organisation, 
cytoplasmic translation, hydrogen peroxide catabolic 
processes along with oxygen transport, protein hetero-
tetramerization, as well as maturation of SSU-rRNA. 
Instead, decreased proteins impact on muscle contrac-
tion, regulation of phagocytosis, autophagosome matura-
tion along with proper endosome to lysosome transport 
and late endosome to Golgi transport, as well as regula-
tion of actin cytoskeleton organisation. Cellular compart-
ments affected by increased proteins include cytoskeleton 
including intermediate filaments, ribosomes, and cellular 
membranes. Cellular compartments affected by decreased 
proteins also include cytoskeletal proteins (muscle thin fil-
ament tropomyosin and actin), the endoplasmic reticulum, 
endosomes, the lysosome membrane, and of note the axon 
terminus. Especially, in the context of predicted vulner-
ability of axon terminus, it is important to note that diverse 
proteins with known functions in synaptic function are 
decreased including neurogranin, LRP chaperone MESD, 

Table 2  Clinical characteristics of the described GAN cohort, listed 
according to the selected Human phenotype ontology (HPO) terms

Human phenotype ontology terms n = 15 (%)

Development
 Delayed gross motor development 4 (26.7)
 Delayed fine motor development 2 (13.3)
 Delayed ability to walk 3 (20.0)
 Delayed speech and language development 2 (13.3)
 Intellectual disability 4 (26.7)

Gait
 Gait disturbance 15 (100.0)
 Gait ataxia 5 (33.3)
 Frequent falls 10 (66.7)
 Steppage gait 6 (40.0)

Muscle
 Muscle weakness 15 (100.0)
  Generalised muscle weakness 5 (33.3)
  Axial muscle weakness 6 (40.0)
  Distal muscle weakness 12 (80.0)
  Fatigable weakness 5 (33.3)
  Weakness of facial musculature 4 (26.7)

 Muscular hypotonia 14 (93.3)
 Abnormality of muscle size 12 (80.0)
  Generalised amyotrophy 7 (46.07)
  Proximal upper limb amyotrophy 4 (26.07)
  Proximal lower limb amyotrophy 4 (26.07)
  Distal upper limb amyotrophy 5 (33.03)
  Distal lower limb amyotrophy 8 (53.03)

Neurologic
 Abnormal reflexes 12 (80.0)
  Areflexia 11 (73.3)

 Pyramidal sign 2 (13.3)
 Abnormality of coordination 7 (46.7)
 Slurred speech 4 (26.7)
 Dysdiadochokinesis 5 (33.3)
 Truncal ataxia 3 (20.0)
 Seizures 2 (13.3)
 Abnormality of the eye 9 (60.0)
  Nystagmus 6 (40.0)

Bone
 Scoliosis 7 (46.7)
 Abnormality of joint mobility 8 (53.3)
  Limb joint contracture 8 (53.3)
  Ankle flexion contracture 7 (46.7)

 Abnormal foot morphology 8 (53.3)
  Talipes 4 (26.7)
  Pes planus 7 (46.7)
  Pes excavatus/Pes cavus 2 (13.3)

 Abnormality of the hand 4 (26.7)
Phenotype
 Phenotypic abnormality 8 (53.3)
 Curly/Frizzy hair 14 (93.3)

Table 2  (continued)

Human phenotype ontology terms n = 15 (%)

 Abnormal skull morphology 2 (13.3)
Respiratory
 Abnormality of the respiratory system 8 (53.3)
 Sleep apnoea 3 (20.0)
 Need for ventilatory support 2 (13.3)

Diverse
 Abnormal autonomic nervous system physiology 7 (46.7)
 Abnormal digestive system physiology 6 (40.0)
  Feeding difficulties 4 (26.7)

 Abnormality of the endocrine system 6 (40.0)
 Abnormal autonomic nervous system physiology 7 (46.7)
  Autonomic bladder dysfunction 4 (26.7)

 Premature death 3 (20.0)
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alpha-synuclein, and synaptogyrin-2 (Suppl. Tab. 1). GAN 
was not detected in our proteomic profiling approach.

Moreover, we used our proteomic profile data to evaluate 
the pathogenicity of the novel variant identified in patient 
10: a comparison of the individual proteomic signature of 
this patient with the patient harbouring known pathogenic 
variants revealed the common decrease of 36 and the com-
mon increase of 18 proteins (Suppl. Tab. 2) declaring these 
once to potential pathogenicity markers. Of note, some 
of these proteins, such as tropomyosins, alpha-synuclein, 
and neurogranin, are known to play diverse functions in 
proper neuromuscular transmission. Given that the results 
of the global profiling of all patients versus healthy controls 
unveiled a decrease of HYOU1 (GRP170) (Suppl. Tab. 1), 
a chaperone with crucial functions in neurodegeneration, 
we addressed the suitability of HYOU1 to also serve as a 

marker protein allowing to evaluate the pathogenicity of 
novel genetic GAN variants. Indeed, although not statisti-
cally significant in all patient-derived samples, HYOUI is 
constantly decreased (Fig. 3E).

Discussion

Here, we report demographical, clinical, and molecular 
genetic data of 15 patients from 10 families living in Ger-
many with confirmed giant axonal neuropathy. Four of the 
eight identified GAN mutations were described in previ-
ously reported families. According to ACMG criteria, one 
of the remaining mutations was classified as pathogenic, 
one as likely pathogenic, and two as VUS. The survey 
revealed exclusively homozygous variants, and accordingly, 

Fig. 1  Clinical data of GAN patients. A Patient 1 at 12 years of age 
showing typical clinical signs for GAN, e.g., kyphoscoliosis, pes 
planus, generalised amyotrophy, contractures of interphalangeal 
joints and frizzy hair, as well as being fully wheelchair dependent 
at the time of examination due to profound muscle weakness. B T2 
axial (left) and T1 coronar (right) MRI of patient 5 at 15 years of age 

showing typical diffuse signal hyperintensities of the white matter of 
the cerebrum and cerebellum. C Electron microscopy of suralis nerve 
biopsy of patient 15 showing enlarged axons (indicated by arrows) 
surrounded by relatively thin myelin sheaths in contrast to normal 
axons (indicated by arrowheads)

Fig. 2  Genetic data of GAN patients. All GAN variants included in this study arranged by cDNA (dark red) and protein (blue) position. All iden-
tified variants are homozygous. Gene sequence and protein domains were obtained from the ensemble and NCBI databases
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Fig. 3  Proteomic data of GAN 
patients. A Schematic represen-
tation of the proteomic work-
flow applied on patient-derived 
white blood cells. B Volcano 
plot depicting and highlight-
ing the significant upregu-
lated proteins (red; FC ≥ 2) 
and downregulated proteins 
(blue; FC ≤ 0.5). C GO-Term 
analysis; bar graphs depicting 
upregulated and downregulated 
biological processes in regard 
to the significant upregulated 
and downregulated proteins. 
D Comparison of proteomic 
signatures of patients 1, 5, and 6 
(grouped) versus 10 to pinpoint 
proteins serving as pathogenic-
ity markers unveils 54 proteins 
(36 decreased and 18 increased) 
commonly dysregulated in 
GAN patients. E Box plot of 
HYOU1 abundances in white 
blood cells of patients 1, 5, 6, 
and 10 showing a decrease of 
this co-chaperone in all patients. 
Numbers above boxes display 
the respective statistical signifi-
cance (p-ANOVA) of HYOU1-
decrease in the individual 
patient (P) sample
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consanguinity (defined as being at least distantly related) 
was reported by half of the families.

Based on the analysis of the clinical and genetic data of 
our patients, a genotype–phenotype correlation can only be 
partially drawn. From the 15 patients described here, 13 pre-
sented with a classical GAN phenotype, one patient showed 
mild manifestations, and one patient was too young for a 
definite classification. The higher prevalence of GAN cases 
with classical clinical presentation is in agreement with the 
previous studies [4].

The patient with the mild phenotype carried the homozy-
gous c.806G>A (p.Arg269Gln) mutation and presented with 
GAN-typical early childhood-onset hypotonia, muscle weak-
ness, contractures, skeletal anomalies, and abnormal gait 
without clinical central nervous system involvement. Brain 
MRI was unremarkable, and the patient was still able to walk 
with orthotics at the age of 12, contrasting the more severe 
cases in our cohort. The same pathogenic p.Arg269Gln vari-
ant was previously described in an unrelated family, and 
both affected members manifested a similar phenotype as 
our patient with normal white matter on MRI and loss of 
ambulation beyond the age of 12 [17]. Both patients also 
presented with ataxia, which was absent in our patient. How-
ever, the age of the previously reported patients is not speci-
fied, and it is possible that first signs of ataxia may occur in 
later disease stages in milder GAN cases. Another patient 
with the p.Arg269Gln variant was 6 years old at the last 
clinical examination [4] and does not permit any comparison 
with our patient. Importantly, the differentiation between 
classical and mild GAN phenotypes was previously solely 
based on motor parameters [4].

To broaden the classification criteria and evaluate a 
more systemic aspect of the disease, we also included CNS 
symptoms and cranial MRI findings, which may also be used 
as a standard for describing the severity of GAN cases in 
the future. The absence of kinky hair as an indicator of a 
mild phenotype cannot be used as classification criterion as 
shown by CNS signs indicating classical GAN in our patient 
with the in-frame deletion of 9 nucleotides (c.998-1006del).

As a common rule, nonsense mutations are rather associ-
ated with a classical GAN phenotype, whilst missense muta-
tions are found in milder cases [4]. This is also confirmed by 
our cohort and the presence of nystagmus and leukoencepha-
lopathy evidencing a CNS involvement in the patient with 
the c.1006G>T (p.Glu336*) nonsense mutation. However, 
the patient was still ambulant at the age 12, demonstrat-
ing that distinct clinical signs of classical and mild giant 
axonal neuropathy can sometimes overlap, and suggesting a 
similar loss-of-function mechanism for GAN missense and 
nonsense mutations.

From a general point of view, a longitudinal study on 
a well-characterised patient cohort may be more adapted 
for the establishment of a genotype/phenotype correlation 

than a cross-sectional study. Longitudinal studies also pro-
vide the possibility to apply standardised clinical examina-
tions with validated scales as the CMT Neuropathy Exam 
Scores (CMTNS/CMTES, CMTPedS/CMTInfS) or the 
Motor Function Measurement (MFM), although they often 
appear as rather complex for routine clinical practise but 
are absolutely needed as outcome measures for clinical 
studies.

In a phase 1 gene therapy trial conducted by Bharucha-
Goebel and colleagues, four different doses of intrathecal 
AAV vector with a gigaxonin-encoding transgene (scAAV9/
JeT-GAN) were administered to 14 GAN patients with 
classical, severe phenotype. Overall, specific vector doses 
seemed to improve motor function scores and sensory-nerve 
action potential curves in single patients, but serious adverse 
events were also noted [2]. Accordingly, further studies are 
needed to determine the safety and efficacy of intrathecal 
AAV-mediated gene therapy in GAN.

In view of further clinical trials for GAN, we aimed to 
identify suitable biochemical sensors reflecting disease pro-
gression and the efficiency of therapeutic approaches. For 
the first time, we provide a catalogue of proteins affected 
by loss of functional gigaxonin in leukocytes. Given that 
gigaxonin is itself abundant in white blood cells as outlined 
based on our spectral library data, the fold of restoration of 
DAPs should ideally be correlated with the achieved level 
of expression of exogenous GAN within these cells. From 
our perspective, this approach is especially grounded on the 
observation that dysregulated proteins are in line with the 
known function of gigaxonin as a cytoskeletal component 
that directly or indirectly plays an important role in neurofil-
ament architecture and moreover acts as a substrate-specific 
adapter of an E3 ubiquitin-protein ligase complex which 
mediates the ubiquitination and subsequent proteasomal 
degradation of target proteins. Results of our GO-term-based 
pathway analyses clearly indicate affection of cytoskel-
eton whereby increased proteins impact on neurofilament 
organisation. In addition, our proteomic data hint towards 
perturbed protein clearance based on the decreased DAPs. 
This biochemical finding is accompanied by decreased level 
of a variety of proteins involved in vesicular transport, such 
as sorting nexins, SNARE-associated proteins, sortilin, and 
vesicle-associated membrane protein 8 and dynactin subu-
nit 2 amongst others. Of note, DCTN2 is assumed to play 
a role in synapse formation during brain development and 
a genetic study introduced DCTN2 as a candidate gene for 
intermediate Charcot–Marie–Tooth disease in a Norwegian 
family [21]. Since the maturation of the autophagosome is 
influenced by regular vesicle transport, the identified protein 
dysregulations might impact on the function of the protea-
some, which is presumably already altered by the loss of 
functional gigaxonin and cannot be compensated efficiently 
enough by autophagy. Of course, further functional studies 
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are required to validate this hypothesis and to obtain more 
insights into the complex pathobiochemistry.

Nevertheless, proper vesicle transport is required for 
efficient synaptic transmission and results of our proteomic 
profiling approach showed reduced abundance of proteins 
playing crucial roles in synaptic transmission, such as neuro-
granin [22], LRP chaperone MESD (http:// www. unipr ot. org/ 
unipr otkb/ Q14696/ entry), and synaptogyrin-2 (http:// www. 
unipr ot. org/ unipr otkb/ O43760/ entry).

In the context of ataxia as a leading symptom of GAN-
related neurodegeneration, it is important to note that 
HYOU1 (GRP170/ ORP150), a co-chaperone of BiP (the 
major chaperone of the endoplasmic reticulum), is decreased 
in white blood cells derived from GAN patients and that bi-
allelic variants in three other binding partners of BiP (SIL1, 
INPP5K, and DNAJC3) were already linked to phenotypes 
associated with ataxia [23–25], thus indicating a profound 
role of BiP and its binding partners in cerebellar mainte-
nance. In accordance with our finding of decreased HYOU1 
in white blood cells derived from GAN patients, Zhao and 
colleagues in 2010 reported that overexpression of HYOU1 
prevents ER stress and rescues neurodegeneration in Sil1(-
/-) mice as an in vivo model of cerebellar ataxia [26, 27], 
whereas decreasing expression of HYOU1 exacerbates this 
phenotype [28]. Moreover, deficiency of the alternative BiP 
co-chaperone SIL1 causes degenerative changes of axons in 
mice and human [29]. In the light of these facts, one might 
assume that HYOU1 might represent a promising molecular 
target to ameliorate GAN-related neurodegeneration. Tak-
ing the above-mentioned protein dysregulations of presumed 
clinical relevance as well as the lack of a convincing gen-
otype-phenotype correlation into consideration, biochemi-
cal studies on white blood cells derived from mildly ver-
sus severely affected GAN patients might allow to identify 
modifying proteins. However, unfortunately, no biomaterial 
derived from mildly affected patients was available for this 
study.

To concrete, these data on the natural history of the dis-
ease as well as the catalogue of proteins that may serve as 
minimally invasive but cellular biomarkers (e.g., HYOU1) 
are not only important to evaluate the pathogenicity of 
genetic variants of unknown significance but might also 
serve as biochemical read-out measures for future gene 
therapy trials. However, further studies on larger cohorts are 
needed to finally evaluate the potential of these white blood 
cell-related proteins to serve as suitable GAN biomarkers.
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