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Summary

Distal hereditary motor neuropathies (HMNs) and axonal Charcot-Marie-Tooth neuropathy (CMT2) are clinically and genetically het-
erogeneous diseases characterized primarily by motor neuron degeneration and distal weakness. The genetic cause for about half of the
individuals affected by HMN/CMT2 remains unknown. Here, we report the identification of pathogenic variants in GBF1 (Golgi brefel-
din A-resistant guanine nucleotide exchange factor 1) in four unrelated families with individuals affected by sporadic or dominant
HMN/CMT2. Genomic sequencing analyses in seven affected individuals uncovered four distinct heterozygous GBF1 variants, two of
which occurred de novo. Other known HMN/CMT2-implicated genes were excluded. Affected individuals show HMN/CMT2 with slowly
progressive distal muscle weakness and musculoskeletal deformities. Electrophysiological studies confirmed axonal damage with
chronic neurogenic changes. Three individuals had additional distal sensory loss. GBF1 encodes a guanine-nucleotide exchange factor
that facilitates the activation of members of the ARF (ADP-ribosylation factor) family of small GTPases. GBF1 is mainly involved in the
formation of coatomer protein complex (COPI) vesicles, maintenance and function of the Golgi apparatus, and mitochondria migration
and positioning. We demonstrate that GBF1 is present in mouse spinal cord and muscle tissues and is particularly abundant in neuro-
pathologically relevant sites, such as the motor neuron and the growth cone. Consistent with the described role of GBF1 in Golgi func-
tion and maintenance, we observed marked increase in Golgi fragmentation in primary fibroblasts derived from all affected individuals
in this study. Our results not only reinforce the existing link between Golgi fragmentation and neurodegeneration but also demonstrate
that pathogenic variants in GBF1 are associated with HMN/CMT2.

Hereditary axonal neuropathies are a heterogenous group
of disorders characterized by normal or moderately reduced
nerve conduction velocities." Classically, they are classified
into two subgroups depending on the affected fiber type.
The distal hereditary motor neuropathies (HMNs) are char-
acterized by pure motor neuropathy, whereas the axonal
Charcot-Marie-Tooth neuropathy (CMT2) have both motor
and sensory involvement." The cardinal phenotype of
these entities is a length-dependent motor neuropathy
that predominantly affects the distal foot and peroneal
muscles and results in foot abnormalities or deformities
and gait disturbance. Clinically, HMNs/CMT2 present
with extreme heterogeneity in terms of onset, clinical
course, associated neurological features (i.e., sensory or
cerebellar involvement), and other co-presenting signs,
including seizures, fractures, and respiratory distress,
among others.”* This variability not only results in com-
plex phenotypic categorizations but also in diagnostic chal-
lenges and potential misinterpretation of genetic findings.

The integration of next-generation sequencing (NGS)
technologies into routine genetic diagnostics and the
ensuing yield of novel disease genes has greatly expanded
the number of loci associated with axonal neuropathies.
Notwithstanding that, a successful genetic diagnosis is
possible only in about half of the individuals with HMN/
CMT2.>°

Variants in more than 60 genes have been associated
with autosomal-dominant forms of HMN or CMT2, which
are phenotypically very similar (see “Muscle Gene Table”
and “Inherited Neuropathy Variant Browser” in Web Re-
sources). These genes, although functionally heteroge-
neous, have revealed common molecular mechanisms un-
derlying the pathology of dominant HMNs, such as
protein misfolding and aggregation,”” disrupted axonal
transport,” ' and mitochondria dysfunction.'*"'> Over
the past years, we, as well as others, have identified hetero-
zygous variants in BICD cargo adaptor 2, also known as bi-
caudal D homolog 2 (Drosophila) (BICD2 [MIM: 609797]),
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associated with dominantly inherited spinal muscular at-
rophy, lower extremity predominant 2A and 2B (SMA-
LED2A/2B [MIM: 615290 and 618291]).'° %" Precisely,
pathogenic variants in BICD2, an important golgin and
cargo adaptor protein, cause a severe Golgi fragmentation
phenotype in primary fibroblasts, increased microtubule
stability leading to axonal growth and transport defects
in cultured motor neurons, neuromuscular junction
(NMJ) development, and locomotor impairment in
mutant flies.”"**

Here, we report heterozygous variants in Golgi-specific
brefeldin A-resistance guanine nucleotide exchange factor
1 (GBF1 [MIM: 603698]) as being associated with an over-
lapping phenotype of HMN and CMT2. Our functional
data demonstrate that GBF1 is present in neuronal tissues
and cells relevant for the motor neuron (MN) pathology.
Moreover, GBFI1 variants, similar to BICD2 variants, lead
to a markedly increased Golgi fragmentation phenotype,
which was observed, invariably, in all the analyzed pro-
bands-derived fibroblasts.

We describe seven individuals carrying de novo or auto-
somal-dominantly inherited variants in GBFI leading to
a slowly progressive HMN/CMT2; the individuals are
from four unrelated families (Figure 1A and Table 1).
Informed consent from each studied subject was obtained
by each institution (details are given in the Supplemental
Material and Methods), and the entire study was conduct-
ed under the ethical approval of the University of Cologne
(reference number: 13-022).

Proband 1 (family 1, Figure 1A) presented with an
HMN. The onset was at 57 years of age and included
slowly progressive asymmetric distal muscle weakness
predominantly in lower extremities. Parents were report-
edly clinically unaffected. Examination of the affected in-
dividual at 68 years of age revealed bilateral foot drop,
steppage gait, and an asymmetric wasting of the anterior
compartment muscles in distal legs (right>left)
(Figure 2A). Ankle jerk reflexes were absent. Tibial motor
nerve conduction studies revealed normal amplitudes
(12 mV), whereas the distal peroneal compound muscle
action potential (CMAP) amplitudes were severely
reduced (0.1mV on the right side and 0.9 mV on the
left) but better preserved when recorded from the anterior
tibial muscles (4.9 mV on the right and 12 mV on the left).
The sural sensory nerve action potential (SNAP) was also
normal (22 pV). Electromyography (EMG) showed spon-
taneous activity in the lower leg muscles only with
chronic neurogenic changes in both the anterior tibial,
medial gastrocnemius, and the dorsal interosseous muscle
1 (IOD1). Magnetic resonance imaging (MRI) of the lum-
bar spine revealed moderate spinal stenosis at the L3-L4
level but no evidence of compressive radiculopathies.
MRI of the distal lower extremities revealed asymmetric
hyperintensities of the anterior and posterior compart-
ment of the right lower leg, suggesting partial fatty trans-
formation of the affected muscles with much lesser
involvement of the left lower leg muscles (Figure 2A).

As part of the NeurOmics consortium, an NGS-based
gene panel excluded known mutations in genes implicated
in lower motor neuron diseases. Subsequently, a trio-based
whole-genome sequencing (trio-WGS) was carried out as
previously described”” via Illumina’s TruSeq PCR-free sam-
ple preparation kit and run on the Illumina HiSeqX
sequencer. The raw sequences were aligned with the Bur-
rows-Wheeler Alignment tool (BWA) (v.0.7.10), duplicates
were marked and removed with Picard, and indels were
aligned with GATKLite v.2.3.9.

Following the prioritization of variants by allele fre-
quency, conservation, and predicted effect on protein func-
tion, a heterozygous de novo missense variant in exon 28
(GenBank: NM_004193.3; ¢.3410C>T [p.Alal1137Val]) was
identified in GBFI in the affected individual (Figure 1A
and Table 1). The variant was absent from our in-house
database composed of 3,550 sequenced samples (RD-Con-
nect’s integrated platform for rare diseases) but present in
the heterozygous state with a minor allele frequency of 2
in 282,866 (MAF = 7 x 107%) in two individuals of African
ancestry in gnomAD v.2.1.1. Although the presence of the
identified variant in a population database such as gno-
mAD was controversial and challenging for variant inter-
pretation, we decided to not exclude it and consider it as
a plausible candidate because of (1) its de novo occurrence
in an affected individual without a family history of the dis-
ease and (2) the rarity of this variant’s being plausible for a
mild and adult late-onset phenotype with symptoms start-
ing at 56 years of age in the individual, whereas the ages
of the identified individuals in gnomAD were reported as
being between 50-55 years.

Proband 2 (1I1.3), who is currently a 58-year-old female,
from family 2, showed progressive weakness in distal
extremity muscles. She was first evaluated for her disease
at the age of 26 years upon the diagnosis of CMT2 in
her aunt. In her family, there were in total five affected indi-
viduals from three consecutive generations (Figure 1A). On
examination, she showed a steppage gait and walking on
heels was not possible. She developed pes cavus and
a hammertoe deformity, bilaterally. Nerve conduction
studies (NCSs) revealed a clear axonal sensorimotor involve-
ment, and EMG revealed chronic neurogenic changes
(Table 1). Exome sequencing (ES) of the index individual
was performed within the GENESIS (GEM.app) platform
collaboration as previously described.”* ES identified a
heterozygous variant in exon 33 of GBFI (GenBank:
NM_004193.3; c.4382G>A [p.Argl461GlIn]). The variant
was absent from gnomAD and the GENESIS platform of
10,477 individuals, 1,396 of whom presented with CMT
and 108 of whom presented with HMN. Sanger sequencing
and segregation analyses in the available family members
unveiled the same pathogenic variant in two other affected
individuals, I1.5 and IV.2 (Figure 1A). As expected from these
data, the father (III.1) of the affected daughter IV.2 also
carries the same variant; he was evaluated at the time of
ES in the proband and only had mild complaints of calf
muscle cramps in the absence of gait disturbance. Upon
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Figure 1. Pedigrees of the Four Families Affected by GBF1 Variants, Chromatograms of These Variants, GBF1 Functional Domains,
Identified Mutations, and Residues Conservation

(A) Pedigrees of families 1-4 and Sanger chromatograms of the identified GBFI variants. GBF1 variants are marked in rectangles.

(B) Schematic representation of GBF1 (1,859 amino acids) showing the DCB, HUS, Sec7, and HDS1-3 domains. GBF1 mutations iden-
tified in this study as well as their location are marked in red. Protein sequence alignments of GBF1 orthologues are given for each
mutated residue. All residues are highly conserved among species. DCB, dimerization and cyclophilin-binding; HUS, homology up-
stream of Sec7; HDS, homology downstream of Sec7.
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Table 1. Clinical Features of Affected Probands Carrying GBF1 Variants
Family 1 2 3 4
Proband n1 n.3 1.5 .1 Iv.2 1 1
Sex/age (years) male/73 female/58 female/died at 85 years male/62 female/39 male/40 male/54
Ethnicity German Belgian Belgian Belgian Belgian Old Order Amish German
Genotype
Genomic (hg38)  10:102370385C>T 10:102377031G>A 10:102370728G>A 10:102368807G>A
Nucleotide c.3410C>T c.4382G>A c.3525G>A €.2945G>A
Protein change p.Alal137Val p-Arg1461GIn p-Trp1175Ter p-Cys982Tyr
CADD 25.6 23.3 39 31
Inheritance de novo dominant de novo dominant
Phenotype
Age at onset 57 years 24 years 52 years 58 years 33 years childhood 50 years
First symptoms difficulty walking difficulty walking hand weakness, calf cramps, frequent falls, delayed motor difficulty walking
difficulty walking foot deformities ankle distortions milestones
Clinical picture  distal HMN CMT2 CMT2 CMT2 CMT2 CMT2 distal HMN/SMA
peroneal type
ULs—motor no no mild hand muscle no no hand muscle slight weakness
weakness weakness with bilateral (score 4/5) in hand
thenar atrophy and finger muscles
LLs—motor foot drop, impaired impaired heel walking, mild distal muscle no no foot drop, thin lower foot drop, weak toe
toe and heel walking R>L pes cavus and hammer weakness extremities, pes cavus extensors, thin lower
toe deformity deformity extremities, sharp shin
sign, pes cavus deformity
ULs—sensory normal N/A mild hypoesthesia normal reduced touch normal normal
and vibration sense
LLs—sensory normal N/A mildly reduced normal reduced touch and  numbness in feet, numbness in feet
vibration sense vibration sense reduced proprioception
ULs—reflexes normal N/A absent biceps reflex normal normal reduced biceps, triceps, normal
and brachioradialis reflex
LLs—reflexes normal patella reflex, N/A absent patella normal absent ankle brisk patella reflex, brisk patella reflex,
absent ankle jerk reflex (right only) and jerk reflex absent ankle jerk reflex absent ankle jerk reflex
ankle jerk reflex
Bulbar/vocal normal normal normal normal normal mild dysarthria normal
Overall maximal independent ambulation independent ambulation independent independent independent independent independent ambulation
function ambulation ambulation ambulation ambulation

(Continued on next page)



Table 1. Continued

Family 1 2 3 4
Proband n1i m.s3 1.5 n.1 Iv.2 1 1
Walking aids right foot orthosis no no no no cane and no
orthotic inserts
EMG spontaneous activity chronic chronic neurogenic chronic neurogenic  normal chronic neurogenic spontaneous activity
in LL with chronic neurogenic changes changes changes in LL with chronic
neurogenic changes changes neurogenic changes
NCSs—motor axonal involvement axonal axonal involvement axonal involvement normal UL, mild axonal axonal involvement
involvement axonal involvement involvement
in LL
NCSs—sensory normal axonal axonal involvement axonal in UL, normal axonal involvement normal
involvement reduced velocity
in LL (33 m/s)
MRI muscle fatty degeneration of N/A N/A N/A N/A N/A no
lower extremity muscles,
predominantly on the right
MRI spinal cord  degenerative changes N/A N/A N/A N/A normal cervical degenerative changes and
at lumbar spine, moderate spine moderate spinal stenosis

spinal canal stenosis at L3/4 at the thoracolumbar

9/ 070T ‘L 4390W0 ‘££/~€9/ /01 SPNRUSD UBWINY JO [eUINO[ UBDLIBWY YL

junction

ULs, upper limbs; LLs, lower limbs; EMG, electromyography; NCSs, nerve conduction studies; MRI, magnetic resonance imaging.




examination, he exhibited foot deformities, and electro-
physiological evaluation revealed an axonal neuropathy.
This suggests a marked variability in clinical severity within
this family.

Proband 3 (II.1) from family 3 (Figure 1A, Table 1) is a 40-
year-old male and the only affected individual in a ten-sib-
ling Amish family. Reportedly, he had a mild motor devel-
opmental delay thought to be due to a premature birth at
32 weeks. He walked at 18-24 months of age and was always
seemingly clumsy as a child. He has had a slowly progressive
phenotype. At the age of approximately 30 years, symmetric
distal muscle weakness developed leading to thin lower ex-
tremities and a high steppage gait, compensatory hip
flexion, foot drop, bilateral thenar atrophy, and a pes cavus
deformity (Figure 2B). On examination, toe plantar flexion
and dorsiflexion were absent (Medical Research Council
[MRC] grade 0) and muscle strength in the hand and fore-
arm muscles was reduced (wrist flexion/extension 4/5). He
also exhibited mild dysarthria, distal sensory loss in lower
extremities, decreased vibratory sense in the right foot
(intact on left), and decreased proprioception of the great
toes bilaterally, though it was intact in the ankles. Reflexes
were 2/4 in biceps, triceps, and brachioradialis bilaterally.
Deep tendon reflexes were 3/4 in quadriceps bilaterally
and 0/4 in ankles. EMG showed chronic denervation on
the right L3-L5 and C5-C6 segments, and tibial and pero-
neal motor nerve conduction studies showed absent com-
pound muscle action potentials. MRI of the brain revealed
minor deep white matter change consistent with periven-
tricular leukomalacia from prematurity. We performed fam-
ily ES of the proband, both unaffected parents, and two un-
affected siblings as previously reported.”> Genomic DNA
was sheared and prepared for exome capture with a custom
reagent kit from Kapa Biosystems. Samples were captured
with the NimbleGen VCRome 2.1 exome target design
and sequenced with 75 bp paired-end sequencing on an II-
lumina HiSeq 2500 with v4 chemistry. Sequence reads were
mapped and aligned to the human genome reference as-
sembly via BWA-mem. Variants and genotypes were called
with GATK'’s HaplotypeCaller. Family-based analysis of the
exome data identified a heterozygous de novo variant
causing an early stop codon in exon 29 of GBFI (GenBank:
NM_004193.3; ¢.3525G>A [p.Trp1175Ter]) in the proband.
The variant affects a highly conserved residue, and it is ab-
sent from population variant databases, including our inter-
nal database and gnomAD. This collaboration has been
initiated via GeneMatcher.”

The fourth proband of family 4 (Figure 1A, Table 1) was a
54-year-old male with a clinical manifestation suggestive
of HMN or spinal muscular atrophy (SMA) of peroneal
type. At 50 years of age, his symptoms started with gait
problems (steppage gait) and distal leg muscle weakness
beginning on the right side. On examination, he had
weak foot and toe extensors (1/5) presenting with foot
drop. There was prominent atrophy of the tibialis anterior
muscle causing a prominent appearance of the tibia (shin
sign), whereas the dorsal leg muscles were only slightly

affected (Figure 2C). He also exhibited mild weakness (4/
5) in hand and finger muscles. Deep tendon reflexes were
slightly elevated, but the Achilles tendon reflex was absent.
Bilateral numbness of feet was reported. NCSs were unre-
markable, except for the severely reduced CMAP of the
peroneal nerve (0.6 mV on the right and 1.0 mV on the
left side). EMG showed fibrillation potentials and positive
sharp waves in the anterior tibial muscle on both sides.
Chronic neurogenic changes could be observed in the
anterior tibial, medial gastrocnemius, rectus femoris, and
dorsal interosseous muscle 1 muscles bilaterally. MRI of
the spine revealed degenerative changes with moderate
spinal stenosis at the thoracolumbar junction. Because
we had already included GBF1 in our diagnostic neuromus-
cular disease panel, we readily identified a rare heterozy-
gous variant in exon 23 of GBF1 (GenBank: NM_004193.
3; €.2945G>A [p.Cys982Tyr]) in this individual in the
routine diagnostic setting. In order to exclude other puta-
tive variants in all coding exons of the entire genome, we
subsequently performed ES. Analysis of the ES data re-
vealed no other putative variants that could explain the
phenotype of this individual. The variant was not present
in gnomAD nor in our in-house exome database. Interest-
ingly, the variant was inherited from the putatively unaf-
fected mother who had no neuromuscular complaints at
the age of 73 years. However, as we were unable to perform
any electrophysiological tests in the mother, a subclinical
phenotype with a minor pathology could not be excluded.

GBF1 (6,403 bp) has a single large transcript of 6.4 kb
(GenBank: NM_004193) that encodes 1,859 amino acids.
It is relatively intolerant to missense variation, having a
positive Z score of 2.41 (observed/expected ratio: 0.79,
gnomAD v.2.1.1, accessed May 2020).

Of note, during routine splicing analyses (Human
Splicing Finder 3.1), the wvariants ¢.3410C>T and
¢.4382G>A were predicted to potentially alter splicing by
generating an exonic splicing silencer (ESS) or an exonic
splicing enhancer (ESE), respectively. To test whether these
two variants could alter GBF1 transcripts processing, we iso-
lated RNA from cultured fibroblasts from the two probands
and controls and performed RT-PCR by using primers flank-
ing exons 27 (c.3410C>T) and 32 (c.4382G>A). In both
cases, the generated PCR products corresponded only to
tull-length transcripts (346 bp for ¢.3410C>T and 387 bp
for ¢.4382G>A) and excluded the possibility of splicing de-
fects associated with the aforementioned GBFI1 variants
(Figure S1 and Supplemental Material and Methods).

GBF1 encodes a guanine-nucleotide exchange factor
(GEF) of the Sec7 domain family that facilitates the GDP-
to-GTP exchange for members of the ARF family of small
GTPases. The activation of ARF proteins is crucial for the
spatial-temporal regulation of membrane dynamics and
cell organization.”””® The main substrates of GBF1 are the
evolutionary conserved class I ARF proteins (ARF1 [MIM:
103180], ARF3 [MIM: 103190], and ARF4 [MIM:
601177]).%” Residing at the Golgi membrane, the ARF1-
GBF1 complex is well known for its important role in the
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Proband 1-II-1
GBF1 p.Ala1137Val

Proband 3-1I-1
GBF1 p.Trp1175Ter

Proband 4-11-1
GBF1 p.Cys982Tyr

formation of the coatomer protein complex I (COPI) vesi-
cles and the maintenance of the structure and function of
the Golgi apparatus (GA).””** Nonetheless in the last years,
new and unexpected roles and cellular localizations have

Figure 2. Clinical Characteristics of the Affected Indi-
viduals

(A) Atrophy of the distal leg muscles and mild atrophy
of hand, thenar, and hypothenar muscles of proband 1
(F1/1I-1). MRI sections of lower extremities exhibit par-
tial fatty transformation of the entire musculature of
the right lower leg and to a lesser degree of the posterior
compartment of left lower leg.

(B) Bilateral distal leg and foot muscle atrophy and pes
cavus deformity in proband 3 (F3/II-1).

(C) Bilateral atrophy of distal leg muscles prominent in
the anterior compartment and pes cavus deformity of
the right foot of proband 4 (F4/II-1).

been attributed to GBF1 (jointly or independently
of ARF1); these include lipid droplet meta-
bolism,** mitochondrial function and posi-
tioning,>>*®  Clathrin-independent  endocy-
tosis,*’*®*  and  viral/pathogen infection
(including corona viruses) and replication pro-
cesses.””

The domain architecture of GBF1 includes six
partially characterized but highly conserved
functional domains. The first two domains of
the protein, namely the N-terminal DCB (dimer-
ization and cyclophilin binding) and the HUS
(homology upstream of Sec7) domains, regulate
the oligomeric state of GBF1.***> The central
Sec7 domain catalyzes the GDP/GTP exchange
on ARF proteins and thereby their functional
activation.*®*® The C-terminal region of GBF1
is crucial for GBF1 recruitment to the mem-
brane.*° This region includes three HDS (homol-
ogy downstream of the Sec7; HDS1-3) domains,
of which HDS1 and HDS2 are necessary for GBF1
targeting to the GA because the deletion of
these domains, alone or together, inhibits the
targeting of the protein to Golgi membranes
in vivo.****>! Interestingly, the GBF1 patho-
genic variants identified in this study occur in
conserved residues that lie in the HDS1 and
HDS2 domains of the protein exclusively
(Figure 1B). The in silico combined annotation-
dependent depletion (CADD) prediction scores
were high for each variant (Table 1).

Several in vitro and in vivo studies have revealed
important functions of GBF1 in development,
physiology, and disease. Reduced GBF1 levels in
cultured cells have been associated with loss of
GA integrity, COPI dispersal, compromise of
the intracellular traffic, and cell death.??°%°3
Nevertheless, it is important to highlight that
tight regulation of GBF1 degradation is necessary
for the physiological processes of post-mitotic
GA re-assembly and cytokinesis completion.>* Moreover,
GBF1 regulates mitochondrial dynamics because the
blocking of GBF1 activity leads to defects in mitochondrial
morphology, positioning, and migration.*®
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Loss of function of arf-1 or gbf-1, the ARF1 and GBF1 or-
thologues in C. elegans, cause mitochondrial disorganiza-
tion, hyperconnectivity, and reduced respiratory activity.
Hence, gbf-1-depleted worms exhibit a severe reduction
in muscle performance and developmental arrest.” In ver-
tebrates, the effect of Gbf1 depletion has been documented
only in zebrafish. A zebrafish mutant line (tsu3994) car-
rying the loss-of-function Gbfl mutation Leul246Arg in
the HSD2 domain of the protein exhibits vascular collapse
and prominent intracerebral and trunk hemorrhage.>*

In humans, GBF1 is a ubiquitously abundant protein,**
however little information exists about its levels in
neuronal tissues and specific neuronal populations. Thus,
our first step was to confirm the presence of GBF1 in
tissues and cells relevant for the HMN/CMT2 phenotype,
namely in the spinal cord, brain, and muscle tissues and
in MNs.

To analyze the specific localization of GBF1 in primary
murine MNs, these were isolated from embryonic day
13.5 (E13.5)-0ld wild-type (WT) embryos, grown in culture
for 7 days, and stained with a GBF1-specific antibody. For
the selective visualization of MNs, cells were stained with
antibodies against choline acetyltransferase (ChAT), which
is routinely used as a marker of cholinergic MNs, and the
neuronal-specific microtubule protein tau (Table S1 and
Supplemental Material and Methods). Staining showed
positive GBF1 signals throughout the whole MN and a
particularly high abundance in the soma, and particularly
in the GA region and the growth cone tip, where it is pre-
sent in vesicle-like structures (Figures 3A-3C).

To shed some light onto the developmental require-
ments of GBF1, we analyzed protein levels during in vitro
MN differentiation, i.e., days of in vitro culture (DIV) 4,
12, and 20, in WT embryonic MNs via immunoblot. Cells
were supplemented with specific growth factors in order to
promote neuronal differentiation in vitro (Supplemental
Material and Methods). We observed a steady decrease in
levels of GBF1 and increase of ARF1—a main GBF1-inter-
acting partner—during the 20 days of neuronal differenti-
ation (Figure 3D). Moreover, we confirmed GBF1 presence
in total protein lysates from the brain, spinal cord, and
muscle (gastrocnemius) isolated from WT mice at different
postnatal stages (Figure S2). Both GBF1 and ARF1
decreased in neuronal tissues from postnatal day 10 (P10)
to P28 (Figure S2).

Altogether, these results show that GBF1 is abundant in
neuronal tissues and particularly in relevant MN pathology
sites. Moreover, GBF1 levels during MN differentiation sug-
gest that the protein plays an important yet unexplored
role in neuronal development and maintenance.

All animal breeding and procedures were performed in
accordance with the institutional animal care guidelines
and the German animal welfare laws. They are approved
under the reference numbers 84-02.04.2015.A378 and
§4.18.002 of the State Agency for Nature, Environment,
and Consumer Protection of the State North Rhine-West-
phalia (LANUV NRW).

Given the important role of GBF1 in GA function and
maintenance, and further considering that GBF1 depletion
or inhibition has been linked with GA vesiculation and
fragmentation,’*°*°%°% we focused our functional ana-
lyses ascertaining the effect of GBF1 mutations on GA or-
ganization by using primary fibroblast cells established
from skin biopsies. We were able to establish fibroblast
cell lines from all the probands belonging to the four unre-
lated families reported in this study. Immunoblot analyses
of GBF1 did not reveal significant differences between
GBF1 mutant cell lines in comparison to WT control lines,
except for the cell line heterozygous for p.Trp1175Ter,
where a WT full-length and a potentially truncated smaller
protein product can be observed (Figure S3). Notwith-
standing this, immunostainings with the GBF1 antibody
and the cis Golgi marker GM130 (Table S1) revealed the ex-
pected enrichment of GBF1 in the GA and a more diffuse
cytoplasmic signal of the protein in all fibroblast lines.
Moreover, all mutant fibroblast lines exhibited signifi-
cantly increased proportions of cells with a marked disper-
sion of both GBF1 and GM130 signals (from 8% in control
cells up to 28% to 46% in probands’ fibroblasts), consistent
with Golgi fragmentation (Figures 4A and 4B). Although
the Golgi phenotype was slightly more pronounced in
the fibroblast cell line derived from the proband with the
p-Trp1175Ter alteration, possibly because of the truncating
nature of the alteration, all probands’ fibroblasts exhibited
a marked GA phenotype and a general loss of the central
Golgi ribbon stack. We postulate that Golgi fragmenta-
tion/vesiculation is the unifying pathogenic functional
signature underlying GBF1 heterozygous disease-associ-
ated variants.

In conclusion, our results support the association be-
tween GBF1 pathogenic variants and the common pheno-
type of HMN and CMT2. GBF1 not only expands the num-
ber of genetic loci associated with HMN/CMT2 but also
corroborates Golgi fragmentation as a driver of length-
dependent motor axonopathy.

Structural and functional alterations of the GA are
currently recognized as an important pathological hall-
mark of various neurodegenerative diseases, including Par-
kinson, Alzheimer, Huntington, amyotrophic lateral scle-
rosis (ALS), spinal muscular atrophy (SMA), type-2
spinocerebellar ataxia (SCA2), SMALED2, and Creutz-
feldt-Jakob diseases.’”’*® In general, GA defects are consid-
ered as early or preclinical indicators of neuronal loss and
range from extensive Golgi unstacking, vesiculation, and
ribbon disconnection to generalized Golgi atrophy (loss
of Golgi membrane material). Loss of Golgi integrity can
have a detrimental effect in cargo transport velocity,>’
mitosis completion,”® autophagy regulation,’” cell polar-
ity, and migration.®’ Most precisely, in neurons, the GA
is crucial for dendrite formation and growth, axonal polar-
ity, and cell migration during brain development.®*®*

Interestingly, de novo missense mutations affecting the
GDP/GTP-binding site of ARF1 were found in three unre-
lated individuals and associated with periventricular
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Figure 3. Localization and GBF1 Abundance in Relevant Motor Neuropathology Tissues

(A) GBF1 localization in primary MNs. Representative image of MNs isolated from WT E13.5 embryos cultured 7 days in vitro (DIV7).
Immunostaining shows high abundance of GBF1 in the cell body, axon, and growth cone. Lower panels include a low-exposure image
of GBF1 (marked with an arrow) that depicts protein enrichment in the GA and ChAT-positive immunoreactivity. Depicted stainings are
GBF1 (white), ChAT (magenta), Tau (green), and phalloidin (blue). Scale bar represents 20 pm. Inset scale bar represents 10 um.

(B) GBF1 fluorescent intensity is depicted with rainbow intensities to highlight MN zones of higher protein accumulation. Scale bar rep-
resents 20 pm

(C) GBF1 is abundantly present in the MN growth cone. Depicted stainings are GBF1 (white), ChAT (magenta), Tau (green), and Phal-
loidin (blue). Scale bar represents 20 pm.

(D) GBF1 expression decreases over time in differentiating primary MNs. MNs isolated from WT E13.5 embryos were cultured during
20 days in the presence of growth factors. Total protein lysates were collected at the indicated time points. Immunoblots were probed
against GBF1 and ACTB as the normalization housekeeper. Graphs represent quantification of relative expression of GBF1. Bars show the
mean + SEM from three independent samples. Asterisk denotes statistical significance (***p = 0.001, two-tailed Student’s t test) between
the different time points compared to DIV4.
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Figure 4. Pathogenic GBF1 Variants Cause Golgi Fragmentation

(A) Representative images of fibroblast cells derived from control or affected individuals. Immunostainings show GBF1 presence in the
whole cell and enrichment in the GA region. Depicted stainings are GBF1 (green), GM130 (magenta), and nucleus (DAPI, blue). Scale bar
represents 25 pm. Scale bar of magnification insets represents 25 pm. The dispersion of the GM130 signal was used to establish three
categories of GA structure: condensed or no fragmentation, intermediate fragmentation, and diffuse or extensive fragmentation. Exten-
sive fragmentation of the GA can be appreciated in magnified insets of representative images from affected fibroblast compared to
control.

(B) GA structures were quantified in more than 300 cells representing at least three independent double-blinded experiments. Graph
represents GA fragmentation quantification. Bars show mean =+ SD. Asterisks denote statistical significance (**p = 0.01 and ****p =
0.0001, one-way ANOVA and Dunnett’s correction for multiple comparisons). “NS” denotes no significance.
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nodular heterotopia-8 (PVNHS, [MIM: 618185]), a neuro-
logic disorder characterized by abnormal neuronal migra-
tion during brain development and concomitant delay in
psychomotor development.®® Similarly, bi-allelic variants
in a second ARF1 activator, ADP-ribosylation factor gua-
nine nucleotide exchange factor 2 (ARFGEF2 [MIM:
605371]), were associated with proliferation and migration
defects of cortical neurons, causing a severe malformation
of the cerebral cortex known as periventricular heterotopia
with microcephaly (ARPHM [MIM: 608097]).°° Further-
more, individuals with severe SMALED2, as well as the
Bicd2~'~ mouse model, also exhibit profound cerebellar
hypoplasia and cortical migration defects.””*" %" We
postulate that GBFI pathogenic variants, similar to ARF1,
ARFGEF2, and BICD2 variants, could underlie migration
defects in MNs, considering not only the abundance of
the protein in the spinal cord but also the early develop-
mental requirements thereof. As for BICD2-opathies, we
previously described phenotypic extremes in individuals
with the same BICD2 pathogenic variants with very
different levels of phenotypic severity, including a pro-
band with an early onset severe phenotype and an asymp-
tomatic parent.”’ Similarly, we observed phenotypic vari-
ability in our GBF1 family pedigrees, although it remains
unclear whether the asymptomatic mutation carriers in
this study exhibit a discrete subclinical phenotype suggest-
ing variable expression’” or a complete absence of disease
consistent with incomplete penetrance. Because of the
late onset and mild course of the HMN/CMT2 phenotypes
described here, a well-founded conclusion about the ex-
pressivity and penetrance of the disease could not be
reached at this point. Another explanation regarding pro-
tective genetic modifiers abrogating the disease-onset or
progression remains possible.

The molecular mechanism behind GBF1 mutations and
Golgi fragmentation remains to be elucidated. Neverthe-
less, since GBF1 is a central player in molecular pathways
that are necessary for GA maintenance, structure, and
function, we hypothesize that pathogenic GBF1 mutations
could drive GA pathology by compromising either the
Golgi transport machinery or the microtubule control of
Golgi structure and positioning. Indeed, traffic impair-
ment between the Golgi, the endoplasmic reticulum
(ER), and the ERGIC (ER-Golgi intermediate compart-
ment), i.e., defects in COPI and COPII vesicle-coat com-
plexes, can lead to severe GA structural defects.”' In this
respect, it is important to emphasize that the activation
of ARF1 by GBF1 is crucial for the assembly of the COPI
vesicle-coat complex at the Golgi and ERGIC membranes
and that the inactivation or depletion of GBF1 causes
COPI dissociation from membranes with concomitant
GA fragmentation.**>* 72

On the other hand, the microtubule (MT) network is
essential not only for the structural maintenance and posi-
tioning of the GA, but also for the anterograde and retro-
grade movement of cargo at the cis and trans Golgi net-
works.”? In fact, MT depolymerization causes dispersion

of the GA ribbon.”* During neurodegeneration, frag-
mented Golgi structures appeared dispersed throughout
the cell, further implying a disconnection of the GA and
the cytoskeleton.’® Most interestingly, the GA, other
than the centrosome, is a center for MT nucleation and is
of particular relevance for polarized cells, such as the
MN.”* Indeed, Golgi outposts of a centrosomal MT poly-
merization shape dendrite morphology and could explain
the susceptibility of MNs and other neuronal populations
to Golgi defects. Another possibility that cannot be ruled
out is that Golgi fragmentation is a secondary phenotype
derived from the impairment of another cellular process
or organelle. Mitochondrial defects have been proposed
as a trigger of GA fragmentation and the activation of
the Golgi stress response,”””” and GBF1 inhibition impairs
dynein and MIRO (1 and 2)-dependent retrograde mito-
chondrial transport along MTs towards the microtubule
organizing center.*® Moreover, mitochondrial defects in
Mitofusin 2 (MFN2 [MIM: 608507]) and ganglioside-
induced differentiation-associated-protein 1 (GDAPI
[MIM: 606598]) are associated with CMT2.”%7¢

GBF1 interactions with proteins of the secretory path-
ways, molecular motors, and mitochondrial regulators
hold the key to understanding the molecular determinants
of Golgi fragmentation and represent promising HMN-
causative gene candidates that remain to be discovered.

Data and Code Availability

The variants were deposited in Clinvar and are accessible
via the accession codes VCV000972907, VCV000973612,
VCV000972904, and VCV000975152. NGS dataset of
family 1 is available in the European Genome-phenome
Archive (EGA) wunder following accession codes:
EGANO00001366899, EGANO00001366900, EGANO00O
1366901. Sequence datasets of other families might be
available from the corresponding author upon request.
Please contact M.K. and B.W. for further information.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.08.018.
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