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Abstract

ADP-ribosylation factor 1 (ARF1) is a small GTPase that regulates membrane traffic at the Golgi apparatus and endosomes through
recruitment of several coat proteins and lipid-modifying enzymes. Here, we report a pediatric patient with an ARF1-related disorder
because of a monoallelic de novo missense variant (c.296 G > A; p.R99H) in the ARF1 gene, associated with developmental delay,
hypotonia, intellectual disability and motor stereotypies. Neuroimaging revealed a hypoplastic corpus callosum and subcortical white
matter abnormalities. Notably, this patient did not exhibit periventricular heterotopias previously observed in other patients with ARF1
variants (including p.R99H). Functional analysis of the R99H-ARF1 variant protein revealed that it was expressed at normal levels and
properly localized to the Golgi apparatus; however, the expression of this variant caused swelling of the Golgi apparatus, increased
the recruitment of coat proteins such as coat protein complex I, adaptor protein complex 1 and GGA3 and altered the morphology
of recycling endosomes. In addition, we observed that the expression of R99H-ARF1 prevented dispersal of the Golgi apparatus by
the ARF1-inhibitor brefeldin A. Finally, protein interaction analyses showed that R99H-ARF1 bound more tightly to the ARF1-effector
GGA3 relative to wild-type ARF1. These properties were similar to those of the well-characterized constitutively active Q71L-ARF1
mutant, indicating that the pathogenetic mechanism of the R99H-ARF1 variant involves constitutive activation with resultant Golgi
and endosomal alterations. The absence of periventricular nodular heterotopias in this R99H-ARF1 subject also indicates that this
finding may not be a consistent phenotypic expression of all ARF1-related disorders.

Introduction
ADP-ribosylation factors (ARFs) constitute a family of small
GTPases that consists of five different proteins in humans (ADP-
ribosylation factor 1 (ARF1) and ARF3–ARF6) (1,2). Based on amino
acid sequence homology, the five human ARFs have been grouped
into three classes: class I (ARF1 and ARF3, 96% identity to each
other), class II (ARF4 and ARF5, 90% identity to each other, and 82%
identity to ARF1) and class III (ARF6, 68% identity to ARF1). Both
class I and II ARFs are mainly localized to the Golgi apparatus,
where they regulate the structure and function of this organelle.
In contrast, the class III ARF6 localizes to the plasma membrane
and regulates the cortical actin cytoskeleton and endosomal
membrane recycling. Among the Golgi-localized ARFs, ARF1 is
the most abundant (3) and most widely studied (1,2).

Like other small GTPases, ARF1 can switch between active GTP-
bound and inactive GDP-bound conformations (1,2). GTP-bound
ARF1 associates with membranes via an N-terminal myristoy-
lated, amphipathic α-helix, and binds multiple effectors including
coat proteins and lipid-modifying enzymes, via its switch 1 and
2 regions (shown in blue and red in Fig. 1A and B). On the other

hand, GDP-bound ARF1 is cytosolic and is unable to bind these
effectors. The exchange of GDP by GTP on ARF1 is mediated by
guanine nucleotide exchange factors (GEFs), whereas the hydrol-
ysis of GTP to GDP is mediated by GTPase-activating proteins (1,2).
The fungal metabolite brefeldin A (BFA) inhibits ARF1 function
by stabilizing the formation of a complex between ARF1-GDP
and some ARF1 GEFs (4). Of note, substitution of residue Q71
with leucine (Q71L) locks ARF1 into its GTP-bound conforma-
tion (5–7) (Fig. 1A and B), whereas substitution of residue T31
with asparagine (T31N) locks ARF1 into its GDP-bound confor-
mation (5). As a consequence, these mutants behave as consti-
tutively active or dominant-negative proteins, respectively, when
expressed in cells.

Among the best characterized ARF1 effectors are coat proteins
that regulate anterograde and/or retrograde transport at the
Golgi apparatus and the trans-Golgi network (TGN) (1,2). ARF1-
regulated coat proteins include coat protein complex I (COPI)
(9,10), adaptor protein (AP) complex 1 (AP-1) (11), AP-3 (12), AP-4
(13) and the Golgi-localized, γ -ear-containing, ADP-ribosylation
factor-binding proteins (GGAs) (GGA1–GGA3) (14,15). ARF1
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Figure 1. Location of R99 and clinical features of the subject. (A) Crystal structure of mouse ARF1-GTP (amino acids 16–181) (PDBID: 1O3Y) (the amino-
acid sequences of mouse and human ARF1 are identical) highlighting R99, GTP in stick representation, Mg2+ in yellow, switch 1 (amino acids 42–52) in
blue, and switch 2 (amino acids 70–85) in red. The surface of GTP-Mg2+ is shown in pink to highlight the GTP-binding site. (B) Close-up of the ARF1-GTP
structure showing the relationship of R99 to neighboring residues (at <4 Å, except for E102, which is at 4.5 Å). R99 interacts with D26, a residue that
may influence stabilization of water for hydrolysis of GTP, as previously proposed for ARF3 (8). Substitution of histidine for R99 would perturb this
stabilization, reducing GTP hydrolysis and thus resulting in a gain-of-function phenotype. (C) Family pedigree. (D) Amino-acid sequence of the subject’s
R99H variant and conservation of the R99 residue in ARF1 across vertebrate and invertebrate species. The sequences of human ARF1 and ARF3 in this
region are identical. (E) Facial appearance of the child from infancy through 9 years. (F–H) Brain MRI at 3 years [(F) axial T2, (G) coronal T2 and (H)
sagittal T1 sequences] showed a hypoplastic, but fully developed corpus callosum along with nonspecific T2-hyperintensities within the subcortical
white matter that were most pronounced along the medial parietal convexities. PVNH or other heterotopias were not present.

functions to recruit all of these coat proteins to membranes,
promoting the formation of transport carriers and the capture
of specific cargos into the carriers (16,17). Each of these coat
proteins mediates a specific transport process. For example, COPI
mediates retrograde transport between Golgi cisternae, and from
the cis-Golgi to the endoplasmic reticulum (ER). AP-1 mediates
bidirectional transport between the TGN and endosomes and is

particularly important for cargo sorting to the basolateral surface
of epithelial cells and the somatodendritic domain of neurons.
AP-3 mediates sorting to lysosome-related organelles such as
melanosomes and platelet dense bodies, whereas AP-4 is involved
in export of select cargos such as the autophagy protein ATG9A
from the TGN. Finally, the GGAs sort cargos such as mannose
6-phosphate receptors from the TGN to endosomes (16,17).
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ARF1 and some of these coat proteins have also been shown
to localize to endosomes, where they play additional roles in
transport. Treatment of cells with BFA causes dissociation of these
coat proteins from membranes, which blocks their respective
transport steps (14,15,18–22). In the case of the Golgi apparatus,
BFA treatment leads to dispersal and redistribution of resident
Golgi proteins to ER-exit sites (23,24).

Although the cellular functions of ARF1 have been extensively
studied, its physiological roles in whole organisms are less well
understood. This is in part because of the early embryonic lethal-
ity of Arf1-null mice (25). Recent studies in a small number
of human subjects with de novo mutations in ARF1 indicated
that ARF1 plays a particularly critical role in the development
of the central nervous system (CNS). A previous report identi-
fied three unrelated subjects with de novo monoallelic missense
ARF1 variants using a missense-depletion method for variant
detection (8). This ARF1-related disorder was termed periventric-
ular nodular heterotopia (PVNH) type 8 (MIM#618185), a con-
dition in which neurons fail to completely migrate from the
ventricular zone to the cortex during development (although it
is unclear if all the reported subjects had evidence of hetero-
topias). The proband was a 9-year-old male with a missense
variant (c.103 T > C; p.Y35H) who presented with developmental
delays (DD), attention-deficit/hyperactivity disorder and intellec-
tual disability (ID) associated with diminished white matter on
brain magnetic resonance imaging (MRI). He was a former full-
term child with normal growth parameters and had never had
a seizure. The second subject was a 15-year-old female with a
different missense variant (c.379 A > G; p.K127E) associated with
DD, ID, spasticity, epilepsy and language regression. Her brain
MRI was reported as having a ‘delay in myelination’, cortical
thinning and vermian atrophy. The third patient possessed a
missense variant (c.296 G > A; p.R99H), but had limited clini-
cal information presented (sex and age were also unreported).
This subject was noted to have seizures associated with abnor-
mal neuroimaging that consisted of periventricular heterotopias
and delayed myelination in childhood. Subsequent imaging over
10 years later also showed significant cerebral underdevelopment.
The p.K127E variant was also reported in two other subjects with
neurodevelopmental disorders, but these were not extensively
characterized (26,27).

These missense substitutions were located within functional
regions of ARF1 that may affect GDP/GTP binding or GTP hydrol-
ysis. The Y35H variant is located near the nucleotide-binding
site and was expressed at similar levels than the wild-type (WT)
protein when transfected into HEK293T cells, although it had
decreased nucleotide activation in this context (8). The K127E
variant also involves the nucleotide-binding site and was previ-
ously reported to be important for ARF1 function in both yeast
and Entamoeba model systems (28,29). Finally, the R99H vari-
ant involves a residue that appears to be in direct contact with
at least one nucleotide-binding residue (D26, Fig. 1A and B), but
no functional analysis had been performed until the current
study.

Here, we report a 9-year-old female patient with a de novo
monoallelic missense variant (c.296 G > A; p.R99H) in ARF1
associated with DD, ID, hypotonia, feeding issues, failure-to-
thrive, strabismus and motor stereotypies. Neuroimaging showed
a hypoplastic corpus callosum combined with subcortical white
matter abnormalities, without periventricular heterotopias.
Functional analysis of the R99H-ARF1 protein revealed that it
was expressed at normal levels and properly localized to the
Golgi apparatus; however, the expression of this variant caused

swelling of the Golgi apparatus, increased the recruitment of coat
proteins to the Golgi apparatus and altered the morphology of
recycling endosomes. Moreover, effector-binding assays showed
that R99H-ARF1 bound more tightly to GGA3 relative to WT-
ARF1. Finally, the expression of R99H-ARF1 prevented dispersal
of the Golgi apparatus by BFA. These properties were similar to
those seen with the constitutively active Q71L-ARF1 mutant,
indicating that the pathogenetic mechanism of the R99H-ARF1
variant involves constitutive activation with resultant Golgi and
endosomal dysfunction.

Results
Patient genotype and phenotype information
Our subject is a 9-year-old female who presented to the Cedars-
Sinai Neurogenetics Clinic and Center for the Undiagnosed Patient
∼3 years after exome sequencing analysis revealed a monoallelic
de novo ARF1 variant (c.296 G > A; p.R99H) not present in her
parents and her other sibling (Fig. 1C). The R99 residue in ARF1
is conserved across vertebrate and invertebrate species (Fig. 1D).
The R99H variant had been reported in subject 3 noted in the
Introduction (8), but was not previously observed in ∼6500 sub-
jects of European/African descent in the NHLBI Exome Sequenc-
ing Project. In the crystal structure of ARF1-GTP (30), R99 inter-
acts with D26, a residue that is part of a phosphate-binding
loop near the nucleotide-binding site (31) (Fig. 1A and B) and that
could participate in GTP hydrolysis, as previously proposed for
ARF3 (32).

The child’s birth history had her born at 37.5 weeks of gestation
to non-consanguineous parents. Her 30-year-old mother was
of English–German descent and her 32-year-old father was
of Japanese–Italian descent. There was no family history of
neurodevelopmental or neurological disease. The pregnancy was
without complications and fetal movements were normal. Her
growth parameters at birth were on the lower end of normal
[weight: 4th percentile (2.5 kg); length: 5th percentile (46 cm);
head circumference: 6th percentile (32 cm)]. She did not feed or
sleep well in the neonatal period and was described as having
‘moderate’ hypotonia (‘not floppy’). She had difficulty gaining
weight from 8 to 12 months of age and was diagnosed with
failure to thrive. At 18 months, a nasogastric tube was placed
and remained until 32 months of age when she reached the 15th
percentile for weight. She was noted to have delayed oral motor
skills and was also prescribed cyproheptadine as an appetite
stimulant.

She sat up at 10 months and started walking just before her
third birthday. Significant ankle pronation required supramalle-
olar orthoses (SMOs) to stabilize her gait. At 3 years, she did
not have a pincer grasp and had poor fine motor skills. She was
eating mostly pureed foods and would not drink from a cup or
a bottle. She had motor stereotypies including hand wringing
and rotation of her hands around her mouth (usually associ-
ated with excitement or concentration). She was nonverbal, but
was making cooing sounds. Her receptive language was further
advanced and she could follow one- or two-step commands. Prior
to 2 years, she was diagnosed with strabismus and treated with
glasses.

At 9 years, she was walking (still using SMOs) and could climb
stairs and broad jump, but was not running. Fine motor skills had
improved, although she could not hold a crayon well and was
not writing. She could feed herself with difficulty and drooled
often. Motor stereotypies were still present. She continued to be
nonverbal with cooing sounds and could still only follow one- or
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two-step commands. She was described as a ‘happy and social’
child.

As an infant/toddler she had pronounced periorbital features,
which softened as she aged. She had a medial flair to her eye-
brows, up-slanted palpebral fissures, deep set eyes with upper
lid hooding and elongated lateral canthi accentuated by lateral
lower lid fullness. She had full cheeks down to her jaw line and
defined mental protuberance since infancy. She had a thin upper
lip and smooth philtrum when smiling, but her philtrum appeared
normal in repose (Fig. 1E).

Brain MRI at 3 years showed a hypoplastic, but fully devel-
oped corpus callosum along with nonspecific T2/FLAIR hyper-
intensities within the subcortical white matter that were most
pronounced along the medial parietal convexities. There were
no periventricular or other heterotopias (Fig. 1F–H). Electroen-
cephalogram (EEG) at 21 months was normal, although a repeat
EEG at 6 years had bilateral centrotemporal spikes (right greater
than left). She has never had a witnessed seizure and was not
started on anti-seizure medications.

R99H-ARF1 is expressed at normal levels but
causes swelling of the Golgi apparatus
To analyze the properties of the R99H-ARF1 variant, we introduced
R99H, Q71L or T31N mutations in human ARF1 tagged at the C-
terminus with the HA epitope (ARF1-HA). The Q71L and T31N
mutants were used as controls because of their being constitu-
tively active, GTP-bound, and constitutively inactive, GDP-bound
(or nucleotide-free), respectively (5–7). Immunoblot analysis of
HEK293T cells transfected with plasmids encoding these con-
structs revealed similar levels of the WT, Q71L, T31N and R99H
forms, indicating that none of the mutations affected the expres-
sion or stability of ARF1 (Fig. 2A and B).

Next, we performed immunofluorescence microscopy to
examine the intracellular localization of the different ARF1-HA
mutants and their effect on the structure of the Golgi apparatus
(Fig. 2C). We observed that WT-ARF1-HA localized to the Golgi
apparatus, as detected by co-staining for the Golgi marker Golgi
matrix protein 130 (GM130) (Fig. 2C). The constitutively active
Q71L mutant also localized to the Golgi apparatus, but caused
swelling of this organelle (Fig. 2C), as previously reported (7). In
contrast, the constitutively inactive T31N mutant was cytosolic
and caused fragmentation of the Golgi apparatus (Fig. 2C), also
in agreement with previous findings (5). Interestingly, the R99H
mutant was associated with the Golgi apparatus and caused Golgi
swelling comparable to that of the Q71L mutant (Fig. 2C). These
observations demonstrated that the R99H mutation does not
affect the recruitment of ARF1 to the Golgi apparatus, but causes
swelling of this organelle comparable to that of the constitutively
active Q71L mutant.

Increased activity of R99H-ARF1 in the
recruitment of coat proteins to the Golgi
apparatus
To further investigate the effect of the R99H mutation on
ARF1 function, we examined the activity of this mutant in the
recruitment of several coat proteins to the Golgi apparatus. The
tested coat proteins included COPI (9,10), AP-1 (11,33) and GGA3
(14,15,34), all of which were previously shown to associate with the
Golgi apparatus in an ARF-dependent manner. To carry out these
experiments, we used CRISPR-Cas9 in HeLa cells to knock out
(KO) ARF1 and the closely related ARF3 genes (ARF1–3 KO cells).
We confirmed that ARF1–3 KO cells lacked the expression of both
ARF1 and ARF3 (Fig. 3A). As controls, we showed that the class

II ARF4 and ARF5 were not decreased by the ARF1–3 double-KO
(DKO) (Fig. 3A). In line with previous findings (9–11,14,15,33,34),
we observed that ARF1–3-KO cells had greatly decreased Golgi
staining for several ARF-dependent coat proteins, including the
β-COP subunit of COPI, the γ 1-adaptin subunit of AP-1 and the
monomeric GGA3 (Fig. 3B). As expected, the expression of WT-
ARF1-HA in ARF1–3 KO cells rescued the association of COPI, AP-1
and GGA3 with the Golgi apparatus (Fig. 4A–C), and the expression
of Q71L-ARF1-HA rescued even more (Fig. 4A–C). Importantly,
R99H-ARF1-HA showed greater rescue, comparable to that of
Q71L-ARF1-HA (Fig. 4A–C). These experiments further indicated
that the R99H variant is not just active, but hyperactive relative
to WT ARF1.

R99H-ARF1 alters the morphology of recycling
endosomes
ARF1 has also been implicated in the maintenance of recycling
endosome morphology, as demonstrated by the tubulation of
recycling endosomes containing the transferrin receptor (TfR) in
cells treated with BFA or depleted of ARF1 and ARF3 (35–40).
In agreement with these findings, we observed that ARF1–3 KO
cells exhibited tubulation of TfR-containing recycling endosomes
(Fig. 3B and C). The expression of WT-ARF1-HA in ARF1–3 KO cells
restored the normal morphology of the recycling endosomes,
whereas the expression of T31N-ARF1-HA did not (Fig. 5A). Impor-
tantly, both Q71L and R99H not only reversed tubulation, but
also caused swelling of the recycling endosomal compartment
(Fig. 5A). Similar experiments using WT HeLa cells showed that
T31N-ARF1-HA caused tubulation, and Q71L- and R99H-ARF1-
HA caused swelling of the recycling endosomal compartment
(Fig. 5B). From these experiments, we concluded that the R99H-
ARF1 mutant behaves similarly to the constitutively active Q71L-
ARF1 mutant in the regulation of recycling endosome morphology.

R99H-ARF1 shows increased binding to GGA3
and protects the Golgi apparatus from dispersal
by BFA
To directly examine if R99H-ARF1 increases the activity of ARF1,
we used an effector-binding assay based on previous work from
our laboratory (15). This assay consisted of a yeast two-hybrid
system, in which proteins containing (i) the Gal4 DNA-binding
domain (BD) fused to various ARF1-variants lacking the N-
terminal myristoylated α-helix (�17ARF1) were co-expressed with
proteins containing (ii) the VHS-GAT domains of GGA3 (GGA3-
VHS-GAT) fused to the Gal4 transcriptional activation domain
(AD). Interaction of any given BD-fused ARF1 mutant with AD-
fused GGA3-VHS-GAT allowed for growth of yeast on medium
lacking histidine and containing 3-amino-1,2,4-triazole (3AT),
whereas lack of interaction was manifested as failure to grow
on this medium. Using this assay, we observed that both WT-
and T31N-�17ARF1 did not appreciably interact with GGA3-VHS-
GAT, whereas both Q71L- and R99H-�17ARF1 displayed robust
interactions, consistent with hyperactivation (Fig. 6A).

Finally, we examined the effect of R99H-ARF1-HA expression
on the dispersal of the Golgi apparatus caused by BFA. In accor-
dance with previous work (23,41,42), treatment of WT HeLa cells
for 5 min with 5 μg/ml BFA dissociated COPI into the cytosol
and dispersed GM130 throughout the cytoplasm (Fig. 6B). The
expression of WT-ARF1-HA did not prevent Golgi dispersal by BFA
(Fig. 6C and D). In contrast, the expression of Q71L- or R99H-ARF1-
HA protected the Golgi apparatus from BFA-induced dispersal
(Fig. 6C and D), as was previously shown for Q71L-ARF1 (7).
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Figure 2. Characterization of WT and mutant ARF1-HA constructs expressed in human cells. (A) HEK293T cells were transfected with plasmids encoding
WT, Q71L, T31N or R99H forms of ARF1-HA. Cells were lysed 24 h after transfection, and the lysates were analyzed by SDS-PAGE and immunoblotting
with antibodies to the HA epitope and α-tubulin (loading control). The positions of molecular mass (Mr) markers (in kDa) are indicated on the left.
(B) Quantification of the abundance of ARF1-HA forms normalized to the abundance of α-tubulin from three independent experiments such as that
described in (A). WT abundance was defined as 1. Values are the mean ± SD. Statistical significance was calculated using one-way ANOVA with Dunnett’s
test. This test revealed no significant differences in expression levels. (C) Immunofluorescence microscopy of HeLa cells transfected with plasmids
encoding WT, Q71L, T31N or R99H forms of ARF1-HA, and stained for the HA epitope (left panels; grayscale), GM130 (right panels; grayscale) and nuclei
(DAPI; blue). Magenta asterisks on the right panels indicate cells expressing ARF1-HA proteins. Scale bars: 10 μm.

Taken together, the above results indicated that R99H is a gain-
of-function variant that makes ARF1 hyperactive, likely interfer-
ing with cellular functions that require ARF1 cycling between
GTP- and GDP-bound states.

Discussion
This work details the phenotype of a patient with an ARF1-
related disorder and the pathogenetic mechanism behind her
monoallelic de novo ARF1-R99H variant. To date, only a handful of
subjects have been identified with ARF1-related disorders (8,43)
and our report adds valuable phenotypic information toward
the understanding of this disease. More importantly, our work
demonstrates that the R99H variant in our patient causes disease

through a constitutive-activation mechanism, wherein persistent
ARF1 activity leads to Golgi and endosomal dysfunction with con-
sequent alterations of CNS development, structure and function.

Previous studies of ARF1-related disorders identified five
individuals with monoallelic de novo missense variants (one
p.Y35H, one p.R99H and three p.K127E) (8,26,27) and two
individuals (father and daughter) with a monoallelic inherited
nonsense variant (p.Trp78X) in ARF1 (43). All of these individuals
exhibited a range of neurodevelopmental abnormalities. Although
the depth of the clinical description and the specific clinical
features varied among the different reports, phenotypes included
DD, ID, spasticity, epilepsy, microcephaly, brain malformation,
myelination delay, cortical thinning, vermian atrophy and PVNH
(8,26,27,43). Our proband showed no evidence of the PVNH
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Figure 3. Characterization of ARF1–3-KO HeLa cells. (A) Single ARF1 KO and double ARF1–3 KO in HeLa cells was confirmed by SDS-PAGE and immunoblot
analysis with antibodies to the proteins indicated on the right. α-tubulin was used as a loading control. Pan-ARF refers to an antibody that recognizes
ARF1, ARF3, ARF5 and ARF6. The positions of molecular mass (Mr) markers (in kDa) are indicated on the left. (B) Immunofluorescence microscopy of
WT and ARL1–3-KO HeLa cells immunostained for endogenous β-COP, γ 1-adaptin, GGA3 or TfR (grayscale) and counterstained with DAPI (blue). Scale
bars: 10 μm. (C) Magnified images of boxed areas in (B) (bottom panels). Scale bars: 10 μm.

observed in most individuals with ARF1 variants, including the
previously described individual with the same R99H variant (8).
This observation indicates that PVNH may not be a consistent
finding in all individuals with ARF1-related disorders and that
these disorders may be variable as a result of genetic background
or variants in ARF1-interacting proteins.

In principle, monoallelic variants could cause disease by hap-
loinsufficiency, dominant-negative or constitutively active mech-
anisms. Most cases of ARF1-related disease described to date,
including the previous R99H patient, have been attributed to hap-
loinsufficiency (8,43); however, we show that R99H-ARF1 is hyper-
active relative to WT-ARF1 in several assays. First, the expression
of R99H-ARF1 in WT cells caused swelling of the Golgi apparatus.
Second, rescue of ARF1–3-KO cells with R99H-ARF1 resulted in
increased recruitment of ARF1-dependent coat proteins like COPI,
AP-1 and GGA3 to the Golgi apparatus. Third, the expression
of R99H-ARF1 caused swelling of recycling endosomes in both

ARF1–3-KO and WT cells. Fourth, R99H-ARF1 bound more
strongly to its effector GGA3. Finally, the expression of R99H-
ARF1 protected the Golgi apparatus from dispersal by the ARF1-
inhibitor BFA. In all of these assays, R99H-ARF1 behaved like
the well-characterized GTP-locked Q71L-ARF1 mutant, indicating
that R99H-ARF1 is a gain-of-function variant that causes disease
via a constitutively active mechanism.

Constitutive activation of ARF1 likely alters the dynamics
of ARF1 effectors including coat proteins and lipid-modifying
enzymes. These effectors bind more stably to constitutively active
ARF1, thus interfering with the cycling of effectors that is required
in various cellular processes. Indeed, previous studies showed that
overexpression of the Q71L-ARF1 mutant inhibits ARF1-regulated
processes such as ER-to-Golgi and intra-Golgi transport (5–7),
mitotic Golgi disassembly, chromosome segregation and cytoki-
netic furrow ingression (44) and phagocytosis (45). Furthermore,
ARF1 and/or its regulators have been implicated in neuronal
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Figure 4. Recruitment of effectors by ARF1-HA mutants in ARF1–3-KO HeLa cells. (A–C) Immunofluorescence microscopy of ARF1–3-KO HeLa cells
transfected with plasmids encoding WT, Q71L or R99H forms of ARF1-HA and immunostained for the HA epitope [top rows in (A–C)], β-COP [bottom
row in (A)], γ 1-adaptin [bottom row in (B)], GGA3 [bottom row in (C)] and nuclei (all panels, DAPI; blue). Single channels are shown in grayscale. Magenta
asterisks on the bottom rows indicate cells expressing ARF1-HA mutants. Scale bars: 10 μm. Graphs on the right show the Golgi/cytosol ratios of the
different effectors. Effector intensities were measured for 30 cells in each of three or four independent experiments (n). Data are represented as SuperPlots
showing the individual data points in each experiment, the mean from each experiment and the mean ± SD of the means. The statistical significance
of the differences relative to ARF1-WT-HA-expressing cells was determined using one-way ANOVA with Dunnett’s test. P-values are indicated.

migration (46,47), dendrite formation, growth, morphogenesis
and pruning (48–51), synaptic vesicle biogenesis and recycling
(52–55) and synaptic plasticity (56); all processes that could be
impaired by the expression of constitutively active ARF1. In fact,
in both mammalian hippocampal neurons (48) and Drosophila
sensory neurons (50), the expression of GTP-locked Q71L-ARF1
interferes with dendrite development. Finally, mutations in
subunits of several ARF1 effectors such as the COPI (57), AP-
1 (58–60), AP-3 (61,62) and AP-4 (63,64) coat proteins cause
various neurodevelopmental disorders. Defects in these processes
could play a role in the neurodevelopmental phenotype of the
individuals with R99H-ARF1 or other constitutively activating
variants.

A recent study identified two subjects with neurodevelopmen-
tal disorders possessing monoallelic de novo variants in ARF3, the
ARF-family member that is most closely related to ARF1 (32). One
of these subjects had a substitution (p.R99L) at the equivalent
residue as our subject (32) (Fig. 1D). This individual was reported
to have global DD, ID, hypotonia, dysmorphic facies, seizures,
cerebellar hypoplasia and delayed myelination, but also no PVNH
(32). Furthermore, an effector-binding assay showed that R99L-
ARF3 binds more avidly to GGA1. These characteristics are similar
to those of our subject’s R99H-ARF1 variant, suggesting a similar
pathogenetic mechanism for variants in both GTPases. These
similarities can be explained by the high sequence homology
of ARF1 and ARF3 (96% identity), their interactions with similar
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Figure 5. Perturbation of recycling endosomes by the expression of ARF1-HA mutants. (A, B) Immunofluorescence microscopy of ARF1–3-KO (A) and WT
(B) HeLa cells transfected with plasmids encoding WT, Q71L, T31N or R99H forms of ARF1-HA, and stained for the HA epitope (top rows), TfR (bottom
rows) and nuclei (DAPI; blue). Single channels are shown in grayscale. Magenta asterisks on the bottom panels indicate cells expressing ARF1-HA
proteins. Scale bars: 10 μm.

sets of effectors and regulators and their overlapping (though not
completely identical) functions (13–15,38,39,65–67).

Sakamoto et al. (32) proposed an explanation for the hyperac-
tivity of the R99L-ARF3 variant, which we think also applies to the
R99H-ARF1 variant described here. According to this explanation,
R99 forms a salt bridge with D26 (Fig. 1B), which is conserved in
both ARF1 and ARF3. Substitution of a histidine for an arginine at
position 99 in ARF1 disrupts the interaction with D26, causing D26
to interfere with the ability of the catalytic Q71 residue to stabilize
the attacking water during GTP hydrolysis.

Several other ARF1 missense variants are listed in the ClinVar
database (https://www.ncbi.nlm.nih.gov/clinvar/), but their clin-
ical and functional significance remains to be established. One
of these variants (c.295 C > T; ClinVar accession VCV001343805.1)
encodes an R99C substitution. Based on the considerations dis-
cussed above, we expect this variant to also behave as a constitu-
tively active form.

Because of the predominant localization of ARF1 to the
Golgi apparatus, ARF1-related disorders could be classified as
‘Golgipathies’, a group of diseases caused by mutations in Golgi

proteins (68). This classification encompasses different disorders,
about half of which involve defects in the development of the
central and/or peripheral nervous systems (68). Since ARF1
regulates various coat proteins, ARF1-related disorders could
also fall under the classification of ‘coatopathies’, caused by
mutations in coat proteins (16). Most coatopathies also exhibit a
neurodevelopmental phenotype (16). Among the defects reported
in Golgipathies and coatopathies are ID, epilepsy, spasticity, brain
malformation, microcephaly, white matter defects and impaired
neurogenesis and neuronal migration (16,68), all of which overlap
with those seen with ARF1-variant patients.

Another potential mechanism for ARF1-related disorders is
loss-of-function or partially inactivating mutations similar to
one of the reported ARF3 subjects (D67V) (8). This subject was
much more severely affected than the subject with the activating
R99L variant. Extrapolation of this finding to subjects with ARF1-
related disorders could mean there is a wide range of phenotypes
among the different variants based on the identity of activating
or inactivating variants. Furthermore, although it is difficult to
clinically compare our R99H subject with the previously identified

https://www.ncbi.nlm.nih.gov/clinvar/
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Figure 6. Evidence for hyperactivation of R99H-ARF1. (A) Yeast two-hybrid analysis of the interaction of (i) WT, Q71L, T31N or R99H forms of ARF1 lacking
the N-terminal myristoylated α-helix (�17; deletion of the first 17 amino acid residues) fused to the Gal4 DNA BD, with (ii) the VHS-GAT domains of
GGA3 fused to the Gal4 transcriptional AD. p53 and T antigen were used as controls. Yeast double transformants were suspended in sterile water at
OD600 of 0.1, and 5 μl of the suspensions was spotted on two different plates and incubated at 30◦C for up to 4 days. Growth in the absence of histidine
and presence of 3 mM 3AT (−His +3 mM 3AT) is indicative of interactions. Growth in the presence of histidine (+His) is a control for viability and loading
of yeast double transformants. (B) WT HeLa cells were treated with DMSO or 5 μg/ml BFA in DMSO for 5 min and immunostained for β-COP (left images),
GM130 (right images) and nuclei (DAPI; blue). Single-channel images are shown in grayscale. Scale bars: 10 μm. (C) Immunofluorescence microscopy
of WT HeLa cells transfected with plasmids encoding WT, Q71L or R99H forms of ARF1-HA, treated with 5 μg/ml BFA for 5 min and stained for the HA
epitope (left images), GM130 (right images) and nuclei (DAPI; blue). Single-channel images are shown in grayscale. Magenta asterisks on the right panels
indicate cells that express ARF1-HA proteins. Scale bars: 10 μm. (D) Quantification of the percentage of cells that retain compact Golgi morphology
after 5 and 30 min of BFA treatment. Values are the mean ± SD from three independent experiments. More than 100 cells per sample were counted in
each experiment. The statistical significance of the differences relative to untransfected cells was determined using one-way ANOVA with Dunnett’s
test. P-values are indicated.

R99H case (8) as a result of the latter’s lack of in-depth clinical
information, the absence of PVNH in our subject indicates that
there could be a wide variability of phenotypes even among
individuals with the same ARF1 genotype.

The demonstration of a gain-of-function mechanism for the
R99H-ARF1 variant described here and the R99L-ARF3 variant
reported previously (32) opens the possibility of other activating

variants being identified and potentially being actionable with
treatment by pharmacologic inhibition or silencing of ARF1 or
ARF3. Although BFA inhibits both ARF1 and ARF3, it is too toxic for
human use (69,70); however, the synthesis or isolation of new BFA
analogs (71) could lead to the identification of compounds with
a safer pharmacological profile. Antisense oligonucleotides could
be another therapeutic intervention to silence these hyperactive
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ARF variants (72). Of course, much of the efficacy of any potential
therapeutic intervention depends on whether these are static or
progressive disorders that are amenable to reversal, and how
much of the patients’ structural brain abnormalities play in their
phenotype. Nevertheless, understanding these mechanisms and
etiologies of disease are important first steps in determining what
can and cannot be rescued.

Materials and Methods
Standard protocol approvals, registrations and
patient consents
Patient research protocols were approved through the institu-
tional review board, and the family gave informed consent (CSMC
IRB protocol Pro00037131).

Genetic evaluation
Genomic DNA was extracted from blood, and exome sequencing
was performed as per previous protocols (GeneDx, Gaithersburg,
MD) (73).

Antibodies
The following primary antibodies (supplier and catalog number in
parentheses) were used for immunoblotting and/or immunoflu-
orescence microscopy: mouse HRP-conjugated anti-α-tubulin
(Santa Cruz Biotechnology, DM1A), rat anti-HA epitope (Roche,
3F10), mouse anti-GM130 (BD Biosciences, 610823), mouse anti-
γ 1-adaptin (BD Biosciences, 610385), mouse anti-GGA3 (BD
Biosciences, 612310), rabbit anti-β-COP (Thermo Fisher Scientific,
PA1-061), mouse anti-TfR (Santa Cruz, sc-65882), mouse anti-
ARF1 (Santa Cruz, sc-53168), mouse anti-ARF3 (Santa Cruz, sc-
135841), rabbit anti-ARF4 (Proteintech, 11673-1-AP), mouse anti-
ARF5 (Santa Cruz, sc-81 893), mouse anti-pan-ARF (Thermo Fisher
Scientific, MA3-060), HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, 111-035-003), HRP-conjugated goat anti-rat IgG
(Jackson ImmunoResearch, 112-035-143), HRP-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch, 715-035-150), Alexa
Fluor 594 donkey anti-rat IgG (Thermo Fisher Scientific, A21209),
Alexa Fluor 488 donkey anti-mouse IgG (Thermo Fisher Scientific,
A21202) and Alexa Fluor 488 donkey anti-rabbit IgG (Thermo
Fisher Scientific, A21206).

Recombinant DNAs
Human ARF1 complementary DNA was obtained from the
ORFeome v8.1 collection (Dharmacon). Q71L- and T31N-ARF1
cDNAs were described previously (13). cDNAs encoding C-
terminally HA-tagged ARF1 (WT, Q71L or T31N) were amplified
by PCR using the ARF1 cDNAs as templates and the following
pairs of oligonucleotides (restriction enzyme sites are underlined):
forward primer, GGGGT ACCGC CACCA TGGGG AACAT CTTCG
CCAA; reverse primer, AGAGT CGCGG CCGCT TCAAG CGTAG
TCTGG GACGT CGTAT GGGTA GGTGG CGACC GGTGG ATCCC
GCTTC TGGTT CCGGA GCTGA T. The resulting amplicons were
subcloned into KpnI-NotI-digested pEGFP-N1 vector (Clontech). As
a result, the EGFP sequence in the vector was replaced with an
HA epitope sequence. The R99H mutation was introduced into
ARF1-HA by site-directed mutagenesis using the QuikChange
XL Site-Directed Mutagenesis Kit (Agilent, 200516) and the fol-
lowing pairs of oligonucleotides: forward primer, GGACAGCAAT-
GACAGAGAGCATGTGAACGAGGCCCGTGAGG; reverse primer,
CCTCACGGGCCTCGTTCACATGCTCTCTGTCATTGCTGTCC. The
plasmids pGBKT7-ARF1�17-WT, pGBKT7-ARF1�17-Q71L and
pGBKT7-ARF1�17-T31N were described previously (13). A PCR
amplicon of ARF1�17-R99H was generated using forward

primer GCCGA ATTCA TGCGC ATCCT CATGG TGGG and reverse
primer, GACGG ATCCC TACTT CTGGT TCCGG AGCTG (restriction
enzyme sites are underlined), and subcloned into EcoRI-BamHI-
digested pGBKT7 vector (Clontech). pGAD424-GGA3-VHS-GAT
was described previously (15).

Cell culture and transfection
HeLa (ATCC, CCL-2) and HEK293T (ATCC, CRL-3216) cells were
maintained in Dulbecco’s Modified Eagle’s Medium (Quality Bio-
logical, 112-319-101) supplemented with 10% fetal bovine serum
(Corning, 35-011-CV), MycoZap Plus-CL (Lonza, VZA-2012) at 5%
CO2 and 37◦C. Lipofectamine 2000 (ThermoFisher, 11668019) was
used for transfections according to the manufacturer’s protocol.
Cells were lysed, or fixed and imaged ∼24 h after transfection.

Immunoblotting
Cells were trypsinized, collected in 1.5 ml tubes, washed with
PBS once and lysed in 1% Triton X-100, 50 mm Tris-HCl pH 7.4,
150 mm NaCl and cOmplete EDTA-free Protease Inhibitor Cocktail
(Roche, 11873580001). Laemmli SDS-PAGE sample buffer (Bio-Rad,
#161-0747) containing 2.5% 2-mercaptoethanol was added to the
lysate, and the lysate was incubated for 5 min at 98◦C. Proteins
were resolved by SDS-PAGE and subsequently transferred to nitro-
cellulose membranes. Membranes were blocked for 0.5–1 h with
3% nonfat milk (Bio-Rad, #1706404) in TBS-T (TBS supplemented
with 0.05% Tween 20; Sigma-Aldrich, P9416-100ML) before incu-
bation with primary antibody diluted in TBS-T with 3% nonfat
milk. Membranes were washed three times for 20 min in TBS-T
and incubated for 2–3 h in HRP-conjugated secondary antibody
(1:5000) diluted in TBS-T with 3% nonfat milk. Membranes were
washed three times in TBS-T and visualized using Clarity ECL
Western Blot substrate (Bio-Rad, #1705061).

Immunofluorescence microscopy
Cells were plated onto fibronectin-coated cover glasses, trans-
fected with Lipofectamine 2000 according to the manufacturer’s
instructions and fixed with 4% paraformaldehyde in PBS. Cells
were then permeabilized and blocked simultaneously with 0.1%
saponin (Sigma-Aldrich) and 1% BSA in PBS for 30 min at room
temperature. Primary antibodies were diluted in the same buffer
and incubated on cells for 90 min at room temperature. Alexa
Fluor secondary antibodies were diluted in the same buffer con-
taining DAPI (Thermo Fisher Scientific, D1306), and cells were
incubated for 1 h at room temperature. The coverslips were
mounted on glass slides using ProLong Gold Antifade (Thermo
Fisher Scientific, P36934) and the cells were imaged on a confocal
microscope (LSM780, Carl Zeiss) with an oil-immersion 63×/1.40
NA Plan-Apochromat Oil DIC M27 objective lens (Carl Zeiss).
Image settings (i.e. gain, laser power and pinhole) were kept con-
stant for comparison. Images were acquired using Zeiss ZEN Black
software (Carl Zeiss) and processed with Fiji (https://imagej.net/
software/fiji/), including brightness adjustment, contrast adjust-
ment, channel merging and cropping.

CRISPR-Cas9 KO
ARF1-KO and ARF1–3-DKO HeLa cells were generated using
CRISPR-Cas9 (74). The targeting sequences for human ARF1 (5′-
AAAAG AAATG CGCAT CCTCA/CTTAA GCTTG TAGAG GATCG-
3′) and human ARF3 (5′-AGAAC ATCAG CTTTA CAGTG/AGAGG
GGTCG AATCT TGTCC-3′) were separately cloned into pSpCas9
(BB)-2A-GFP plasmid (Addgene, 48138, deposited by Feng Zhang,
Massachusetts Institute of Technology, Cambridge, MA). For ARF1-
KO, HeLa cells were transfected with two plasmids containing
gRNAs targeting ARF1. GFP-positive cells were isolated by flow

https://imagej.net/software/fiji/
https://imagej.net/software/fiji/
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cytofluorometry after 24 h and single-cell cloned in 96-well plates.
KO of ARF1 was confirmed by immunoblotting. The resulting
ARF1-KO HeLa cells were further transfected with two plasmids
containing gRNAs targeting ARF3, GFP-positive cells were isolated
and KO of ARF3 was confirmed by immunoblotting.

Yeast two-hybrid assays
Yeast two-hybrid assays were performed using pGBKT7 vectors
that harbor WT and mutant ARF1 lacking the N-terminal myris-
toylated α-helix (�17; deletion of the first 17 amino acid residues)
and pGAD424-GGA3-VHS-GAT. The yeast strain (AH109), selection
medium, culture conditions and transformation protocol were as
previously described (75).

BFA treatment
WT HeLa cells were transfected with plasmids encoding ARF1-HA
(WT, Q71L or R99H). At 24 h after transfection, cells were treated
with 5 μg/ml BFA (BioLegend, 420601) for 5 or 30 min in a 5% CO2,
37◦C incubator. The cells were fixed, immunostained as described
above and examined for ARF1-HA localization and morphology of
the Golgi apparatus.

Quantification and statistics
Quantification of the abundance of WT, T31N, Q71L and R99H
variants of ARF1-HA in immunoblots (Fig. 2A) was performed
using the function ‘Gels’ in Fiji (https://imagej.net/software/fiji/).
The band intensities of ARF1-HA were normalized to the intensi-
ties of α-tubulin in each lane, and values for T31N-ARF1, Q71L-
ARF1 and R99H-ARF1 were normalized to those of WT ARF1.

The intensity of effectors recruited by ARF1-HA variants to
the Golgi apparatus (Fig. 4A–C) was measured using the function
‘Measure’ in Fiji. Maximum intensity projections of z-stack images
were acquired for each condition, and the Golgi apparatus in each
cell was selected by drawing a region of interest encircling the
ARF1-HA signal on the Golgi apparatus with the selection brush
tool. Part of the cytosol in each cell was randomly selected with
the same tool, and mean intensities of effectors on the Golgi
apparatus and those in the cytosol were measured. The mean
intensities of effectors on the Golgi apparatus were divided by the
mean intensities of effectors in the cytosol.

Quantification of the percentage of cells exhibiting normal
Golgi morphology (Fig. 6D) was performed by counting >100
ARF1-HA protein-expressing cells per sample per experiment
in three independent experiments. Percentages were calculated
using Excel (Microsoft).

Data are presented as means ± SD or SuperPlots (76). Statistical
significance was calculated using one-way ANOVA followed by
multiple comparisons using Dunnett’s test (Prism 9 for macOS).
All graphs were drawn using Prism 9 for macOS and P-values are
indicated in each graph.
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