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Dominantly acting variants in ARF3 have disruptive consequences on Golgi integrity and 

cause microcephaly recapitulated in zebrafish 
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Supplementary Clinical Reports 
 

Subject 1  

The proband, a female, is the second child of healthy non-consanguineous Italian parents. Family 

history was unremarkable. She was born at term of a pregnancy complicated by maternal diabetes 

by cesarean section. Birth weight was 2,700g (10th-25th centile, -1.42 SD), length 46 cm (3th centile, 

-2.05 SD) and OFC 33.5 cm (50th centile, -1.11 SD). Apgar scores were 6 and 7 at 1 and 5 minutes, 

respectively. She required resuscitation due to respiratory distress and cyanosis. Severe central 

hypotonia and peripheral hypertonia were noted early at birth. Motor developmental milestones were 

significantly delayed. Feeding and swallowing difficulties were present. 

Clinical evaluation at 5 months disclosed severe neurodevelopmental delay, microsomia (weight 

3,770 g, << 3rd centile, -5.95 SD; length 52 cm, << 3rd centile, -6.6 SD; OFC 37cm, << 3rd centile, 

-4.56 SD), seizures (onset 2 months), inguinal hernia, congenital heart defect (pulmonary anomalous 

venous return and ostium secundum atrial septal defect), moderate unilateral pyelectasis and minor 

skeletal defects (i.e., 11 rib pairs, scoliosis). The craniofacial appearance was characterized by 

bitemporal narrowing, hypotelorism, long eyelashes and flat nasal bridge with small nose 

(Supplementary Figure 1), principally related with microcephaly. 

Serial brain MRIs (1 month - 3 years) showed a progressive severe and diffuse cortical atrophy with 

diminished cerebral white matter, lateral ventricular enlargement, progressive pontocerebellar 

hypoplasia with major involvement of the cerebellar vermis and a thin corpus callosum.  

At 5 months of age, the EEG analysis revealed a disorganized pattern characterized by diffuse 

multifocal epileptic discharges. Episodes of hypertonus and dystonia, without a corresponding EEG 

change were observed. The treatment included phenobarbital (5 mg/Kg/die), baclofen (0.6 

mg/Kg/die), lorazepam (2 mg/Kg/die), morphine and clonidine. Biochemical and metabolic screening 

as well as postnatal genetic analyses including array-CGH were negative. 

 

Subject 2  

The proband, a male, is the fourth child of healthy non-consanguineous French parents. Family 

history was unremarkable. He was born at term of an uneventful pregnancy by vaginal delivery. Birth 

weight was 2,800g (10th-25th centile, -1.24 SD), length 46.5cm (3-10th centile, -1.73 SD) and OFC 

31.5 cm (below the first centile, -2.33 SD). Apgar scores were 10 at both 1 and 5 minutes. First two 

weeks of life were considered as normal. Severe central hypotonia and distal hypertonus with 

opisthotonos episodes were noted at the age of 1 month. Motor milestones were significantly delayed 

(no independent sitting and no standing). Feeding and swallowing difficulties required G-tube 

feeding.  
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Clinical evaluation at 3 months disclosed severe neurodevelopmental delay, microsomia (weight 

4.800 g, << 3rd centile, -2.38 SD; length 55 cm, << 3rd centile, -3.17 SD; OFC 37 cm, << 3rd centile, 

-3.02 SD). Recurrent dystonic episodes were noted. No dysmorphic features other than those 

associated with microcephaly were observed. Serial brain MRIs (3 month - 14 months) showed a 

progressive extremely severe and diffuse cortical atrophy with diminished cerebral white matter, 

lateral ventricular enlargement, progressive pontocerebellar hypoplasia and a thin corpus callosum 

without involvement of the cerebellar vermis. 

Convergent strabismus with normal fundus examination was noted at age 2 years. Heart and 

abdominal ultrasounds were found to be normal at age 3 years. At last evaluation (3 years old), 

developmental delay was severe as the patient is not able to speak neither to walk. Spasticity 

requiring Baclofen iterative injections was a main concern to the parents. 

Biochemical and metabolic screening as well as postnatal genetic analyses including SNP array 

were negative. 

 

Subject 3 

The proband, a girl, is the only child of healthy non-consanguineous Italian parents. Family history 

was unremarkable except for a single febrile seizure in the father. The girl was born at term by 

vaginal delivery, after an uneventful pregnancy. Birth weight was 3,240 g (> 25th centile, -0.73 SD). 

Apgar scores were 8-9. No dysmorphic features were noticeable, but neonatal jaundice and a 

fracture of the right clavicle were observed. The girl acquired head control at 2 months, the sitting 

position at 5 months, and autonomous walking at 3 years 9 months.  

Between 8 and 26 months, she experienced six febrile seizures, most of which were successfully 

stopped with intrarectal Diazepam. Multiple interictal EEGs were normal. Brain MRI scan at 17 

months showed the frontal lobes to be relatively underdeveloped with respect to the remaining brain 

areas, cavum septum pellucidum, thin corpus callosum, under-rotated hippocampi.  

Clinical evaluation at 30 months revealed developmental delay and relative microcephaly (head 

circumference 46 cm, -1.44 SD). At last evaluation, at 3 years 10 months, the girl could only 

pronounce a few words. Her head circumference and height were 49.4 cm (-1.01 SD) and 101 cm (-

0.29 SD, 50-75th centile), respectively. Plasma and urine metabolic workout were unremarkable, as 

well as karyotype, array-CGH, and targeted sequencing of a panel of epilepsy-associated genes. 

Echocardiography and chest X-ray were normal. 

 

Subject 4 

The proband, a girl, is the first child of healthy non-consanguineous Italian parents. Family history 

was unremarkable. She was born at term of a pregnancy complicated by uterine contractions. Birth 

weight was 3,600 g (+0.73 SD), length 50.5 cm (+0.42 SD) and OFC 33 cm (-0.99 SD). Apgar score 
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was 10 at 1 and 5 minutes. Neonatal discharge was normal. Mild hypotonia was noted early. Motor 

developmental milestones were significantly delayed.  

Clinical evaluation at 1 year disclosed developmental delay and normal growth with microcephaly 

(OFC 42.3 cm, < 3rd centile, -2.33 SD). The craniofacial appearance was characterized by 

brachycephaly, deep-set eyes, epicanthal folds, short philtrum, anteverted ears (Supplementary 

Figure 1). Moreover, a mild pectus excavatum and a café-au-lait spot on the leg were evident. Follow 

up at 3, 5 and 7 years didn’t disclose additional features or medical problems.  

A brain MRIs (1 year) showed microcephaly, frontal lobe hypoplasia, and thin corpus callosum.  

Biochemical screening as well as postnatal genetic analyses, including FMR1, CGH array, NGS 

panel for Angelman/Rett syndrome, UBE3A MLPA and NGS panel for ID (700 genes) were negative. 

 

Subject 5 

The child is the second son of healthy unrelated parents. He has a healthy sister (older) and a healthy 

brother (younger). Family history is unremarkable. Pregnancy was uneventful; the mother performed 

ultrasound examinations which gave normal results. Delivery was at term with normal auxologic data. 

APGAR score was 9 and 10 at 1 and 5 minutes, respectively. Neonatal period was normal. We 

evaluated the child at 12 years of age. His growth was always normal for weight, height and head 

circumference with values between 50th and 75th centile. No major malformation was evident. 

Achievement of the common pediatric milestones was delayed: he could seat at 12 months, walk 

independently at 34 months, say his first word at 36 months of age. He underwent speech therapy, 

augmentative, alternative communication and occupational therapy. 

Hearing and vision were normal. No seizures have been observed. 

Brain MRI showed mild hyperintensity of the periventricular white matter, a thin corpus callosum in 

its medium and posterior portions, and mega cisterna magna. 

CGH array and Fragile-X analyses and mutation scan using a panel of genes related to 

neurodevelopmental abnormalities were normal. 

No facial dysmorphisms were evident. His skin was quite dry (cutaneous xerosis). A left dorsal hump 

was noticed. 
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Supplementary Methods 
 
WES and variant annotation, filtering and prioritization.  

 

Subject 1:  

DNA of the affected subject and his parents was extracted from leukocytes. Exome capture was 

carried out using Sure Select QXT Human All Exon V7 (Agilent), and sequencing was performed on 

a NovaSeq6000 platform (Illumina). Raw data were processed and analyzed using an in-house 

implemented pipeline previously described (Bauer et al., 2018; Motta et al., 2020; Radio et al., 2021), 

which is based on the GATK Best Practices (Van der Auwera et al., 2013). The UCSC GRCh37/hg19 

version of genome assembly was used as a reference for reads alignment by means of BWA-MEM 

(Li, 2013) tool and subsequent variant calling. SnpEff v.4.3 (Cingolani et al., 2015) and dbNSFP v.3.5 

(Liu and Boerwinkle, 2013) tools were used for variants annotation. Combined Annotation Dependent 

Depletion (CADD) v.1.4 (Kircher et al., 2014), Mendelian Clinically Applicable Pathogenicity (M-CAP) 

v.1.0 (Jagadeesh et al., 2016) and Intervar v.2.0.1 (Li and Wang, 2017) were considered for functional 

impact prediction. Variant filtering was performed to consider variants affecting either coding 

sequences or splice site regions. High-quality variants were filtered against public (dbSNP150 and 

gnomAD V.2.0.1, MAF threshold ≤ 0.1% or unknown frequency) or in-house (~3000 population-

matched exomes, MAF threshold <1%) databases. Among 105,025 high-quality variants, 16,273 

were predicted to be functionally relevant, with 453 representing rare/private variants. A further 

stratification taking in account genotype, inheritance model, and predicted functional impact, indicated 

the de novo c.379A>G substitution (p.Lys127Glu) in ARF3 as the best candidate event underlying 

the trait. For sequencing statistics and data output see Supplementary Table 2. Validation and 

segregation of the variant in ARF3 were assessed by Sanger sequencing. 

 

Subject 2:  

DNA of the affected subject and his parents was extracted from leukocytes. Exome capture was 

carried out using Sure Select XT Clinical Research Exome (Agilent) and sequencing was performed 

on an Illumina HiSeq4000 platform. Base calling is performed using the Real-Time Analysis software 

sequence pipeline (2.7.6) with default parameters. Sequence reads were mapped to the human 

genome build (hg19/GRCh37) using Elandv2e (Illumina, CASAVA1.8.2) allowing multiseed and 

gapped alignments. Variant filtering was performed to consider variants affecting either coding 

sequences or splice site regions. High-quality variants were filtered against public (dbSNP150 and 

gnomAD V.2.0.1, MAF threshold ≤ 0.01% or unknown frequency for dominant and X-linked 

transmission and <0.1% for recessive transmission). After stratification taking in account genotype, 



 
 

 
 
 
 

7 

inheritance model, and predicted functional impact, indicated two de novo c.34C>G and c.200A>T 

missense substitutions (p.Leu12Val and p.Asp67Val) in ARF3 as the best candidate gene underlying 

the trait. For sequencing statistics and data output see Supplementary Table 3. Cloning was used to 

determine that both variants were on the same allele. Validation and segregation of the variants in 

ARF3 were assessed by Sanger sequencing. 

 

Subject 3:  

We performed trio-based whole exome sequencing (WES) in the patient and both her parents. We 

used the Human Core Exome Kit + RefSeq V1 (Twist Bioscience) for target enrichment, and 

sequenced the DNA libraries by a paired-end 2x150 bp protocol on the NextSeq550 (Illumina, San 

Diego, CA USA). Data analysis was carried out as previously reported (Vetro et al., 2021). Briefly, we 

aligned the sequencing reads to the GRCh37/hg19 human genome reference assembly by the BWA 

software package (Li and Durbin, 2009) and then used the GATK suite for base quality score 

recalibration, realignment of insertion/deletions (InDels), and variant calling, according to GATK Best 

Practices recommendations (DePristo et al., 2011). For sequencing statistics and data output see 

Supplementary Table 4. We annotated and filtered exonic/splice-site single-nucleotide variants 

(SNVs) and coding InDels by the VarSeq software (Golden Helix, Inc v1.4.6, Bozeman, MT). We 

considered different inheritance patterns, focusing on variants with minor allele frequency (MAF) 

lower than 0.01 in the GnomAD database (http://gnomad.broadinstitute.org/), and evaluated the 

potential functional impact of SNVs and InDels by the pre-computed genomic variants score from 

dbNSFP, which was integrated in the annotation pipeline (Liu et al., 2011), and by the tools Combined 

Annotation Dependent Depletion (CADD) v.1.4 (http://cadd.gs.washington.edu/) and GERP++ 

(Cooper et al., 2005). For selected variants, we visually inspected the quality of reads alignment using 

the Integrative Genomics Viewer (IGV v2.4) (Thorvaldsdóttir et al., 2013).  

Variant filtering and prioritization took into account population allele frequency, inheritance model, 

and predicted functional impact. The de novo c.139C>T (p.Pro47Ser) substitution in ARF3 was 

validated by Sanger sequencing (primers: ARF3_ex2_F: CCCCACAAATTGTATGGACTT, 

ARF3_ex2_R: TCTTCCATACCAGGGACCAG). 

 

Subject 4 and Subject 5: 

Trio-based WES was performed in both families. Genomic DNA was extracted from peripheral blood 

samples using standard procedures. Coding exons and flanking intronic regions were captured using 

the Clinical Research Exome v.2 kit (Agilent Technologies, Santa Clara, CA). Sequencing was 

performed using a NextSeq500 Illumina system with 150 bp paired-end reads. Reads were aligned 

to human genome build GRCh37/UCSC hg19, and variant calling was performed using a custom-

developed analysis tool, as previously described (Iascone et al. 2012; Pezzani et al., 2018). Briefly, 



 
 

 
 
 
 

8 

single nucleotide variants and indels were annotated querying the Genome Aggregation Database 

(http://gnomad.broadinstitute.org/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and Human Gene 

Mutation Database Professional (HGMD, Release 2020.2). Variants were filtered on the basis of the 

following criteria: predicted effect on protein and transcript; inheritance model; minor allele frequency 

in general population (gnomAD MAF threshold ≤ 0.1% or unknown frequency) or in-house database 

(~4000 exomes, MAF threshold <1%). For sequencing statistics and data output see Supplementary 

Table 5 e 6. Validation and segregation analysis of the retained variants was carried out by Sanger 

sequencing.  
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Supplementary Tables 

 
Supplementary Table 1. List of the ARF3 missense mutations identified in the study. 
 
Exon Nucleotide Change Amino Acid 

Change 
Subjects Origin Metadome 

dN/dSa 
GERPb CADD 

phredc 
MetaSVMc REVELc 

2 c.34C>Gd p.Leu12Val 2 de novo 0.28 4.96 22.8 -0.2469e 0.374e 
2 c.95C>A p.Thr32Asn 5 de novo 0.12 4.96 25.9 1.0941 0.814 
2 c.139C>T p.Pro47Ser 3 de novo 0.07 4.96 29.8 0.8949 0.859 
3 c.200A>Td p.Asp67Val 2 de novo 0.09 4.72 27.3 1.0349 0.918 
4 c.277G>A p.Asp93Asn 4 de novo 0.21 5.24 31 0.8948 0.809 
4 c.379A>G p.Lys127Glu 1 de novo 0.26 5.35 31 1.0459 0.924 

 
a Metadome (stuart.radboudumc.nl/metadome) v1.0.1 tolerance score (dN/dS), based on observed (obs) missense and synonymous variation in gnomAD. dN/dS 
<0.53 indicates intolerance to nonsynonymous variation, <0.18 mean high intolerance at that protein domain position. 
b Genomic Evolutionary Rate Profiling (GERP) as a measure of sequence conservation across multiple species expressed in terms of ’rejected substitutions’. 
Positive scores represent a substitution deficit, that is, fewer substitutions are observed than what is expected based on the neutral rate of evolution. 
c Combined Annotation Dependent Depletion (CADD) v.1.4, MetaSVM and Rare Exome Variant Ensemble Learner (REVEL) scores (sbNSFP v4.1); values >0 
(MetaSVM), >15 (CADD phred) and >0.5 (REVEL) indicate greater likelihood of pathogenicity. 
dThese two variants were in cis. 
eThis score is below the threshold of pathogenicity.  
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Supplementary Table 2. WES statistics and data output (subject 1). 
 

WES enrichment kit SureSelect All Exon V7 (Agilent)  

Sequencing platform NovaSeq 6000 (Illumina) 

Target regions coverage >4x 96.9% 

Target regions coverage >10x 96.4% 

Target regions coverage >20x 95.5% 

Average depth on target 115x 

Total number of high-quality variants 116,088 

Variants with effect on CDS or affecting splice sites1 16,561 

Private, clinically associated and low frequency variants2 295 

Putative disease genes (autosomal recessive trait)3 

- Filtered candidate genes 
24 

0 

Putative disease genes (autosomal dominant trait)3 

- Filtered candidate genes 

25 

ARF3 

1High-quality non-synonymous SNV plus indels within coding exons and splice regions (-/+8). 

2High-quality, functionally relevant variants and either unknown, private or low frequency variants (gnomAD 

MAF<0.1% and in house database (approx. population-matched 2,500 exomes) frequency<1%). 

3Functional impact of variants was assessed by Combined Annotation Dependent Depletion (CADD) v.1.4 

(http://cadd.gs.washington.edu/), dbNSFP Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.0 

(http://sites.google.com/site/jpopgen/dbNSFP) and Intervar (http://wintervar.wglab.org) v2.0.1. Variants 

predicted as benign or likely benign by Intervar were discarded, and only those with CADD score > 15 or M-CAP 

score > 0.025 were retained.  

4 SH3TC1 (c.1205G>A, p.Arg402Gln, M-CAP_score: 0.028; c.2267C>T, p.Pro756Leu, M-CAP_score: 0.31), 

WDR81 (c.1157T>C, p.Val386Ala, M-CAP_score: 0.025, CADD_score: 27.3; c.3022G>A, p.Val1008Ile, 

CADD_score: 16.92). 

5 CACNA1B (c.390+1_390+2insACGACACGGAGCCCTATTTCATCGGGATCTTTTGCTTCGAGGCAGGGA 

TCAAAATCATCGCTCTGGGCTTTGTC), ARF3 (c.379A>G, p.Lys127Glu). 
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Supplementary Table 3. WES statistics and data output (subject 2). 
 

WES enrichment kit 
SureSelect XT Clinical Reasearch 

Exome,  (Agilent) 

Sequencing platform HiSeq4000 (Illumina) 

Target regions coverage >4x 98% 

Target regions coverage >10x 96% 

Target regions coverage >25x 94% 

Average depth on target 86x 

Total number of high-quality variants 37.761 

Variants with effect on CDS or affecting splice sites1 9,695 

Private, clinically associated and low frequency 

variants2 194 

Putative disease genes (autosomal recessive trait)3 14 

Putative disease genes (de novo trait)3 

- Filtered candidate genes 

15 

ARF3 
1High-quality non-synonymous SNVs plus indels within coding exons and splice regions (-/+14). 

2High-quality, functionally relevant variants and either unknown, private or low frequency variants (gnomAD 

MAF<0.1% and frequency<1% within Integragen database). 

3Functional impact of variants was assessed by Combined Annotation Dependent Depletion (CADD) v.1.4 

(http://cadd.gs.washington.edu/), dbNSFP Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.0 

(http://sites.google.com/site/jpopgen/dbNSFP) and Intervar (http://wintervar.wglab.org) v2.0.1. Variants predicted 

as benign or likely benign by Intervar were discarded and only those with CADD score>15 or M-CAP score>0.025 

were retained. 

4 TMEM131 (c.1208A>G, p.Gln403Arg, CADD score: 17.130, M_CAD score: 0.012; c.878C>T; p.Ala293Val, 

CADD score: 19.640, M_CAD score: 0.027) 

5 ARF3 (c.34C>G, p.Leu12Val, CADD: score 11, M_CAD score: 0.075; c.200A>T, p.Asp67Val, CADD score: 

17.190, M_CAD score: 0.806; in cis). 
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Supplementary Table 4. WES statistics and data output (subject 3). 
 

WES enrichment kit 
Human Core Exome Kit +  RefSeq V1 

(Twist Bioscience) 

Sequencing platform NextSeq 550 (Illumina) 

Target regions coverage >5x 97.7% 

Target regions coverage >10x 97.6% 

Target regions coverage >20x 97.5% 

Average depth on target 97.3x 

Total number of high-quality variants 127,887 

Variants with effect on CDS or affecting splice sites1 22,153 

Private, clinically associated and low frequency 

variants2 748 

Putative disease genes (autosomal recessive trait)3 0 

Putative disease genes (de novo trait)3 

- Filtered candidate genes 

34 

ARF3* 
1High-quality non-synonymous SNVs plus indels within coding exons and splice regions (-/+8). 

2High-quality, functionally relevant protein-altering variants and either unknown, private or low frequency variants 

(gnomAD MAF<0.1%). 

3frequency <1% within our ~internal database, non-homozygous in allele frequency databases (gnomAD) 

4heterozygous variants in disease-genes inherited from a healthy parent: KCNH1, NM_172362.2:c.2359G>A,  

maternal; CACNA1A, NM_001127221.1:c.6104G>A, paternal. 

* de novo ARF3 (NM_001659.2:c.139C>T, p.Pro47Ser). 
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Supplementary Table 5. WES statistics and data output (subject 4). 
 

WES enrichment kit 
SureSelect Clinical Research Exome 

V2 (Agilent) 

Sequencing platform NextSeq 500 (Illumina) 

Target regions coverage >4x 99.5% 

Target regions coverage >10x 98.4% 

Target regions coverage >25x 96.4% 

Average depth on target 252x 

Total number of high-quality variants 116,152 

Variants with effect on CDS or affecting splice sites1 15,490 

Private, clinically associated and low frequency 

variants2 1,863 

Putative disease genes (autosomal recessive trait)3 NA 

Putative disease genes (de novo trait)3 

- Filtered candidate genes 

13 

ARF3 
1High-quality non-synonymous SNVs plus indels within coding exons and splice regions (-/+8). 

2High-quality, functionally relevant variants and either unknown, private or low frequency variants (gnomAD 

MAF<0.1% and frequency<1% within our exomes database). 

3ARF3: Chr12(GRCh37):g.49333545C>T, NM_001659.2:c.277G>A; p.(Asp93Asn), de novo; CADD score: 31. 
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Supplementary Table 6. WES statistics and data output (subject 5). 
 

WES enrichment kit 
SureSelect Clinical Research Exome 

V2 (Agilent) 

Sequencing platform NextSeq 500 (Illumina) 

Target regions coverage >4x 99.7% 

Target regions coverage >10x 98.1% 

Target regions coverage >25x 95.3% 

Average depth on target 212x 

Total number of high-quality variants 114,803 

Variants with effect on CDS or affecting splice sites1 15,235 

Private, clinically associated and low frequency 

variants2 1,752 

Putative disease genes (autosomal recessive trait) NA 

Putative disease genes (de novo trait) 

- Filtered candidate genes 

13 

ARF3 
1High-quality non-synonymous single nucleotide variants plus indels within coding exons and splice regions (-

/+8). 

2High-quality, functionally relevant variants and either unknown, private or low frequency variants (gnomAD 

MAF<0.1% and frequency<1% within our exomes database). 

3ARF3: Chr12(GRCh37):g.49334784G>T, NM_001659.2:c.95C>A, p.Thr32Asn, de novo; CADD score: 25.6. 
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NDD, neurodevelopmental disorder; NS, Noonan syndrome; CS, Costello syndrome. COSMIC database (https://cancer.sanger.ac.uk/cosmic/); ClinVar database 
(https://www.ncbi.nlm.nih.gov/clinvar/). 
1 Ge et al. 2016, NPJ Genom Med, 1:16036 [PMID: 28868155]. 
2 Kerr et al. 2006, J Med Genet, 43: 401-5 [PMID: 16443854]; Denayer et al., 2008, Hum Mutat, 29:232-9 [PMID:  17979197]. 
3 Gripp et al. 2012, Am J Med Genet Part A, 158A:1095-101 [PMID: 22488832]. 
4 Schubbert et al. 2006, Nat Genet, 38:331-6 [PMID: 16474405]; Nava et al. 2007, J Med Genet, 44:763-71 [PMID: 17704260]. 
5 Schubbert et al. 2006, Nat Genet, 38:331-6 [PMID: 16474405]; Zenker et al. 2007, J Med Genet, 44:131-5 [PMID: 17056636]. 

Supplementary Table 7. Pathogenic variants in ARF3 paralogs, and HRAS, NRAS and KRAS GTPases affecting codons corresponding and/or 
adjacent to the residues mutated in ARF3. Equivalent residues, disease-causing amino acid substitutions and associated traits are indicated. 

ARF3 ARF1 ARF4 ARF5 ARF6 HRAS KRAS NRAS 

Thr32 
Thr32Asn   
 

Thr32 Thr32 Thr32 Thr28 Ala18 
Ala18Thr/Val (somatic) 
Mutation hotspot 
involving Gly12-Ser17 
(somatic, COSMIC) 

Ala18 
Ala18 
Mutation hotspot 
involving Gly10-Val14 
(somatic, COSMIC) 

Ala18 
Ala18Thr (somatic, 
COSMIC) 

Pro47 
Pro47Ser  

Pro47 
Thr48Ile 
(NDD, ClinVar) 

Pro47 
 
 

Pro47 
Ile46Val (somatic, 
COSMIC) 

Pro43 Pro34 
Pro34Ser (somatic, 
COSMIC) 

Pro34 
Pro34Leu/Arg 
(RASopathy)5 
Pro34Thr/Ser/Arg/Leu 
(somatic, COSMIC) 

Pro34 
Pro34Leu (NS) 
(ClinVar) 
Pro34Leu/Arg 
(somatic, COSMIC) 

Asp67 
Asp67Val   

Asp67 Asp67 
Asp67Asn (somatic)  
Trp66Leu (somatic) 
(COSMIC) 

Asp67 
Asp67Tyr (somatic) 
Mutation hotspot 
involving 
Val68-Gly70 (somatic) 
(COSMIC) 

Asp63 
Trp62Cys 
(somatic) 
(COSMIC) 

Asp57 
Thr58Ile (CS)3 
Asp57Asn (somatic) 
Mutation hotspot 
involving Thr58-Gln61 
(somatic) (COSMIC) 

Asp57 
Thr58Ile (NS)4 
Asp57Asn (somatic) 
Mutation hotspot 
involving Thr58-Gln61 
(somatic) (COSMIC) 

Asp57 
Asp57Asn/Ala/Glu 
(somatic) 
Mutation hotspot 
involving Thr58-Gln61 
(somatic) (COSMIC) 

Asp93 
Asp93Asn   
Asp93Asn 
(somatic, 
COSMIC) 

Asp93 Asp93 
Asp93Glu (somatic) 
Mutation hotspot 
involving Asn95-
Arg99 (somatic) 
(COSMIC) 

Asp93 
Ser94Gly (somatic) 
Mutation hotspot 
involving Asp96-Arg99 
(somatic) 
COSMIC) 

Asp89 Ala83 
Ala83Asp (somatic) 
(COSMIC) 

Ala83 
Ile84Met (somatic) 
(COSMIC) 

Ala83 
 

Lys127 
Lys127Glu   
Asn126Ser 
(somatic, 
COSMIC) 

Lys127 
Lys127Glu 
(NDD)1 
 

Lys127 
Asn126Lys (somatic) 
(COSMIC) 

Lys127 
 

Lys123 Lys117 
Lys117Arg (CS)2 
Lys117Asn/Glu 
(somatic, COSMIC) 

Lys117 
Lys117Asn/Arg/Tyr/Glu 
(somatic, COSMIC) 

Lys117 
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6 Zenker et al. 2007, J Med Genet, 44:131-5 [PMID: 17056636]; Bertola et al. 2007, J Hum Genet, 52:521-526 [PMID: 17468812]; Nava et al. 2007, J Med Genet, 44:763-71 [PMID: 
17704260]; Bertola et al. 2012, Case Reports, 81:595-7 [PMID:  22211815]. 
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Supplementary Table 8. ARF3-GTP hydrogen bonds present for more than 50% of 

simulation time in the ARF3:COPG1-COPZ1 complex considering WT ARF3, ARF3D67V 

and ARF3P47S. 

 

Donor 
residue 

Donor 
atom 

Acceptor 
res 

Acceptor  
atom 

% res time 
WT Asp67Val Pro47Ser  

GTP N2 ASP129 OD2 73.2 71.9 73.7 

ALA27 N GTP O1B/O2G/O3B 84.4 92.1 81.9 

THR31 N GTP O1A/O2B 99.6 98.7 99.8 

THR32  OG1 GTP O5'/O1A 73.6 95.5 98.3 

THR45  OG1  GTP O1A/O1B 99.8 10.7 79.1 

THR48 N GTP O1G 97.6 95.2 83.7 

LYS127 NZ GTP O4'/N9 73.2 35.5 74.8 

LYS30 N GTP O1B/O2B 62.4 99.9 99.8 

LYS30 NZ GTP O2G/O3B 5.8 96.2 98.5 

 
Supplementary Table 9. ARF3:COPG1 hydrogen bonds present for more than 40% of 
simulation time in the ARF3:COPG1-COPZ1 complex considering WT ARF3, 
ARF3D67V and ARF3P47S. ARF3 residues are highlighted in bold. 
 

Donor 
residue 

Donor 
atom 

Acceptor 
res 

Acceptor atom % res time 
WT Asp67Val Pro47Ser  

ARG19 NH1 PRO38 O  51.8   

ARG19 NH2 ASN35 O 70.9   

THR48 OG1  SER107 OG 69.3   

ASN84 ND2  THR37 N 69.5   

ARG19 NH1 THR37 O  45.2  

ARG32 NH2 HIS80 ND1  93.0  

LYS38 NZ ASN80 OD1   43.5 

THR44 N TYR143 OH   48.6 

SER107 N PHE51 O   40.5 
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Supplementary Table 10. Primers used to amplify the Krox-20 and MyoD cDNA 

stretches used for riboprobe synthesis. 

 

 

 

 

 

 

 

  

Gene  Primer sequence (5’ – 3’) Application 

krox-20 
FW: GTGCACCCTCTTGCCGATAG 

in situ hybridization 
RW: GGACGCAGGATTGGCCTGAG 

myoD 
FW: CCTTGCTTCAACACCAACGA 

in situ hybridization 
RW: AAATGGTTTCCTGAGCCTGC 

T7 FW: TAATACGACTCACTATAGGG sequencing 

SP6 FW: ATTTAGGTGACACTATAG sequencing 
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Supplementary Table 11. Overview of the statistical analyses. 

Measurement  Statistical details* 

 Western Blot of ARF3 protein in cells 

(Figure 2) 

One-way ANOVA with Dunnett’s post hoc test, F (DFn, DFd): F(3, 

12) = 15.27 

Western Blot of ARF3 protein after 

bafilomycin treatment in cells (Figure 2) 

Two-way ANOVA with Tukey’s post hoc test. 

F (DFn, DFd):  Interaction: F (4, 9) = 13.51, Treatment: F (2,9) = 

34.87, Genetic condition: F (2,9) = 115.2 

ARF3*GTP binding assay in cells (Figure 2) One-way ANOVA with Dunnett’s post hoc test, F (DFn, DFd) : F (3, 

8) =10.36 

Head area (Figure 4) One-way ANOVA with Tukey’s post hoc test, F (DFn, DFd): F (3, 

91) = 15.09  

Anterior brain volume on live specimens 

(Figure 4) 

Two-tailed unpaired Welch’s t-test, t=4.272, df=4.443 

Notochord curvature (Figure 4) Non-parametric Kruskal-Wallis with Dunn’s post hoc test 

Notochord angles (Figure 4) Two-tailed Fisher's exact test in a 2×2 contingency table 

AP embryo extension (Figure 5) One-way ANOVA with Tukey’s post hoc test, F (DFn, DFd): F (3, 

36) = 65.47 

ML embryo extension (Figure 5) One-way ANOVA with Tukey’s post hoc test, F (DFn, DFd): F (3, 

36) = 15.19 

ML somites extension (Figure 5) Non-parametric Kruskal-Wallis with Dunn’s post hoc test 

AP and ML defects frequency (Figure 5) Two-tailed Fisher's exact test in a 2×2 contingency table 

Embryo elongation (Figure 6) Non-parametric Kruskal-Wallis with Dunn’s post hoc test 

Filopodia extension (Figure 6) Mixed-effects Two-way ANOVA with Sidak’s post hoc test, F (DFn, 

DFd): Time: F (2.352, 42.34) = 4.417, Cells: F (1, 18) = 7.149, 

Interaction: F (3, 54) = 8.546. 

Golgi morphology phenotype in cells  

(Figure S5) 

Two-tailed Fisher's exact test in a 2×2 contingency  

Golgi morphology phenotype in zebrafish 

(Figure S6) 

Two-tailed Fisher's exact test in a 2×2 contingency table 

Survival curve in zebrafish (Figure S7) Log-rank Mantel-Cox 

Embryo gross phenotype (Figure S7, S8) Two-tailed Fisher's exact test in a 2×2 contingency table 

Anterior brain volume on fixed specimens 

(Figure S9)  

Two-tailed unpaired Welch’s t-test, t=4.66, df=7.51  

Number of somites in zebrafish (Figure 

S10) 

Mixed effects Two-way ANOVA with Dunnett’s post hoc test, F 

(DFn, DFd) Interaction: F (3, 36) = 0,03067, Genetic condition: F (3, 

36) = 15.84, Left-Right condition: F (1, 36) = 0.03067 

* “n” values are provided in the figure legends
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Supplementary Figures 
 

 
Supplementary figure 1. Clinical features of individuals with de novo ARF3 mutations. Facial 

features of Subjects 1 and 4 and brain MRI of Subjects 1, 2 and 3. Note the craniofacial appearance of 

Subject 1 characterized by microcephaly, bitemporal narrowing, hypotelorism, long eyelashes, cheeks 

hypotonia, and flat nasal bridge with small nose. Subject 4 shows deep-set eyes, epicanthal folds, cheeks 

hypotonia, and short philtrum. The brain MRI shows severe and diffuse cortical atrophy with diminished 

cerebral white matter (S1, S2 and S3), lateral ventricular enlargement (S1 and S2), pontocerebellar 

hypoplasia with major involvement of the cerebellar vermis (S1) or without involvement of the cerebellar 

vermis (S2) and hypoplasia of corpus callosum (S1, S2 and S3), mild cortical atrophy of the frontal lobes, 

cavum septum pellucidum, thin corpus callosum, and under-rotated hippocampi (S3). 
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Supplementary Figure 2. ARF3 multiple sequence alignment and mutations tolerance 

landscape. (a) Multiple alignment of the amino acid sequences of ARF3, ARF1, ARF6, HRAS, NRAS, 

RRAS2, MRAS from human (Hs: Homo sapiens) compared to ARF3 sequences from Mus musculus 

(Mm), Takifugu rubripes (Tr) and Danio rerio (Dr). The alignment was obtained with MUSCLE. The 

patient mutations are indicated (purple triangles) in the comparison and show conservation across ARF 

sequences. The mutations P47S, D67V and K127E are located in crucial functional domains of the 

proteins (red: switch1, green: switch2, yellow: NKXD motif, refer to main Fig.1) and are shared between 

ARF and RAS families. (b) Tolerance landscape for the ARF3 meta-domain. The analysis, conducted 

on the aggregation of variation data across homologous domains, highlights a low tolerance profile to 

missense mutations along the whole ARF3 protein domain (PF00025, violet). As shown, the five altered 

residues (marked green) occupy intolerant/high intolerant positions, with considerably low 

nonsynonymousobs/synonymousobs ratios.  
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Supplementary Figure 3. 2D projection of WT ARF3, ARF3D67V and ARF3P47S on the respective 

essential subspace along eigenvectors 1 and 2 resulting from MD simulations. The Essential 

Dynamics analysis, technique is based on the diagonalization of the covariance matrix built from the atomic 

fluctuations after the removal of the translational and rotational movement, and it is very effective in 

separating the large collective protein global motions from the small uninteresting fluctuations (Amadei et 

al., 1993). The Pro47Ser system shows an enlarged conformational basin visited in the 500 ns MD 

simulation as compared to WT and Asp67Val. Comparison of Figure 1h (Pro47Ser RMSF) vs 1f-g (WT and 

Asp47Val RMSF, respectively) shows that the region most perturbed in Pro47Ser involve the ARF3-

COPG1 interface.  
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Supplementary Figure 4. Myc-tagged ARF3 protein levels in COS-1 cells and zebrafish embryos 

during gastrulation (6 hpf) and segmentation (15 hpf). (a) Western blot analysis from COS-1 cells 

transfected with WT or mutant myc-tagged ARF3 DNA constructs (p.Lys127Glu, K127E; 

p.Leu12Val;Asp67Val, L12V/D67V) together with the individual amino acid substitutions, p.Leu12Val 

(L12V) and p.Asp67Val (D67V). ARF3D67V (3rd lane) migrates faster compared to ARF3WT, ARF3L12V 

and ARF3k127E, likely related to the phenomenon of “gel shifting” (Shi et al., 2012) due to an increased 

binding to SDS molecules and a change of the electrophoretic mobility. 

(b) ARF3 protein level from total protein extracts of fish injected with mRNA expressing myc-tagged 

ARF3K127E and ARF3L12V/D67V is reduced starting already from gastrula with evident degradation over 

time during segmentation period. GAPDH (reference gene, ~36 kDa), myc-tagged ARF3 (~ 23 kDa).  

 

 

a 

b 
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Supplementary Figure 5. Trans-Golgi fragmentation in COS-1 cells transfected with WT and 

mutant mCherry-tagged ARF3. Representative confocal images showing the immunostaining 

against Golgin-97 (trans-Golgi marker) (green) performed in fixed COS-1 cells and showing a subset 

of cells transiently transfected with mCherry-tagged ARF3WT (a) or ARF3 mutants (magenta) for 24 

hours (b-d). Nuclei are stained with DAPI (blue). White arrows indicate Golgin-97 staining in 

transfected cells. For all the panels, single and merged channel images are shown. Scale bar = 16 

μm or 20 μm. (e) Incidence of trans-Golgi morphology phenotypes classified as “compact” (white 

bar) and “fragmented” (black bar). Data are plotted as a percentage of the cells analyzed from the 

mean of two independent experiments. Fisher's exact test in a 2×2 contingency table (compact vs. 

fragment; ns = not significant, **** p < 0.0001) is used to assess statistical significance, n = 11, 16, 

19, 14 for ARF3WT, ARF3K127E, ARF3L12VD67V and ARF3P47S respectively. 
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Supplementary Figure 6. Quantification of trans-Golgi fragmentation in the animal pole of 

12hpf zebrafish embryos expressing ARF3WT and ARF3K127E proteins. The upper schematics 

shows the trans-Golgi (GalT-GFP+) phenotype classification (refer to the main figure 3): compact 

(“ribbon”) or fragmented (“puncta”). Incidence of the ribbon vs puncta phenotypes is shown below 

and indicates a clear fragmentation in fish expressing ARF3K127E. The graph shows the mean number 

of cells with “ribbon” or “puncta” trans-Golgi phenotype for n = 4 (ARF3WT) and n= 5 (ARF3K127E) 

embryos. Fisher's exact test in a 2×2 contingency table (ribbon vs. puncta; ns = not significant, **** 

p < 0.0001) is used to assess statistical significance. 
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Supplementary Figure 7. Overexpression of mutant ARF3K127E and ARF3L12V/D67V proteins 

induces phenotype in zebrafish embryos. (a) Overall in vivo experimental strategy. One cell stage 
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zebrafish embryos are injected with mRNAs encoding WT and mutant (K127E, L12V;D67V) C-

terminal tagged human ARF3 (in this experiment myc-tagged ARF3 is show), GFP tagged with 

membrane localization signal (CAAX) at the C-terminal and a colored dye (Phenol Red) used as 

injection indicator. Phenotypes were scored as “mild” when fish showed reduced head size, 

with/without microphthalmia, and/or mild shortening and lateral bending of the body axis, and 

“severe” when they showed considerably reduced head (microcephaly or anencephaly) and eye size 

(microphthalmia or anophthalmia), with marked reduction of the trunk, defective body elongation and 

severe lateral bending. Phenotype scoring in embryos is performed at different developmental 

stages, relevant for brain and body axis formation (grey arrows) as shown in the main figures. (b) 

Representative fluorescent images showing microinjected embryos at blastula stage and survival 

curve of fish expressing ARF3 mutants (K127E and L12V;D67V) compared to ARF3WT expressing 

fish ones between 24 hpf and 48 hpf, n = 76, 111, 92, 99 for not injected, ARF3WT, ARF3K127E and 

ARF3L12V;D67V, respectively. Log-rank (Mantel-Cox) test is used to assess statistical significance (*** 

p < 0.001). Data are plotted as a percentage of the embryos from four batches. (c-c’’) Representative 

bright field images from different pools of zebrafish injected with mutant ARF3 mRNA compared to 

pools of siblings injected with ARF3WT mRNA and not injected (internal control) at 24 hpf. Examples 

of embryos with mild and severe phenotypes are shown with dashed grey and black boxes, 

respectively. (d-d’) Fluorescent close up images of individual fish at 24 hpf, microinjected with GFP-

CAAX and Phenol Red marker, representative of normal (ARF3WT,d) and a severely affected 

embryos (ARF3K127E,d’), that fail to form a discernible cephalic region (white dashed circle). (e) 

Incidence of gross phenotypes at 24 hpf (mild and severe as compared to normal), n = 167, 152, 81, 

129 for not injected, ARF3WT, ARF3K127E and ARF3L12V/D67V, respectively. Data are plotted as a 

percentage of the embryos from five batches. Fisher's exact test in a 2×2 contingency table (severe 

vs. normal, ns= not significant, * p < 0.05, **** p < 0.0001**** p < 0.0001) is used to assess statistical 

significance.  
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Supplementary Figure 8. Overexpression of mutant ARF3K127E and ARF3L12V/D67V proteins 

reduces survival rate and induces altered phenotype following ~7.5 and 15 pg injection of 

mutant ARF3 mRNA. Phenotype is already observed by injecting ~7.5 pg of mutant ARF3 mRNA 

at 24 hpf. Incidence of the severe phenotype is higher in fish injected with ARF3K127E mRNA. n = 94, 

91, 99, 87 for not injected, ARF3WT, ARF3K127E and ARF3L12V;D67V, respectively (a). The overall 

tendency of the phenotype is to worsen over time (panel b, n = 77, 74, 68, 60 for not injected, 

 ARF3WT, ARF3K127 and ARF3L12V;D67V, respectively) and with increasing dose of injected mRNA (~15 

pg)  In panel c n = 53, 87, 52, 73 for not injected, ARF3WT, ARF3K127E and ARF3L12V;D67V, respectively). 

All data are plotted as a percentage of the embryos from two (a, b) and four (c) batches. Statistical 

differences are obtained by Fisher's exact test in a 2×2 contingency table (severe vs. normal; * p < 

0.05, ** p < 0.01, **** p < 0.0001; note that in panel E ARF3L12V;D67V vs. ARF3WT is not significant, with 

a   p = 0.054).  
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Supplementary Figure 9. Anterior brain volume at 48hpf is reduced in zebrafish expressing 

ARF3 K127E. (a-b) Representative confocal maximum intensity projections in z of the anterior brain 

(outlined by purple dashed line) of 48 hpf fish injected with ARF3WT (up) and ARF3K127E (bottom) 

embryo stained with antibodies against α-acetylated tubulin (green) or HuC/elav (magenta). On the 

upper right a close up of a more ventral domain around the optic chiasm. (c) Measurement of the 

anterior most brain volume at  48 hpf ARF3WT and ARF3K127E embryos from confocal Z-stacks of the 

brains stained as shown in a and b. Data are plotted as mean ± SEM. Unpaired Welch’s T-test is 

used to assess statistical significance (** p < 0.01), n = 5 and n = 6 of embryos for ARF3WT and 

ARF3K127E, respectively. 
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Supplementary Figure 10. Zebrafish expressing ARF3K127E exhibit a significantly reduced 

number of somites at 15 hpf. The total number of visible myoD+ somites on the left and right side 

of the embryos is plotted. Data points from the same individual harboring severe reduction or 

absence of the number of somites on one of the two sides of the paraxial mesoderm are matched in 

color. Data are plotted as mean ± SEM from two batches of embryos, n = 10. Statistical differences 

are obtained by Two-way ANOVA, with mixed-effects model analysis (2 categories: «Left and Right» 

and «genetic condition») and Dunnett's post hoc test (ARF3K127E left + right vs. ARF3WT left + right; 

*** p < 0.001). 
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Supplementary Figure 11. Comparison of the FASTA sequences available in the UniProt database 

and the PDB entry 3TJZ. The panel above aligns the amino acid sequence of ADP-ribosylation factor 3 

(ARF3) from Homo sapiens (identifier: P61204-1) and ADP-ribosylation factor 1 (ARF1) from 

Saccharomyces cerevisiae (3TJZ_1). The middle panel compares the amino acid sequence of Coatomer 

subunit gamma-1 (COPG1) from Homo sapiens (identifier: Q9Y678) and COPG1 from Bos taurus 

(3TJZ_2). The panel below confronts the amino acid sequence of Coatomer subunit zeta-1 (COPZ1) from 

Homo sapiens (identifier: P61923) and COPZ1 from Bos taurus (3TJZ_3). The red rectangles highlight the 

differences between the sequences and the green markings identify the beginning and end of the model 

based on the UniProt sequence and the 3TJZ PDB 3D structure. 
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