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Appendix Figure S1 - Partial deletion of the CCP1 gene (case J1). 
Narrowing of the intragenic breakpoint by PCR amplification of fragments corresponding to 
exonic sequences predicted to be inside (exons 12) and outside (exon 13) the deletion region. In 
agreement with array CGH results, amplification of the exon 12-related fragment failed in 
patient’s DNA while the exon 13-related product was detectable. Similar results were obtained 
for exons 10, 11 (inside the deletion region, no products) and 14 and 15 (outside the deletion 
region, products of the expected sizes) (data not shown). A β-actin primer set was used to ensure 
appropriate PCR set-up and sufficient template DNA quality and quantity. Con1-2: DNA 
samples from healthy, unrelated probands. 
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Appendix Figure S2 - Sanger validation and segregation analysis of CCP1 variants. 
Variants segregate with the disease consistent with autosomal recessive inheritance in the 
families. All affected probands carried biallelic variants. 
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Appendix Figure S3 - CCP1 levels in transfected cells. 
HEK293 cells were co-transfected with expression vectors encoding mouse wild-type and 
mutant CCP1-YFP and GFP (to control for transfection efficiency). After 7 hours, cells were 
treated with 5 µM MG132 proteasome inhibitor or vehicle (DMSO) for additional 17 hours. 
Protein extracts were subjected to western blotting and proteins were detected using primary 
antibodies as indicated. CCP1 mutants showed lower baseline protein levels which were 
normalized upon treatment with MG132. Residues Y686, T843, R910 and H982 of mouse CCP1 
align to residues Y694, T851, R918 and H990 of the human ortholog. 
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Appendix Figure S4 - Axon numbers in the saphenous nerve. 
Quantification of myelinated axons in the pure sensory femoral saphenous nerves of WT and pcd 
mice. Graphs: Mean ± SD, n = 3. P-value: Student's unpaired two-tailed t-test. 
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Appendix Table S1 - WES and data output. 

 Family A Family B Family C Family D Family E Family F Family G Family H Family I 

Enrichment 
Agilent Clinical 
Research Exome 

Agilent 
SureSelect50Mbv5 

Agilent 
SureSelectXTv4 

Illumina TruSeq 
Exome Enrichment 

Illumina Rapid 
Capture Enrichment

Agilent 
SureSelect50Mbv5 

Nextera Rapid 
Capture Exome v1.2

Illumina TruSeq 
Exome Enrichment 

Roche 
VCRome_v2.1 

Sequencing type 
Mother & affected 

proband WES 

Father & mother 
of affected 

proband WES3) 

Affected 
proband WES 

Father, mother, 
affected proband & 
healthy sibling WES

Affected 
proband WES 

Affected proband & 
affected sibling 

WES 

Affected 
proband WES 

Affected 
proband WES 

Father, mother & 
affected proband 

WES 

Platform Illumina HiSeq2000 Illumina HiSeq2000 
Illumina 

HiSeq2000 
Illumina 

HiSeq2000 
Illumina HiSeq4000 Illumina HiSeq2000 Illumina HiSeq4000 Illumina HiSeq4000 Illumina HiSeq2000 

Read alignment BWA-Mem (v0.7.8) BWA (v0.5.8) BWA (v0.5.8) NovoAlign BWA (v0.5.8) BWA (v0.5.8) BWA (v0.5.8) BWA (v0.5.8) 
Edico DRAGEN 
BioIT platform 

Variant calling 
SAMtools (v0.1.18) 
& GATK Haplotype 

Caller (v3.1.7) 
SAMtools (v0.1.7) GATK (v3.3) MPG GATK (v3.6) GATK (v3.3) GATK (v3.6) GATK (v3.3) 

Edico Dragen 
haplotype-based 
variant calling 

Criteria for 
variant exclusion 

Variants with MAF 
>.01 in 1000G, >.05 
in ExAC, >.005 in 
>80,000 internal 

exomes, genes with 
homozygous variants 

in >3 controls, or 
SNV quality <20 

HapMap SNPs with 
average hetero-
zygosity >.02 

(dbSNP135), variants 
with MAF >.0007 in 

>11,000 internal 
exomes, or SNV 

quality <30 

Variants with MAF 
>.05 in dbSNP137, 

>.01 in >2,000 
internal exomes, or 
missense variants 

with a PhyloP60way
score <3.5 

Variants with MAF 
>.005 in ExAC, 

ESP & 587 internal 
exomes, CADD 

score <20, or 
coverage <10 

Variants with MAF 
>.001 in ExAC & 
>5,000 internal 

exomes, or 
coverage <10 

Variants with MAF 
>.001 in ExAC & 
>5,000 internal 

exomes, or 
coverage <10 

Variants with MAF 
>.001 in ExAC & 
>5,000 internal 

exomes, or 
coverage <10 

Variants with MAF 
>.01 in ExAC, ESP 

3,000 internal 
exomes, or 

coverage <10 

Variants with MAF 
>.01 in ExAC 

Read depth1) 
 Mean 
 >10x 
 >20x 

 
158x 
97% 
95% 

 
130x/117x 
99%/99% 
98%/98% 

 
76x 
98% 
93% 

 
58x 
95% 
79% 

 
124x 
98% 
96% 

 
84x 
95% 
88% 

 
110x 
97% 
95% 

 
100x 
96% 
99% 

 
150x 
99% 
99% 

Number of identi-
fied variants2) 
 Putative biallelic 
 Putative de novo 
 Putative X-linked 

 
 
1 

Not available 
Not considered 

 
 

403) 
Not available 

Not considered 

 
 
2 

Not available 
Not considered 

 
 

2 
1 
1 

 
 

7 
Not available 

Not considered 

 
 
2 

Not available 
Not considered 

 
 
6 

Not available 
Not considered 

 
 

4 
Not available 

Not considered 

 
 

10 
2 
1 

 
1)Figures refer to proband’s sample except for family B where values are given in the format paternal sample/maternal sample. 
2)Frameshift, nonsense, splice site, missense, in-frame indel. 
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3)Quality of the DNA sample from the deceased proband B1 was not suitable for WES. Analysis of DNA samples from the parents yielded 40 
genes in which they both carried identical heterozygous variants. Eight variants were considered unlikely based on frequency in databases, low 
scores for conservation and bioinformatic predictions of pathogenicity, different or no phenotype in knockout mouse models, or known 
association to another, non-overlapping human disease. For the remaining 32 variants, we preformed Sanger sequencing using the proband’s 
DNA sample and found homozygosity for 10 variants while the remaining 22 variants were either heterozygous or absent. We did not consider 
genes in which the parents carried different heterozygous variants because we expected a homozygous disease-causing variant in the child due to 
known parental consanguinity. 
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Appendix Table S2 - Frequencies of disease-related CCP1 variants in control data sets. 

 gnomAD1) ESP2) 1000G3) HZM4) 

Number of samples 138,632 6,503 2,504 11,325 

c.988C>T;p.R330* 1 (3.23e-5) 0 0 0 

c.2080T>G;p.Y694D 0 0 0 0 

c.2336-1G>T;p.M780fs 0 0 0 0 

c.2362C>T;p.Q788* 0 0 0 0 

c.2395C>T;p.R799C 0 0 0 0 

c.2552C>T;p.T851M 0 0 0 1 (4.42e-5) 

c.2566C>T;p.Q856* 0 0 0 0 

c.2728C>T;p.R910C 0 0 0 0 

c.2736delC;p.Y912* 1 (4.12e-6) 0 0 0 

c.2752C>T;p.R918W 0 0 0 0 

c.2969A>T;p.H990L 0 0 0 0 

 
1)GnomAD: 123,136 exomes and 15,496 genomes from unrelated individuals sequenced as 
part of various disease-specific and population genetic studies contained in the Genome 
Aggregation Database (gnomAD) (Lek et al., 2016) 
2)ESP: Exomes from 6,503 individuals with heart, lung and blood disorders included in the 
NHLBI GO Exome Sequencing Project (ESP) (Fu et al., 2013) 
3)1000G: Genomes from 2,504 individuals who declared themselves to be healthy at the time 
the samples were collected (Sudmant et al., 2015) 
4)HZM: Exomes from 11,325 individuals with various genetic and acquired diseases 
contained in the WES repository of the Helmholtz Zentrum München (HZM) 
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Appendix Table S3 - Bioinformatic results for CCP1 amino acid substitutions. 

 c.2080T>G; 
p.Y694D 

c.2395C>T; 
p.R799C 

c.2552C>T; 
p.T851M 

c.2728C>T; 
p.R910C 

c.2752C>T; 
p.R918W 

c.2969A>T; 
p.H990L 

PROVEAN 
prediction (score)1) 

Deleterious 
(-7.84) 

Deleterious 
(-7.53) 

Deleterious 
(-5.43) 

Deleterious 
(-6.63) 

Deleterious 
(-7.14) 

Deleterious 
(-7.16) 

SIFT prediction 
(score)2) 

Damaging (0) Damaging (0) Damaging (0) Damaging (0) Damaging (0) Damaging (0)

PolyPhen-2 
prediction (score)3) 

Probably 
damaging (.99) 

Probably 
damaging (.99)

Probably 
damaging (1)

Probably 
damaging (.99)

Probably 
damaging (.99) 

Probably 
damaging (.95)

CADD prediction 
(phred-like score)4) 

Damaging 
(29) 

Damaging 
(35) 

Damaging 
(33) 

Damaging 
(35) 

Damaging 
(35) 

Damaging 
(33) 

LRT prediction 
(LRTnew score)5) 

Deleterious 
(1.00) 

Deleterious 
(1.00) 

Deleterious 
(1.00) 

Deleterious 
(1.00) 

Deleterious 
(1.00) 

Deleterious 
(1.00) 

SNAP2 prediction 
(score)6) 

Effect (85) Effect (52) Effect (65) Effect (64) Effect (95) Effect (31) 

MutationAssessor 
prediction (score)7) 

Medium (2.79) High (3.91) High (4.30) High (3.7) High (3.84) Medium (3.25)

VEST3 score8) .95 .98 .95 .95 .97 .98 

MutationTaster2 
prediction (score)9) 

Disease 
causing (.99) 

Disease 
causing (.99) 

Disease 
causing (.99) 

Disease 
causing (.99) 

Disease 
causing (.99) 

Disease 
causing (.99)

PMut prediction 
(score)10) 

Disease 
(.79) 

Disease 
(.89) 

Disease 
(.89) 

Disease 
(.87) 

Disease 
(.91) 

Disease 
(.87) 

GERP++ score11) 5.54 5.50 4.95 5.65 5.65 5.69 

PhastCons100way 
score12) 

1.00 1.00 1.00 1.00 1.00 1.00 

PhyloP100way 
score12) 

8.80 4.90 9.87 7.77 5.12 8.04 

 
1)PROVEAN (Choi et al., 2012) scores equal or below -2.50 are considered “deleterious”. 
2)SIFT (Kumar et al., 2009) scores <.05 are assigned the prediction “damaging”. 
3)PolyPhen-2 (Adzhubei et al., 2010) scores near 1 are most strongly predicting a “damaging” 
effect of an amino substitution. 
4)CADD (Kircher et al., 2014) phred-like rank scores above 15 (for a more conservative 
estimate: above 20) are considered “damaging”. 
5)Values for the LRTnew (Chun & Fay, 2009) score range from 0 to 1 with higher values 
indicating a variant is more likely to be “deleterious”. 
6)SNAP2 (Hecht et al., 2015) scores range from -100 strong neutral prediction to +100 strong 
effect prediction. 
7)MutationAssessor (Reva et al., 2011) scores range from -5.14 to 6.49 with higher scores 
indicating increasing likelihood of functional impact of a variant. Score cutoff between 
“neutral”, “low”, “medium” and “high” predictions are 0.8, 1.94 and 3.50. 
8)VEST3 (Carter et al., 2013) score ranges from 0 to 1. The larger the score the more likely 
the variant may cause functional change. 
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9)The probability value given by MutationTaster2 (Schwarz et al., 2010) is the probability of 
the prediction, i.e. a value close to 1 indicates a high “security” of the prediction. 
10)The PMut (López-Ferrando et al., 2017) classifier outputs a prediction score between 0 and 
1; mutations scoring from 0 to 0.5 are classified as “neutral”, and those scoring from 0.5 to 1 
are classified as “disease”. 
11)GERP++ (Davydov et al., 2010) estimates evolutionary constraint of specific positions in 
36 mammalian species. Scores range from -12.36 to 6.18 with higher scores indicating more 
conserved sites. 
12)PhastCons and PhyloP (Pollard et al., 2010) conservation scores are based on multiple 
alignments of 100 vertebrate genomes. Scores range from 0 to 1 for PhastCons and from -20 
to 9.87 for PhyloP with higher scores suggesting stronger conservation of the site. 
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Appendix Table S4 - Clinical findings in 13 individuals with biallelic CCP1 variants. 

 Family A Family B Family C Family D Family E Family F Family G Family H Family I Family J 

Consanguinity / 
ethnicity 

No / 
Caucasian 

Yes / Persian No / 
Caucasian 

No / 
Caucasian 

Yes / Egyptian Yes / Egyptian Yes / 
Egyptian 

Yes / Saudi 
Arab 

No / African 
American, 
Caucasian 

Yes / 
Caucasian 

Identified variants c.2336-1G>T, 
p.Y912* 

p.Q856* 
(hom.) 

p.Y694D, 
p.R918W 

p.T851M, 
p.H990L 

p.Q788* (hom.) p.R910C (hom.) p.R799C 
(hom.) 

p.R918W 
(hom.) 

p.R330*, 
p.Y912* 

Del exons   
1-12 (hom.) 

Individual A1 B1 C1 D1 E1 E2 E3 F1 F2 G1 H1 I1 J1 

Sex / age F / 2 y F / † 16 m F / 5 y M / 14 y M / † 8 m F / † 5 m M / † 4 m M / 8 y F / 5 y M / 8 y M / † 12 m F / 20 m F / † 7 m 

Pregnancy Normal Normal Normal Normal Normal Normal Fetal MRI: 
Abnormal cor-
pus callosum 

Normal Normal Bleeding in 
early preg-
nancy 

Normal Normal Normal 

Birth Normal C-section Normal C-section Normal C-section C-section Normal C-section Normal C-section C-section Normal 

Age of onset / first 
symptom 

2 m / 
hypotonia 

4 m / 
abnormal eye 
movements 

3 m / 
hypotonia 

Birth / 
hypotonia 

2 m / GDD, 
FTT 

2 m / GDD, 
FTT 

2 m / GDD, 
FTT 

20 m / 
hypotonia 

4 m / 
hypotonia 

3 m / 
hypotonia 

3 m / hypo- 
tonia, tongue 
fasciculations, 
weak cry 

6 m / eye 
movements 
abnormal, 
GDD 

3 m / upper 
limb tremor, 
weak suck 

Progressive disease 
course 

Worsening of 
head control 

Loss of head 
control 

Loss of rolling 
over 

Worsening of 
balance 

Yes Yes Yes Loss of 
crawling 

Yes Worsening of 
dystonia 

Yes Yes Yes 

Microcephaly Yes No Yes No Yes Yes Yes (-2.5 SD) No No Yes (-2.8 SD) Yes No Yes (-2.2 SD) 

Motor delay Profound Profound Profound Mild Profound Profound Profound Severe Severe Severe Profound Severe Profound 

Best motor ability / 
age when reached 

Knee flexion / 
6 m 

Neck flexion / 
4 m 

Rolling over / 
n.a. 

Walking / 
14 m 

No motor 
development 

No motor 
development 

No motor 
development 

Crawling / 
12 m 

Neck flexion / 
4 m 

Standing with 
support 

No motor 
development 

Rolling over / 
8 m 

No motor 
development 

Cognitive delay, 
mental retardation 

No speech No speech No speech Autism, learn-
ing disability 

No visual 
recognition 

No visual 
recognition 

No visual 
recognition 

Severe Severe No speech No visual 
recognition 

No speech Profound 

Eye movement 
abnormalities 

Strabismus, 
slow saccades

Strabismus Strabismus Upgaze palsy, 
slow saccades

Strabismus No Strabismus No Upgaze palsy Strabismus, 
nystagmus 

Strabismus Strabismus, 
nystagmus 

Nystagmus 

Hypotonia Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Muscle weakness Tetraplegia Tetraparesis Tetraparesis Lower limb Yes Yes Yes Yes Yes Yes Tetraplegia No Tetraparesis 

Muscle wasting Yes Yes No No No No No Yes Yes Yes No No Yes 

Fasciculations Tongue Tongue No No No No No No No No Tongue No Tongue 

Tendon reflexes 0 0 3+ 3+ 0 0 0 3+ 3+ 3+ 0 2+ 0 

 
(continued on next page) 
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Appendix Table S4 - Clinical findings in 13 individuals with biallelic CCP1 variants. (continued from previous page). 

 Family A Family B Family C Family D Family E Family F Family G Family H Family I Family J 

Individual A1 B1 C1 D1 E1 E2 E3 F1 F2 G1 H1 I1 J1 

Ataxia n.e. n.e. n.e. Yes n.e. n.e. n.e. Yes Yes Yes n.e. Yes n.e. 

Dystonia No No Yes No No No No Yes Yes Yes No No No 

Spasticity No No Lower limb Lower limb No No No Yes Yes Yes No Yes No 

Respiratory 
insufficiency 

Tracheostomy, 
nightly BIPAP

Yes No No No No No No No No Yes No Yes 

Feeding difficulties Gastrostomy Yes Gastrostomy No FTT FTT FTT No No No No Yes Yes 

Retina degeneration No No n.d. No No No No No No No n.d. No n.d. 

Brain MRI Cerebellar 
atrophy, dys-
plastic corpus 
callosum 

Cerebellar 
atrophy, dys-
plastic corpus 
callosum 

Cerebellar 
atrophy 

Cerebellar 
atrophy 

Cerebellar 
atrophy, dys-
plastic corpus 
callosum 

Cerebellar 
atrophy, dys-
plastic corpus 
callosum 

Cerebellar 
atrophy, dys-
plastic corpus 
callosum 

Cerebellar 
atrophy 

Cerebellar 
atrophy 

Cerebellar 
atrophy 

Cerebellar 
atrophy, 
global brain 
atrophy 

Cerebellar 
atrophy 

Cerebellar 
atrophy, hypo-
plastic corpus 
callosum, 
small pons 

Nerve conduction 
studies 

Axonal 
motor 
neuropathy 

Axonal 
motor 
neuropathy 

Normal Axonal motor 
predominant 
neuropathy 

n.d. n.d. n.d. n.d. n.d. n.d. Motor 
neuropathy 

n.d. Axonal 
motor 
neuropathy 

Electromyography Denervation Denervation, 
marked neu-
rogenic re-
organization 

Normal Mild neuro-
genic pattern 

n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.d.  Denervation 

Muscle ultrasound Hyperechoic, 
atrophy 

n.d. n.d. Hyperechoic, 
atrophy 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.  n.d. 

Muscle biopsy n.d. Denervation 
atrophy, type 
1 fibre pre-
dominance 

Mild type 1 
fibre pre-
dominance 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. Denervation 
atrophy 

n.d.  n.d. 

 
† = Deceased; BIPAP = Biphasic positive airway pressure ventilation; F = Female; FTT = Failure to thrive; GDD = Global developmental delay; 
hom. = Homozygous; M = Male; m = Months; MRI = Magnetic resonance imaging; n.a. = Not available; n.d. = Not done; n.e.= Not examinable 
(due to severe weakness); SD = Standard deviation; y = Years; Deep tendon reflexes: 0 = Absent, 1+ = Diminished, 2+ = Normal, 3+ = Brisk, 4+ 
= Hyperactive and clonus 
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