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Abstract

A set of glutamylases and deglutamylases controls levels of tubulin
polyglutamylation, a prominent post-translational modification of
neuronal microtubules. Defective tubulin polyglutamylation was
first linked to neurodegeneration in the Purkinje cell degeneration
(pcd) mouse, which lacks deglutamylase CCP1, displays massive
cerebellar atrophy, and accumulates abnormally glutamylated
tubulin in degenerating neurons. We found biallelic rare and
damaging variants in the gene encoding CCP1 in 13 individuals
with infantile-onset neurodegeneration and confirmed the absence
of functional CCP1 along with dysregulated tubulin polyglutamyla-
tion. The human disease mainly affected the cerebellum, spinal
motor neurons, and peripheral nerves. We also demonstrate previ-
ously unrecognized peripheral nerve and spinal motor neuron
degeneration in pcd mice, which thus recapitulated key features of
the human disease. Our findings link human neurodegeneration to
tubulin polyglutamylation, entailing this post-translational modifi-
cation as a potential target for drug development for neurodegen-
erative disorders.
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Introduction

The microtubule cytoskeleton is a key player in neuronal develop-
ment, connectivity, plasticity, and function through regulating
neuronal morphology (Liu & Dwyer, 2014), establishing and main-
taining neuronal polarity (Craig & Banker, 1994), transporting
cargo (Franker & Hoogenraad, 2013), and controlling signaling
events (Dent & Baas, 2014). Dysfunctions of microtubules can lead
to neurodevelopmental disorders and neurodegeneration, caused
by aberrations of either tubulins (Jaglin & Chelly, 2009), the build-
ing blocks of microtubules, or microtubule-associated proteins
(Kielar et al, 2014; Wang et al, 2014). Tubulins undergo extensive
posttranslational modifications (PTMs) including acetylation,
phosphorylation, polyglycylation, detyrosination, deglutamylation,
and polyglutamylation, which have been proposed to generate a
“tubulin code”, a signaling mechanism that controls microtubule
functions in cells (Gadadhar et al, 2017). Since some tubulin PTMs
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are particularly enriched in neurons (Janke & Kneussel, 2010),
these modifications represent promising candidate mechanisms for
neurodegenerative disorders. This hypothesis is supported by stud-
ies in mice linking tubulin acetylation (Dompierre et al, 2007;
Outeiro et al, 2007) and polyglutamylation (Rogowski et al, 2010)
to neurodegeneration, as well as observations of altered tubulin
PTMs in diseased human brains (Zhang et al, 2015; Vu et al,
2017).

Tubulin PTMs are brought about by different specific enzymes
(Gadadhar et al, 2017). One example is cytosolic carboxypeptidase 1
(CCP1; Kalinina et al, 2007; Rodriguez de la Vega et al, 2007) that
removes glutamate residues from the carboxy-termini of peptide
chains (Rogowski et al, 2010; Berezniuk et al, 2012). With this
specificity, CCP1 catalyzes two major types of tubulin PTMs: the
removal of gene-encoded, C-terminal glutamate residues, which
converts detyrosinated o-tubulin into A2- and A3-a-tubulin (Rogowski
et al, 2010; Aillaud et al, 2016), and the shortening of polyglutamate
side chains (Rogowski et al, 2010; Berezniuk et al, 2012), which are
posttranslationally added by polyglutamylases (Edde et al, 1990).
Direct evidence for a critical role of CCP1 in the mammalian nervous
system has been obtained in mice: The Purkinje cell degeneration
(pcd) mouse lacks functional CCP1 (Fernandez-Gonzalez et al, 2002)
and displays massive cerebellar atrophy and ataxic behavior (Mullen
et al, 1976). However, no human disease has so far been linked to
CCP1 and the PTMs it mediates.

Here, we identify 13 patients from ten unrelated families with
damaging biallelic variants in the gene encoding CCP1 and affected
by infantile-onset, progressive and frequently fatal neurodegenera-
tion of the central and peripheral nervous systems.

Results
Identification of disease-associated CCP1 variants

Whole-exome sequencing (WES, Appendix Table S1) and array
comparative genomic hybridization (array CGH) on ten families
with genetically unresolved childhood-onset neurodegeneration
(Fig 1A) identified biallelic variants in the gene encoding CCP1 as
a potential underlying cause [RefSeq NM_001330701 (mRNA) and
NP_001317630 (protein), also known as ATP/GTP-binding protein
1 (AGTPBP1) or nervous system nuclear protein induced by
axotomy 1 (NNA1; Harris et al, 2000)]. We report six different
loss-of-function variants, including one genomic deletion removing
part of the gene but no other RefSeq sequence (Fig 1B,
Appendix Fig S1) and one canonical splice site change resulting in
the utilization of a cryptic splice site and disruption of the open
reading frame (Fig 1C), as well as six distinct missense variants
predicted to alter a single amino acid (Fig 1D). Variants segregated
in accordance with autosomal recessive inheritance of the disease
(Appendix Fig S2) and were absent or extremely rare (allele
frequency below 0.00005) in databases on human genetic variation
(Appendix Table S2). The Genome Aggregation Database
(gnomAD) spanning exomes of 123,136 unrelated individuals (Lek
et al, 2016) contained 98 CCPI variants annotated as loss-of-func-
tion or missense with a predicted functional impact (according
to PolyPhen-2; Adzhubei et al, 2010) at least as deleterious
as the mildest missense variant found in affected patients
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(Appendix Table S3). The probability of observing a homozygous
or compound heterozygous genotype if an individual’s alleles were
randomly sampled from gnomAD is extremely low (P = 3.08e-6).
Our WES repositories contained eight biallelic CCP1 genotypes
among 36,189 individuals with neurological disease which is
exceptional (P = 5.39e-13) even after a Bonferroni correction to
account for the fact that CCPI is only one of about 20,000 genes
screened (P = 1.08e-8).

Biallelic CCP1 variants cause early-onset
neurodegenerative phenotypes

The clinical presentations and characteristics of 13 affected indi-
viduals are summarized in Appendix Table S4. Patients generally
presented with muscular hypotonia, global developmental delays,
and cerebellar atrophy on brain imaging (Fig 2A) from early
infancy, followed by progressive worsening of neurological func-
tion and a fatal course in six individuals. Five individuals who
underwent nerve conduction studies, electromyography, muscle
ultrasound, or muscle histology had signs of peripheral nerve and
spinal motor neuron degeneration (Fig 2B and C), which were also
suggested clinically in five further individuals due to muscle atro-
phy or absent deep tendon reflexes. Additional constantly
observed features were microcephaly, eye movement abnormali-
ties, feeding difficulties, ataxia, spasticity, and dystonia. We recog-
nized two phenotypic extremes, critically ill infants (Al, B1, EI,
E2, E3, H1, J1) with profound impairment of motor and cognitive
development as opposed to one 14-year-old individual (D1) with a
spastic-ataxic movement disorder and only mild intellectual
disability. Other individuals (C1, F1, F2, G1, I1) represented an
intermediate phenotype with longer survival, but still severe devel-
opmental delays and progressive neurological deficits resulting in
significant disability. Patients with fatal and severe forms of the
disease usually had biallelic protein-truncating (nonsense, frame-
shift, splice, exon-deletion) variants (except for H1) while those
with milder phenotypes tended to have biallelic missense variants
(with the exception of I1). No facial dysmorphisms and no
involvement of organs other than the nervous system were docu-
mented in our case series. A synopsis of the relative frequencies
of symptoms and signs of the CCPl-related human disease is
provided in Fig 2D.

Disease-associated variants lead to the absence of functional CCP1

As expected, nonsense, frameshift, and splice variants behaved like
null alleles by completely abolishing expression of functional CCP1
(individuals Al and Bl in Fig 3A), presumably either through
nonsense-mediated mRNA decay or early protein truncation. The
genomic deletion (individual J1) removes upstream regulatory regions
and the initiation codon (Fig 1B and D) and is predicted to result in
no mRNA production or an N-terminally truncated protein if an
alternative promoter and transcription and translation initiation
sites were used. Consistent with the absence of CCP1, poly-
glutamylated tubulin, generated by the continuous activity of
polyglutamylases, appeared to accumulate in a diagnostic skeletal
muscle biopsy specimen obtained from one of the patients (individual
B1) with biallelic loss-of-function variants (Fig 3B). Missense variants
clustered in or close to known functionally relevant domains of CCP1

© 2018 The Authors
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Figure 1. Identification of individuals with CCP1 deficiency.

A Pedigrees of ten families with affected individuals carrying biallelic variants identified by WES or array CGH.
B Array CGH ratio profile of chromosome 9 from patient J1. Left: chromosome 9 ideogram with the log2ratios of probes plotted as a function of chromosomal position.
Right: zoomed-in region of interest containing the presumed homozygous deletion encompassing the N-terminal exons of the CCPI gene. Arrows point in the

direction of transcription.

C Characterization of the splice acceptor site variant in family A. At the mRNA level, the intron 17 variant c.2336-1G >T resulted in activation of a cryptic splice site,
removing 29 nt from the mRNA causing a frameshift (p.M780fs) of the CCP1 open reading frame.

D Schematic representation of the mRNA (exons 1-26), the encoded CCP1 protein, and positions of disease-associated variants. Arrowhead: ATG start codon, asterisk:
stop codon. Peptidase: carboxypeptidase domain, N-term: conserved N-terminal domain, red bars: localizations of residues required for CCP1 substrate binding and

catalytic activity.

(Kalinina et al, 2007; Fig 1D), affected residues that are highly
conserved through evolution (Fig 3C), and probably had deleterious
effects on the protein as predicted by computational structural analy-
ses (Fig 3D) and 13/13 in silico algorithms (Appendix Table S3).
Whenever tested, missense variants were associated with strongly
reduced but still measurable amounts of CCP1 protein (individual D1
in Fig 3A and mutant-transfected cells in Fig 3E). Levels of CCP1
missense mutants increased substantially after proteasome inhibition
(Appendix Fig S3), again indicating that the variants may destabilize
the protein structure, resulting in misfolded proteins susceptible to
proteolysis. In further agreement with a loss-of-function disease mech-
anism, patient-derived missense mutants appeared to have lost their
catalytic activity as they could not generate detectable levels of
A2-tubulin when overexpressed in cells (Fig 3F).

© 2018 The Authors

A CCP1-deficient mouse model recapitulates key features of the
human disease

Mice with inactivating variants in the gene for CCP1 (pcd)
(Fernandez-Gonzalez et al, 2002) display cerebellar degeneration
(Mullen et al, 1976) and dysregulated tubulin polyglutamylation
(Rogowski et al, 2010), paralleling cerebellar atrophy in affected
humans (Fig 2A) and accumulation of polyglutamylated tubulin in
patient-derived biomaterial (Fig 3B). However, peripheral nerve and
spinal motor neuron involvement had not been reported in pcd mice
despite the fact that CCP1 seems to be required for motor neuron
function (Harris et al, 2000; Zhao et al, 2012) and is robustly
expressed in peripheral nerve (Fig 4A and B) and spinal cord
(Fig 4A and C). We therefore reinvestigated the pcd mouse model,
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Figure 2. Clinical presentation of patients with CCP1-associated neurodegeneration.

A Cerebellar atrophy (severe: A1, B1, C1, D1, G1, H1, I1; moderate: E2, F2, J1) and corpus callosum dysplasia (A1, B1, E2, J1). Magnetic resonance scans, T1w except where
indicated. Con1-2: non-disease controls. Age at examination is given in months (m) or years (y).

B Chronic denervation with group fiber atrophy, interspersed hypertrophic fibers and fatty replacement (hematoxylin—eosin staining, left), and type 1 fiber
predominance (fast myosin heavy-chain staining, right). M. quadriceps biopsies at age 5 (B1) and 7 months (H1). Con: non-disease control. Scale bar, 50 pum.

C Chronic denervation indicated by atrophy and increased echogenicity with granular and streaky pattern. M. rectus femoris (rf) ultrasound at age 14 years (D1). Con:

healthy individual. Scf: subcutaneous fat, fe: femur.

D Relative frequencies of signs and symptoms of CCP1-associated neurodegeneration based on 13 affected individuals. For details, see Appendix Table S4.

confirmed brain pathology and abnormal tubulin PTMs (Fig 5A and
B), but also noticed additional overt peripheral nerve degeneration
in mutant mice. Analysis of wild-type and pcd motoric femoral
quadriceps nerves revealed reduced total nerve calibers (Fig 5C), an
about 20-25% loss of myelinated axons (Fig 5D), perturbed axon
morphology (Fig 5E), and concomitant macrophage activation
(Fig 5F), indicating an ongoing degenerative process. The sensory
saphenous nerve appeared normal in terms of total nerve calibers
and numbers of axons (Appendix Fig S4), suggesting that the
neuropathy in mice was pure motor or motor predominant, closely
resembling the findings in human patients. Motor axon degenera-
tion in pcd nerves indicated that the corresponding motor neuron
cell bodies in the spinal cord could also be affected. Indeed, quan-
tification of motor neurons in the ventral horns on consecutive
sections of lumbar spinal cords revealed an approximately 50%
reduction in the number of motor neurons in pcd mice (Fig 5G),
accompanied by dysregulated tubulin polyglutamylation (Fig SH).

Discussion

In this study, we have shown that rare biallelic variants in the gene
encoding the protein deglutamylase CCP1 cause degeneration of the
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central and peripheral nervous systems in humans. The salient
features in affected individuals were infantile onset of developmen-
tal delays, progressive, often fatal neurological decline, cerebellar
atrophy, and motor neuropathy. We noted that patients with
protein-truncating variants usually had more severe disease while
those with missense variants tended to have milder phenotypes.
While this observation is intriguing, it is probably too early to claim
any definitive genotype-phenotype correlations as the number of
reported cases is still small. Moreover, we did not find a molecular
correlate as both, protein-truncating and missense changes, were
uniformly associated with the absence or low expression of catalyti-
cally dead CCP1.

The pcd mouse recapitulates key features of the human disease,
including the absence of functional CCP1, abnormal tubulin poly-
glutamylation, cerebellar atrophy, and a previously unrecognized
involvement of spinal motor neurons and peripheral nerves.
However, the onset seems later in mice, and we could not yet obtain
direct evidence for Purkinje cell degeneration in human patients as
no postmortem examinations were conducted. Moreover, the char-
acteristic retinal degeneration of the pcd mice (LaVail et al, 1982)
has not been documented in affected humans; the eye movement
abnormalities in the humans are likely to be the result of muscle
weakness and cerebellar dysfunction, with no known evidence of

© 2018 The Authors
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Figure 3. Molecular consequences of disease-related CCP1 variants.

A Absent (A1, B1) or low-level CCP1 (D1) in patient-derived skin fibroblasts. Con1-2: healthy donors. No signal in pcd brain and a higher-molecular-weight band in
CCP1-YFP-expressing cells demonstrated specificity of the CCP1 antibody. Graphs: mean + SD, n = 3. P-values: one-way ANOVA, Tukey post-test.

B Excess tubulin polyglutamylation in CCP1-deficient human skeletal muscle (M. quadriceps). B1: individual B1, Con1-7: non-disease controls. Poly-E: polyglutamylated
tubulin generated through the activity of polyglutamylases. Presence of CCP1 in human muscle was confirmed using the anti-CCP1 antibody.

C Alignments of partial sequences of CCP1 from multiple species. Arrows: positions of CCP1 missense mutations observed in patients. Residues printed in red are
required for enzymatic activity. Human (H. sapiens): NP_001317630, mouse (M. musculus): NP_075817, chicken (G. gallus): NP_001292036, frog (X. laevis):
XP_018099357, fish (D. rerio): NP_001019616, worm (C. elegans): NP_491674, insect (A. mellifera): XP_006571511, and protozoa (T. brucei): XP_011778470.

D Possible effects of missense mutants on a predicted 3D structure of human CCP1 (based on 4b6z). Green stick models: mutated residues, sphere models: zinc ion
(magenta) and acetate ion (substrate mimic, yellow), and dashed yellow lines: hydrogen (H) bonds. R799 points toward the protein core where it is engaged in H-
bonds. The p.R799C mutation is predicted to abolish H-bond formation, which may destabilize the overall protein structure. The p.T851M mutation alters a conserved
P-F/Y-S/T motif that is required for the folding of the N-terminal domain in 4b6z. The larger and more hydrophobic methionine could impair stability of the
immediate environment and thus interfere with protein folding. R910 resides in an outwardly projecting loop. Loss of R910 H-bonds due to the p.R910C mutation
may destabilize the loop region. The p.R918W substitution affects a loop containing residues (H920, E923) coordinating the zinc ion in the active site. The bulkier
tryptophan may cause steric clashes (red), disrupting the shape of the active site. The p.H990L substitution affects a residue that contributes to a network of H-bonds,
possibly important for maintaining the structure of the close-by active site (acetate ion).

E Low levels of missense-mutant CCP1 in HEK293 cells transfected with expression vectors for mouse wild-type and mutant CCP1-YFP. Residues Y686, T843, R910, and
H982 align to human Y694, T851, R918, and H990. Graphs: mean =+ SD, n = 3. P-values: one-way ANOVA, Tukey post-test.

F Impaired deglutamylase activity of overexpressed CCP1 missense mutants in HEK293 cells. Inactive: catalytically dead p.H912S + E915Q13. A2-tub: A2-a-tubulin
generated through CCP1-mediated removal of the gene-encoded C-terminal glutamate residue from a-tubulin.

retinal degeneration. This may indicate species differences and other
deglutamylating enzymes may counterbalance the loss of CCP1
function in photoreceptors. It has indeed been shown that another
deglutamylase, CCP5, is essential for photoreceptors in the human
retina as CCPS deficiency has been linked to retinitis pigmentosa
(Kastner et al, 2015).

While the CCP1-associated human disease reported here repre-
sents a rare monogenic condition, dysregulation of tubulin

© 2018 The Authors

polyglutamylation could also be involved in other neurodegenera-
tive disorders. In a manuscript appearing in the same issue of
this journal, Magiera and colleagues recognized neurodegenera-
tion as a general response to impaired tubulin deglutamylation in
mice with global ablation of neuronal deglutamylases activity
(Magiera et al, 2018). In their manuscript, Magiera et al
pinpointed a potential disease mechanism in tubulin deglutamy-
lase-deficient neurons: They observed disturbed axonal transport,
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which is a common theme in age-related neurodegenerative
conditions (Millecamps & Julien, 2013). It is tempting to speculate
that dysregulation of tubulin glutamylation could be a so-far
unrecognized risk factor that accelerates neuronal death in
conjunction with other influences over the long life span of
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Figure 5. Extended phenotype of CCP1 ablation in mice.

A

m o 0O ®

Cerebellar atrophy in pcd mice. Nissl staining of mid-sagittal sections of cerebella at P150, displaying massively reduced size of the cerebellar vermis in pcd mice
relative to wild type (WT). Scale bar, 500 pm.

Excess tubulin polyglutamylation (poly-E) and decreased A2-tubulin (A2-tub) generation in pcd cerebellum. WT: wild type.

Reduction in nerve diameter and numbers of myelinated fibers in pcd mice. Cross sections of femoral quadriceps nerves, toluidine blue staining, scale bar, 50 pum.
Quantification of myelinated axons in the femoral quadriceps nerves of WT and pcd mice. Graphs: mean + SD, n = 3. P-value: Student’s unpaired two-tailed t-test.
Disorganized axoplasm (middle), reduced axon diameter with preserved myelin profile and contorted myelin devoid of an axon (right). Left: normal myelinated axons
(WT mouse). Cross sections of femoral quadriceps nerves, electron microscopy, scale bar, 2 um.

Activated endoneurial macrophages in pcd mice. CD68 immunostaining (macrophage marker, left and middle image) and electron microscopy (rounded macrophages
containing axonal fragments and myelin debris, right image). Scale bars, 20 um (left and middle image), 2 um (right image).

Reduction in the number of motor neurons (large cells in the lower right corners) in ventral horns of pcd spinal cord. Transverse sections, Niss| staining, scale bar,
100 pm. Graphs: mean =+ SD, n = 3. P-values: Student’s unpaired two-tailed t-test.

Excess tubulin polyglutamylation (poly-E) and decreased A2-tubulin (A2-tub) generation in pcd spinal cord. WT: wild type.
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humans, ultimately contributing to common, usually sporadic
late-onset neurodegeneration. Indeed, first indications for such
links have recently emerged when altered tubulin PTMs were
detected in brain tissue of probands with Alzheimer’s disease
(Zhang et al, 2015; Vu et al, 2017).

Finally, the discovery of CCP1 deficiency as a cause of human
neurodegeneration also entails a promising perspective that these
disorders could become therapeutically accessible. Notably, Purk-
inje cell degeneration in pcd mice can be halted by counterbalancing
tubulin glutamylation by genetic approaches (Rogowski et al, 2010;
Berezniuk et al, 2012; Magiera et al, 2018). Since PTMs and their
modifying enzymes are accessible targets for drug development
(Huq & Wei, 2007), agents specifically modulating levels of tubulin
polyglutamylation will probably soon become available. They could
then be directly tested in already existing, relevant mouse models to
explore their potential to treat often disabling and fatal neurodegen-
erative disorders.

Materials and Methods
Clinical studies and biomaterials

Study procedures were consistent with the policies of local institu-
tional review boards at the Duke University, LMU Munich, Radboud
University, National Institute of Neurological Disorders and Stroke,
the University of California San Diego, King Saud bin Abdulaziz
University for Health Sciences, Baylor College of Medicine, and Isti-
tuto Giannina Gaslini. Written informed consent was obtained from
all study participants or their legal guardians. All experiments
involving human samples and data conformed to the principles set
out in the World Medical Association’s Declaration of Helsinki and
the Department of Health and Human Services Belmont Report.
Probands were recruited after being seen in clinic by authors. If
appropriate, further family members were invited to participate in
the study. All examinations and diagnostic procedures were
performed by experienced neurologists, pediatricians, child neurolo-
gists, and clinical geneticists. Primary human skin fibroblasts from
individuals A1, B1, and D1 and tissue of a muscle biopsy from indi-
vidual Bl were leftovers from routine diagnostic procedures
performed in the past. Control samples were derived from healthy
individuals or individuals with unrelated diseases and were
obtained through the biobanks of the Friedrich-Baur-Institute
(Munich Tissue Culture collection) and the National Institute of
Neurological Disorders and Stroke.

Reagents

If not stated otherwise, reagents were purchased from Sigma-
Aldrich.

DNA sequencing

Details of WES procedures and data analysis employed by the seven
independent teams at the Duke University, LMU Munich, Radboud
University, National Institute of Neurological Disorders and Stroke,
the University of California San Diego, King Saud bin Abdulaziz
University for Health Sciences, and Baylor College of Medicine are
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given in Appendix Table S1. For validation of WES results and
segregation studies, DNA sequences containing variants of interest
were PCR-amplified using oligonucleotide primer pairs which were
designed based on the Human Genome Browser genomic sequence
(GRCh37/hg19). Oligonucleotide primer sequences and PCR condi-
tions are available upon request. Sequences of purified PCR prod-
ucts were determined by automated fluorescent cycle sequencing
and capillary electrophoresis using ABI BigDye chemistry (Applied
Biosystems) and ABI instruments (Applied Biosystems). Chro-
matograms were aligned to the reference genome sequence, and
variants were detected by visual inspection.

Comparative genomic hybridization (CGH) and fluorescence
in situ hybridization (FISH)

The team at the Istituto Giannina Gaslini identified a homozygous
genomic deletion in a further family, family J, by using array CGH.
DNA from patient J1 and her parents was analyzed with the Agilent
SurePrint G3 Human CGH 8 x 60 K Microarray Kit (Agilent Tech-
nologies) according to the manufacturer’s instructions. Data were
evaluated using Cytogenomics software (Agilent Technologies) with
genome coordinates according to human genome build GRCh37/
hg19 and the following analysis settings: aberration algorithm ADM-
2; threshold 6.0; window size 0.2 Mb; filter 4 probes, and
DLRS < 0.25. FISH with BAC clone RP11-30E21, selected from the
human library RPCI-11 according to human genome build GRCh37/
hgl9, and a 9p subtelomere probe (Cytocell) was used for confirma-
tion of a putative genomic deletion encompassing exons encoding
the N-terminus of CCP1. To further characterize this variant, we
performed PCR for fragments corresponding to exonic sequences
located near the presumed deletion breakpoint (exons 10, 11, 12,
13, 14, and 15; transcript NM_001330701) with DNA samples from
the proband, her parents, and healthy control individuals. Because
the deletion variant was homozygous in the patient according to
array CGH and FISH experiments, we expected consistent failure of
PCR amplification of fragments contained within the deletion region
when using patient’s DNA as template. A B-actin primer set was
used to ensure appropriate PCR set-up and sufficient template DNA
quality and quantity. The primer sequences and PCR conditions are
available upon request. Correct amplification of target sequences
was verified by Sanger sequencing of PCR products as described
above (see “DNA sequencing”).

Genomic matchmaking

After identification of CCP1 variants, research teams posted the gene
name in GeneMatcher (Sobreira et al, 2015), a service that enables
contact between researchers who are interested in the same gene,
and got connected through the platform.

Allele frequencies in case and control subjects

For allele frequencies of disease-related CCPI variants in several
control data sets, see Appendix Table S2. We found 98 CCP1I alleles
in gnomAD (Lek et al, 2016) with loss-of-function annotation or
representing missense variants with a predicted functional impact
at least as deleterious as the least deleterious variant observed
in our families (missense p.H990L; PolyPhen-2 score 0.95;
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Appendix Table S3). Assuming linkage equilibrium, which seems
adequate as these variants are extremely rare, the probability of
finding an individual with homozygous or compound heterozygous
genotypes comprised of these variants is given by

({10 -)

k=1

where fi is the frequency of the k™ variant in the set of 98
gnomAD variants. This probability was then used to compute the
probability of observing at least eight individuals with such geno-
types in 36,189 cases with neurological disease in WES repositories
across seven investigative groups, using the tail of a binomial
distribution.

RT-PCR of whole-blood mRNA

Total RNA of individual A1 was isolated from a whole-blood sample
using the PAXgene Blood RNA System according to the manufac-
turer’s instructions (PreAnalytix). Total RNA (1 pg) was then
subjected to DNase I treatment and subsequently reverse transcribed
with the Omniscript Kit (Qiagen) containing a 1-to-1 mixture of
random hexamers and oligo-dT primers. The PCR was performed
using the Maxima Hot Start Green mix (Thermo Fisher Scientific) with
4 ul of the first-strand cDNA and primers to amplify the region of the
CCP1 transcript encompassing exon 16 to exon 20. The primer
sequences and PCR conditions are available upon request. PCR prod-
ucts were electrophoresed on agarose gels; individual fragments were
purified using QIA quick gel extraction kit (Qiagen) and analyzed by
Sanger sequencing as described above (see “DNA sequencing”).

In silico protein analysis

We used PROVEAN (Choi et al, 2012), SIFT (Kumar et al, 2009),
PolyPhen-2 (Adzhubei et al, 2010), CADD (Kircher et al, 2014),
LRT,ew (Chun & Fay, 2009), SNAP2 (Hecht et al, 2015), Muta-
tionAssessor (Reva et al, 2011), VEST3 (Carter et al, 2013), Muta-
tionTaster2 (Schwarz et al, 2010), PMut (Lopez-Ferrando et al,
2017), GERP++ (Davydov et al, 2010), PhastCons, and PhyloP
(Pollard et al, 2010) to analyze the effects of amino acid substitu-
tions on CCP1. We gathered sequences for homologs to human
CCP1 (NP_001317630) by running PSI-BLAST with default settings
against the NCBI non-redundant database and created a multiple
sequence alignment using ClustalW with default settings. For
computational structural analysis of missense mutants, 3D models
of human wild-type and mutant CCP1 were predicted using the
RaptorX server (Kallberg et al, 2014) and Burkholderia cenocepacia
metallocarboxypeptidase (PDB entry 4b6z) (Rimsa et al, 2014) as
template. Models were visualized, and effects of mutations were
inspected using PyMOL (https://pymol.org).

Cloning of expression constructs

A mammalian expression construct containing wild-type mouse
CCP1 cDNA (NM_023328) subcloned into pcDNA 3.1-eYFP (with
N-terminal located YFP) and the same construct but coding for a
double mutation p.H912S + E915Q producing enzymatically inac-
tive CCP1 have been published previously (Rogowski et al, 2010).
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Disease-associated missense mutants were generated by overlap
extension PCR (Ho et al, 1989) using the wild-type construct as
template and outer primers yielding PCR products containing
unique restriction endonuclease sites of the CCP1 open reading
frame (one 5’ and one 3’ of the site of the mutation). The primer
sequences and PCR conditions are available upon request. PCR
products were digested with EcoRV and Sacll for generation of
p.Y686D or BamHI and Sacll (all from New England Biolabs) for
generation of p.T843M, p.R910W, and p.H982L. After gel purifica-
tion, fragments were subcloned into the corresponding restriction
sites of the wild-type CCP1 construct. For each construct,
sequences were verified by Sanger sequencing as described above
(see “DNA sequencing”). Amino acids Y686, T843, R910, and
H982 of mouse CCP1 correspond to Y694, T851, R918, and H990
of human CCP1.

Expression levels of wild-type and disease-mutant CCP1

Primary human skin fibroblasts (from individuals Al, B1, and D1
and non-disease controls) and HEK293 cells were cultured in
DMEM containing 10% FCS, 2 mM L-glutamine, 40 U/ml peni-
cillin, and 0.04 mg/ml streptomycin (all from Life Technologies).
HEK293 cells were co-transfected with YFP-tagged mouse CCP1
expression constructs and a GFP expression plasmid (to control for
transfection efficiency) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. To explore a poten-
tial effect of proteasomal degradation on CCP1 turnover, parallel
HEK293 cultures were treated with 5 uM MG132 or vehicle only
(DMSO). Subconfluent cells were collected and lysed in lysis buffer
(1% SDS, 10 mM Tris (pH 7.4)). Deep-frozen human skeletal
muscle biopsy specimens (M. quadriceps) from individual B1 and
controls were homogenized with a rotor—stator homogenizer in 10
mM Tris, pH 7.4 containing 1% SDS. Proteins from cell extracts
and tissue samples were resolved by SDS-PAGE and blotted onto
nitrocellulose membranes. Immunoblots were developed by incu-
bation with rabbit anti-CCP1 (Proteintech #14067-1-AP, 1:1,500;
for fibroblast and muscle tissue samples), rabbit anti-GFP (Abcam
#ab6556, 1:2,500 or Torrey Pines Biolabs #TP401, 1:5,000; for
HEK293 cells), and mouse anti-GAPDH antibodies (Millipore
#AB2302, 1:500), followed by IRDye 800CW-conjugated donkey
anti-rabbit IgG and IRDye 680RD-conjugated donkey anti-mouse
IgG antibodies (both from LI-COR, 1:10,000). Signals were
obtained using an Odyssey Fc Imaging System (LI-COR). Densitom-
etry for quantification of CCP1 expression levels was performed
using ImageJ software (developed by the National Institutes of
Health). Signals obtained for CCP1 were normalized to signals
from GAPDH bands (and GFP bands when transfected cells were
used). Statistical significance of differences was determined using
one-way ANOVA and Tukey post-test.

Detection of CCP1-related tubulin PTMs

HEK293 cells were cultured in DMEM containing 10% FCS, 2 mM L-
glutamine, 40 U/ml penicillin, and 0.04 mg/ml streptomycin. Cells
were transfected with YFP-tagged mouse CCP1 expression
constructs using JetPei (Polyplus) according to the manufacturer’s
instructions. Cells were lysed in MEM buffer (50 mM MES/NaOH,
pH 6.8, 1 mM EGTA, 1 mM MgCl, without protease inhibitors).
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Cerebellum and spinal cord were dissected from 3-week-old ped®
(on a C57BL/6N background) and C57BL/6N wild-type mice and
homogenized in 2.5x Laemmli buffer (225 mM DTT, 5% SDS, 200
mM Tris-HCl pH 6.8, 25% glycerol, bromophenol blue) using an
Eppendorf tube potter. Deep-frozen human muscle biopsy speci-
mens (M. quadriceps) from individual B1 and controls were homo-
genized with a rotor-stator homogenizer in 10 mM Tris, pH 7.4
containing 1% SDS. Samples were run on 10% SDS-PAGE gels
under conditions allowing separation of o- and B-tubulins (TUB
gels) (Magiera & Janke, 2013) and blotted onto nitrocellulose
membranes. Immunoblots were probed with rabbit anti-A2-tubulin
[A2-tub, detecting removal of the penultimate C-terminal glutamate
residue of o-tubulin (Parturle-Lafanechere et al, 1994), 1:2,000],
rabbit anti-polyglutamate chain (poly-E, detecting polyglutamate
side chains consisting of at least three residues, Adipogen #IN105,
1:5,000), and mouse anti-o-tubulin antibodies (clone 12G10, Devel-
opmental Studies Hybridoma Bank, 1:500). HRP-conjugated goat
anti-mouse and goat anti-rabbit IgG antibodies (both from Santa
Cruz, 1:1,000) were used as secondary antibodies. Signals were
revealed using Clarity Western ECL (Bio-Rad). Films were devel-
oped using a Curix 60 developer (Agfa) and scanned using a Perfec-
tion V750 PRO scanner (Epson).

Detection of CCP1 in mouse peripheral nerve and spinal cord

For Western blotting, sciatic nerve and spinal cord samples were
taken from young adult (P56) C57BL/6N wild-type mice and lysed
in lysis buffer (95 mM NaCl, 25 mM Tris (pH 7.5), 10 mM EDTA,
2% SDS, 1 mM NaF, 1 mM NaVO,, and one tablet protease inhi-
bitor cocktail (Roche) per 10 ml solution). Samples were centri-
fuged at 16,000 g for 5 min., and 50 pg of whole-protein lysate
from the supernatant was resolved by SDS-PAGE and blotted onto
PVDF membranes. Immunoblots were developed by incubation
with rabbit anti-CCP1 (Proteintech #14067-1-AP, 1:1,500) and
mouse anti-p-actin antibodies (Sigma-Aldrich #A2228, 1:1,000)
followed by HRP-conjugated goat anti-rabbit IgG and HRP-conju-
gated goat anti-mouse IgG antibodies (both from Dako, 1:2,000).
Signals were obtained using ECL (GE Healthcare). Lysates from
HEK293 cells overexpressing wild-type YFP-CCP1 (or not) and
protein extracts from whole brains of wild-type and homozygous
ped®’ mice served as controls. For immunofluorescence micro-
scopy, sciatic nerve and spinal cord samples were dissected from
P56 C57BL/6N wild-type mice, embedded in Tissue Tek OCT
Compound (Sakura), and deep-frozen in liquid nitrogen before
cryosectioning. Ten-um-thick nerve sections and 20-um-thick
spinal cord sections were fixed with 4% paraformaldehyde in PBS,
permeabilized with cold methanol (only for spinal cord samples),
and then blocked in 5% BSA, 1% donkey serum, and 0.3% Triton
X-100 in PBS. Sections were incubated with primary antibodies
rabbit anti-CCP1 (Proteintech #14067-1-AP, 1:100) and either rat
anti-MBP  (Millipore #MAB386, 1:200) or mouse anti-NF-200
(Sigma-Aldrich #N2912, 1:400) for sciatic nerve sections or goat
anti-ChAT (Millipore #AB144P, 1:100) for spinal cord sections.
Donkey anti-rabbit IgG conjugated to Alexa Fluor 488, goat anti-rat
IgG conjugated to Alexa Fluor 647, goat anti-mouse IgG conjugated
to Alexa Fluor 594, and donkey anti-goat IgG conjugated to Alexa
Fluor 568 (all from Thermo Fisher Scientific, 1:500) were used as
secondary antibodies. Images were captured with an LSM 800
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confocal microscope (Zeiss) with ZEN 2.1 imaging software (Zeiss)
and processed and pseudocolored in Photoshop (Adobe). Speci-
ficity of the signals was ensured by control experiments where
none or only one of the primary antibodies was used.

Histology of pcd mice

Cerebella were dissected from paraformaldehyde-perfused 5-
month-old C57BL/6N wild-type and homozygous pcd®* mutant
mice (on a C57BL/6N background), embedded in Tissue Tek OCT
Compound and deep-frozen in isopentane pre-cooled with liquid
nitrogen. Blocks were then cut into 40-pm sagittal cryosections
which were subsequently Nissl-stained using cresyl violet.
Samples were analyzed by light microscopy. Femoral nerves were
dissected from glutaraldehyde-perfused 6- to 7-month-old wild-
type (n =3) and homozygous pcd* mice (n =3) and embedded
in epoxy resin according to published protocols (Groh et al,
2012). Blocks were cut into semithin sections, stained with tolu-
idine blue, and analyzed by light microscopy using an Axiophot 2
microscope (Zeiss) equipped with a CCD camera (Visitron
Systems). Spinal cords were removed from paraformaldehyde-
perfused 6- to 9-month-old wild-type (n =3) and homozygous
ped®” mutant mice (n=3), embedded in Tissue Tek OCT
Compound and deep-frozen in isopentane pre-cooled with liquid
nitrogen. Blocks were then cut into serial cross sections (20
sections a 30 pm per lumbar spinal cord; segments L3-L5) and
Nissl-stained using cresyl violet. Slides were studied by light
microscopy, and motor neurons (defined as neurons with cell
bodies with a diameter > 30 pm) were counted. Numbers were
corrected for cells sectioned more than once according to Aber-
crombie (Abercrombie, 1946), and statistical significance was
determined using Student’s unpaired two-tailed t-test.

Electron microscopy of pcd mouse nerve

Femoral nerves taken from glutaraldehyde-perfused mice were
processed as described above, cut into ultrathin sections, and stud-
ied by electron microscopy according to published protocols (Groh
et al, 2012). Electron micrographs were taken by a ProScan Slow
Scan CCD camera (ProScan) mounted to a Leo 906 E electron micro-
scope (Zeiss). For quantification of axonal loss, total numbers of
myelinated axons were counted on composed electron micrographs
of femoral nerve cross sections from three wild-type and three pcd®’
mutant mice. Statistical significant differences between wild-type
and mutant animals were determined using Student’s unpaired two-
tailed t-test.

Detection of activated endoneurial macrophages

Femoral nerves were dissected from paraformaldehyde-perfused six-
month-old wild-type and homozygous pcd” mice, embedded in
Tissue Tek OCT Compound, and deep-frozen in isopentane pre-
cooled with liquid nitrogen. Cryosections were processed for
immunohistochemistry of macrophages using a rat anti-CD68 anti-
body (Bio-Rad # MCA1957, 1:500) as described earlier (Groh et al,
2010).

Expanded View for this article is available online.
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