


most frequent causes of ARHSP are mutations in the gene

SPG11 (Online Mendelian Inheritance in Man [OMIM]

no. 610844) (Stevanin et al. 2007). ARHSP families nega-

tive for such mutations present a significant diagnostic

challenge. For a cost- and time-efficient diagnostic rou-

tine, information about the frequency of newly identified

hereditary spastic paraplegia (HSP) genes is necessary.

Techniques like next-generation sequencing (NGS), with

its massively parallel and high throughput, increase the

potential to analyze clinically relevant genes, in order to

identify mutations.

Slabicki et al. (2010) reported in two French siblings a

homozygous indel mutation in exon 2 (p.R27Lfs*3) of the

AP5Z1 gene (OMIM 613653), encoding adaptor protein

complex 5 zeta 1(AP1Z1), as the underlying genetic cause

of autosomal recessive SPG48 (OMIM 613647). Both sib-

lings have pure adult-onset spastic paraplegia with hyperin-

tensity of the cervical spinal cord in one sibling as the only

distinguishing magnetic resonance imaging (MRI) feature

(Slabicki et al. 2010). Recently, Novarino et al. (2014)

identified another homozygous AP5Z1 mutation (p.L701P)

in a single family displaying pure ARHSP. AP5Z1 forms a

subunit of the adaptor protein complex 5 (AP-5), which is

associated with the known ARHSP-associated proteins spa-

tacsin (SPG11) and spastizin (SPG15). AP5Z1 is involved

in membrane trafficking and appears to be the best candi-

date for endosomal sorting (Hirst et al. 2011). The fre-

quency of SPG48 among apparently sporadic or ARHSP

cases as well as its associated phenotype is unknown, as no

further families with AP5Z1 mutations have been described

so far. To study the frequency and the phenotype of

SPG48, we performed a molecular screening investigating

AP5Z1 in a cohort of 127 HSP patients of Caucasian origin.

Furthermore, we demonstrated an amplicon-based NGS

strategy that is feasible and allows a molecular characteriza-

tion of multiple HSP patients in a massive way with high

accuracy.

Materials and Methods

We set out to investigate the frequency of AP5Z1 (RefSeq

accession number: NM_014855.2) mutations as a cause of

ARHSP. To this, a consecutive series of 127 index patients

(39 pure form, 88 complex form), including 96 sporadic

and 31 HSP cases compatible with autosomal recessive

inheritance, were recruited through the German Network

for Hereditary Movement Disorders and the T€ubingen

HSP outpatient clinic. All patients were of European des-

cent. In all patients with either cognitive deficits (n = 9)

or corpus callosum dysgenesis on MRI (n = 6) or both,

mutations in the SPG11 (OMIM 610844) gene as well as

the ZFYVE26 gene (OMIM 612012) were excluded. Muta-

tions in the CYP7B1 (OMIM 603711) and SPG7 gene

(OMIM 602783) have been excluded in all cases. We used

an amplicon-based NGS strategy for barcoding and multi-

plexing thousands of PCR amplicons for deep sequencing

onto the Roche 454 NGS platform (454 Life Sciences,

Branford, CT). All patients were screened for gene dosage

in the AP5Z1 gene using a multiplex ligation-dependent

probe amplification assay. For amplicon-library genera-

tion conditions, primer sequences (Tables S1 and S2),

copy number variation analysis, and data analysis proce-

dure including variation interpretation see supporting

information.

Results and Discussion

An array-based amplification strategy followed by NGS

was used to detect AP5Z1 mutations in a cohort of 127

patients representing sporadic or recessive HSP. We per-

formed the amplification of target regions on a microflui-

dic system (Fluidigm 48.48 AccessArrayTM System,

Fluidigm Corporation, San Francisco, CA) and processed

the emulsion-based clonal amplification and sequencing

protocol using the medium-volume GS FLX Titanium

amplicon workflow (454 Life Sciences). Overall, a median

of 74,289 high-quality sequencing reads (passed filter

wells) were generated per patient pool (48 PCR amplicons

and 48 study samples). The median coverage per ampli-

con was 51-fold, ranging from 12- to 164-fold (mean cov-

erage 107-fold). Both, the forward and reverse strands,

were successfully and homogeneously sequenced as dem-

onstrated in Figure S1. The median length of reads per

patient pool was 334 bp. Per patient, the median of base

pairs sequenced ranged from 413 to 1040 kbp. Dropouts

of single amplicons with no coverage were observed in 91

(4.2%) of 2159 PCR products. Furthermore, 7.8% of the

amplicons (169 of 2159) were insufficiently covered with

less than 10 reads (Figure S2). All amplicons without any

coverage or covered less than 10-fold were additionally

analyzed by conventional Sanger sequencing.

Co-occurrence of two mutations as expected in the

recessive AP5Z1 gene was identified in only one patient.

The 43-year-old female with sporadic complicated para-

plegia showed two heterozygous nonsynonymous variants

of unknown significance (VUS3; c.874C>T [p.R292W]

and c.2267C>T [p.T756I]). Interpretation of these vari-

ants is summarized in Table 1. Unfortunately, no further

family members were available in order to establish the

chromosomal status of both variants. The patient pre-

sented a sporadic complicated HSP and showed cerebellar

affection manifesting as myokymia and congenital bilat-

eral nystagmus. Brain MRI was normal. The reported

SPG48 phenotype represents a complicated adult-onset

SPG with urinary incontinence, normal brain MRI, and

hyperintensities in the spinal cord in one patient (Slabicki
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et al. 2010). As only two families have been described so

far, it is difficult to draw any genotype/phenotype correla-

tions. Additionally, 17 known single-nucleotide polymor-

phisms (http://www.ncbi.nlm.nih.gov/SNP), 2 variants

which had already been reported by Slabicki et al. (2010),

8 synonymous and 1 nonsynonymous single-nucleotide

(p.S164G, heterozygous) variants, which were not consid-

ered as causative, were detected in our cohort (Table S3).

We could not identify disease-causing mutations by gene

dosage analysis.

These findings indicate a very low frequency of SPG48

in Europeans. With the output of high-quality reads and

a mean coverage of 51-fold, we demonstrated a robust

detection of variants. All sequence variants found in the

patient cohort could be confirmed by Sanger sequencing.

This indicates the high quality of our approach, further-

more, it demonstrates that our strategy is technically fea-

sible and allows a compact molecular characterization of

multiple HSP patients in a massive way with high accu-

racy. The diagnostic yield in our study cohort of ARHSP

is still unclear; variants were identified but their pathoge-

nicity is still elusive. Due to the low frequency of SPG48,

we suggest that SPG48 should not be given a high priority

when considering genetic screening for ARHSP muta-

tions. Further studies are needed to fully understand the

clinical relevance of AP5Z1, the frequency and relevance

of mutations in Caucasian and non-Caucasian popula-

tions and to clarify the variants of unknown significance.

Therefore, to address these issues we suggest in any case

including AP5Z1 in NGS gene panel diagnostics for

ARHSPs.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Coverage distribution across amplicons. (A)

For each of the amplicons (x-axis), the distribution of

generated reads is represented (y-axis). Box-and-whiskers

plots summarize the corresponding overall coverage and

(B) according to forward (A reads) and reverse (B reads).

(AP5Z1 RefSeq: NM_014855.2).

Figure S2. Performance of the study. In total, 88% of the

amplicons (green, 1899 of 2159) were covered successfully

(>10-fold). Dropouts of single amplicons with no coverage

were obtained in 91 of 2159 amplicons (red, 4%) and 8%

of the amplicons (blue, 169 of 2159) were insufficiently

covered less than 10-fold and were completed by conven-

tional Sanger sequencing (AP5Z1 RefSeq: NM_014855.2).

Table S1. Primers for all coding exons and intron bound-

aries of the AP5Z1 gene (RefSeq: NM_014855.2).

Table S2. Lib-A adaptor barcode primer.

Table S3. Sequence variants found in AP5Z1.
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