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Introduction

Genetic research elucidated disease-causing mutations in 18 subtypes of autosomal-dominant cerebellar ataxia (ADCA), classified as spinocerebellar ataxias (SCA) [START_REF] Carlson | Emerging pathogenic pathways in the spinocerebellar ataxias[END_REF] . The concept of dynamic mutations leading to neurodegeneration in SCA was substantiated by repeat expansion mutations in SCA1, SCA2, SCA3, SCA6, SCA7, SCA8, SCA10, SCA12, SCA17, and SCA31 2;3 . As one learned from PRKCG dysfunction (SCA14) [START_REF] Chen | Missense mutations in the regulatory domain of PKC gamma: a new mechanism for dominant nonepisodic cerebellar ataxia[END_REF] , the aetiology of SCAs goes beyond polyglutamine toxicity, and recently, non-dynamic or classical disease-causing mutations have furthermore been described for SCA5 (SPTBN2) [START_REF] Ikeda | Spectrin mutations cause spinocerebellar ataxia type 5[END_REF] , SCA13 (KCNC3) [START_REF] Waters | Mutations in voltage-gated potassium channel KCNC3 cause degenerative and developmental central nervous system phenotypes[END_REF] , SCA15/SCA16 (ITPR1) [START_REF] Hara | Total deletion and a missense mutation of ITPR1 in Japanese SCA15 families[END_REF] , SCA20 (duplication at chromosome 11q12.2-11q12.3) 8 , SCA27 (FGF14) [START_REF] Van Swieten | A mutation in the fibroblast growth factor 14 gene is associated with autosomal dominant cerebellar ataxia [corrected[END_REF] , and SCA28 (AFG3L2) [START_REF] Di Bella | AFG3L2 mutations cause autosomal dominant ataxia SCA28 and reveal an essential role of the m-AAA AFG3L2 homocomlex in the cerebellum[END_REF] , respectively. SCAs are rare: prevalence studies in European region to date gave estimates range between 0.9 and 3/100.000 [START_REF] Van De Warrenburg | Spinocerebellar ataxias in the Netherlands: prevalence and age at onset variance analysis[END_REF] . The chance of familial cases to be diagnosed genetically depends on the ethnic origin of the family [START_REF] Schols | Autosomal dominant cerebellar ataxias: clinical features, genetics, and pathogenesis[END_REF] . In western and central Europe 50% up to 80% of SCA patients with affected first degree relatives carry a disease causing mutation in the SCA genes identified so far 12;13 .

Recently, tau tubulin kinase 2 (TTBK2) has been implicated as the disease gene for SCA11 [START_REF] Houlden | Mutations in TTBK2, encoding a kinase implicated in tau phosphorylation, segregate with spinocerebellar ataxia type 11[END_REF] . SCA11 has originally been described in a large British family and a smaller Pakistani family as rather slowly progressing, pure cerebellar ataxia. Although little is known about brain specific functions of TTBK2, inactivating mutations C-terminal of the serine/threonine protein kinase domain have been identified in these kindreds. However, pathogenic TTBK2 mutations have not been identified in two series of ADCA patients (dHPLC mutation screening in 68 Han Chinese patients [START_REF] Xu | Spinocerebellar ataxia type 11 in the Chinese Han population[END_REF] and complete resequencing of all coding exons in 49 Caucasian patients [START_REF] Edener | Missense exchanges in the TTBK2 gene mutated in SCA11[END_REF] , respectively).

In order to assess the relevance of SCA11 mutations in European ADCA patients and to better understand resulting phenotypes, we have genotyped 148 index patients of ADCA families for TTBK2 mutations.

Material and Methods:

We selected 148 index patients from ADCA families negative for repeat expansions in SCA1, SCA2, SCA3, SCA6, SCA7 and SCA17. In addition conventional mutations in SCA5 (for 50 patients), SCA13 (for 50 patients), SCA14 (for 121 patients) and SCA28 (for 50 patients) as well as the variant in the puratrophin promoter (for 50 patients) had been excluded by direct sequencing ( 13;17;18 and unpublished data). The mean age of onset was 45.3 +/-15.7 years (range: 3-79) in n=121 index cases for whom age of onset data were available. Clinically, 86 patients (56%) had pure cerebellar ataxia (ADCA III) while 44% of index patients presented with non-cerebellar signs and symptoms like gaze palsy, epilepsy, spasticity, dystonia, Parkinsonism or peripheral neuropathy qualifying them as ADCA I according to Harding (1984) [START_REF] Harding | The clinical features and classification of the late onset autosomal dominant cerebellar ataxias. A study of 11 families, including descendants of the 'the Drew family of Walworth[END_REF] . Families originated mostly from France (n=73), Germany (n=67) and other continental western European countries (n=6) while two originated from Algeria and French West Indies.

Informed consent was obtained from all patients participating in this study.

High resolution melting (HRM) curve analysis in 69 samples (Germany):

The complete coding sequence of TTBK2 (exon 2 to 15 (ensembl 267890), and 4 additional exons in alternatively spliced transcripts (ensembl 263802 and 382403) was PCR amplified including all exon-intron-boundaries. In order to keep HRM sensitive we have designed overlapping PCR fragments for larger exons (3, 10, 11, 17, 18, and 19) giving an amplicon count of 26 for the whole gene (primers are given in supplementary table 1). The PCR and HRM were performed in a single run on a LightCycler®480 instrument (Roche Diagnostics, Mannheim, Germany) with a total reaction volume of 10 µl in a 384-well microtiter plate. The reaction mixture contained 20 ng of genomic DNA, 2.5 mM MgCl2, 10 pmol of each primer, 5 µl 2x LightCycler®480 High Resolution Master Mix (Roche Diagnostics, Mannheim, Germany) and PCR grade water in a volume of 10 µl. A pipetting robot (Universal platform, Qiagen, Hilden, Germany) was used for PCR setup.

The PCR cycling conditions included an activation step at 95°C for 10 minutes followed by 45 cycles of 95°C for 10 seconds, a touch down of 68°C to 58°C for 15 seconds (1°C/Cycle) and 72°C for 20 seconds. The amplicons were denaturated at 95°C for 1 minute, renaturated at 40°C for 1 minute and subsequently HRM was executed over the range from 65°C to 95°C with 25 signal acquisitions per degree.

HRM curve analysis was performed using the LightCycler®480 with the gene-scanning module (version 1.5). A normal control DNA, which had been completely sequenced, served as HRM baseline sample in each fragment. To guarantee a high detection sensitivity, HRM analysis sensitivity settings were 0.7 (high sensitivity). For each resulting HRM group in each PCR fragment at least one sample was directly sequenced in order to identify or exclude variants.

Sequencing of exons 11-13 in 79 samples (France):

Exons 11 to 13 of the TTBK2-gene (Ensembl 267890), encoding the conserved serine rich domain of the protein in which the known mutations have been found in our German cohort and in a previously published series [START_REF] Houlden | Mutations in TTBK2, encoding a kinase implicated in tau phosphorylation, segregate with spinocerebellar ataxia type 11[END_REF] , were amplified in a ABI-9700 thermocycler (Applied Biosystems) using classical conditions with specific primers and annealing temperature as indicated in supplementary table 1. PCR products were then sequenced using the BIGDYE V3 chemistry in an ABI3730 automated sequencer (Applied Biosystems) according to the manufacturer's recommendations.

All base positions are given relative to the main transcript (ensembl 267890).

Gene dosage analysis by multiplex ligation probe amplification (MLPA) in all samples:

For TTBK2-gene copy number analysis we established a homemade MLPA probe set. It contained a total of 12 probes with amplicon sizes ranging from 97 to 137 nucleotides. Four probes targeting independent genomic regions serve as reference whereas eight probes target TTBK2 exons 2, 4, 6, 8, 10, 12 14, and 15. The exon 12 probe was designed such as to have the ligation site bordered by c.1306 and c.1307, i.e. the two nucleotides deleted in our SCA11 samples (the sequences of all probes are given in supplementary table 1). Oligonucleotides were ordered at Eurofins MWG Operon (Ebersberg, Germany); MLPA reagents were from MRC-Holland (Amsterdam, The Netherlands). Reactions were performed as recommended by the manufacturer. Raw intensity of MLPA products data were obtained and analysed as described previously [START_REF] Beetz | High frequency of partial SPAST deletions in autosomal dominant hereditary spastic paraplegia[END_REF] .

Results

Direct sequencing and HRM scanning identified a single heterozygous frameshift-mutation c.1306_1307delGA in exon 12, leading to a premature stop codon at amino acid 448 (p.D435Yfs448) in a French family and a second, unrelated German family. This mutation affected the three known transcripts of TTBK2 (figure 1).

For the French family both SCA11 carrier men -father and son -have been examined at 64 and 39 years of age and presented with a slowly progressive cerebellar ataxia with dysarthria first observed at the age of 48 and 35, respectively. After 16 years from disease onset the father needed a walking aid and used a stroller. Reflexes were normal and plantar flexor in both. The father was mildly depressed. No additional neurological signs were observed.

Cerebral MRI showed cerebellar atrophy affecting essentially the vermis in both cases. The grand father of the index case also complained of gait instability starting at age 58 but was not available for genetic analysis.

In the index patient of the German SCA11 family ataxia started at age 44 when he experienced mild unsteadiness in the dark. He remained able to play tennis until age 53.

Examination revealed oculomotor disturbances with saccadic pursuit, gaze evoked nystagmus, dysmetric saccades and impaired optokinetic nystagmus. Cerebellar dysarthria was mild. Gait was ataxic with some problems in tandem walk and Romberg manoeuvre. There was no tremor and appendicular ataxia was more pronounced in the legs than in the arms. Despite some stiffness in walking and reduced arm swing there was no significant alteration in muscle tone or reflexes. Nerve conduction studies and sympathetic skin response were normal. MRI revealed pancerebellar atrophy. The mother developed gait ataxia between 40 and 50 years of age and died at age 76 after 5 years in a wheelchair. A brother and a sister of the mother as well as the maternal grandmother had a similar course of disease. Only the healthy 64 year old sister of the index patient was available for genetic analyses and showed to be negative for the

TTBK2-mutation.

There was no evidence for any genealogical link between both SCA11 families with both families originating from over more than 600 km apart from each other. Moreover, haplotype analysis showed only partial genotype identity that is not arguing for a recent common ancestor (data not shown).

A non-synonymous amino acid change in exon 13 T651M was detected in one German-Polish SCA patient but not present in the similarly affected brother and thus excluded this variant as a disease-causing sequence change. Two additional silent coding variants (table 1) were found in ADCA patients and controls at similar frequencies. Gene dosage analysis using MLPA technique in all index patients (French and German cohort, n=148) was unremarkable for all samples. Patients carrying the c.1306_1307delGA, however, were readily identified by a 50% reduction of the signal intensity for exon 12 in a blinded fashion, thereby validating probe set and procedure.

Discussion

CAG expansions in SCA 1, 2, 3, 6, 7, and 17 account for 52% of French and 76% of German ADCA patients in our cohort 12;21 . In addition, an increasing number of non-repeat-expansion genes have been discovered lately.

We screened 148 index patients negative for repeat expansions for mutations in TBBK2 and have identified an identical frameshift mutation in two unrelated families (c.1306-1307delGA). A missense variant in exon 13 (c.1952C>T, p.T651M) detected in a German-Polish family was not found in more than 150 control chromosomes but did not segregate with the phenotype and thus can not be considered to be disease-causing. Two additional coding variants in exon 13 and exon 14 (S648S and E864E) did not change the protein and mRNA processing. Of note, a focussed analysis of gene dosage for the TTBK2-gene in all 148 samples by MLPA was unremarkable. This renders gene dosage mutations as likely not relevant for SCA11.

As in the British kindred [START_REF] Houlden | Mutations in TTBK2, encoding a kinase implicated in tau phosphorylation, segregate with spinocerebellar ataxia type 11[END_REF] , the French and the German SCA11 families presented with rather pure cerebellar ataxia, cerebellar atrophy and normal life expectancy (ADCA type III according to Harding). The course of disease in our families revealed rather slow progression.

Patients were still able to play tennis up to 9 years with the disease and remained ambulant even 16 years after onset of ataxia. Only one patient became wheelchair dependent after more than 20 years with the disease.

Like most of the other SCA loci with point mutations SCA11 is rare 15;16 . In the SCA subtypes of ADCA III, non-dynamic SCA mutation included SCA5, 11 and 14. After excluding the probably more prevalent SCA14 [START_REF] Klebe | New mutations in protein kinase Cgamma associated with spinocerebellar ataxia type 14[END_REF] , SCA5 and 11 screening should also be considered. The frequency of SCA11 in our highly selected study population is approximately one percent.

Considering only ADCA-III patients, with pure cerebellar symptoms, increased this figure (2 SCA11 index cases in 86 ADCA-III patients).

Although unlikely, we cannot exclude however, that we may have missed mutations because of the separate approaches in the French and German cohorts using direct sequencing and HRM, respectively. Nonetheless, both methods revealed a single heterozygous frameshift mutation (c.1306-1307delGA)in exon 12. As the 148 index patients included in this study derive from a total cohort of about 450 ADCA families after exclusion of all polyglutamine mutations (SCA1, 2, 3, 6, 7, and 17), and partly exclusion of SCA5, SCA13, SCA14, and SCA28, the frequency of SCA11 in an unselected ADCA cohort would be expected to be well below 1 percent.

Our finding of a recurrent frameshift mutation suggests, in accordance with the two TTBK2 mutations described before, that SCA11 is caused by haploinsufficiency of tau tubuline kinase 2. As up to now no experimental insights in the pathogenesis of SCA11 exit, transgenic models of SCA11 implementing the genetic evidence for pathogenic mutations in exons 11 to Tables Table 1 Mutations and rare polymorphisms in the TTBK2-gene. Rare variants have been detected by HRM in the German samples.

Additionally, all novel SNP positions have been genotyped in 95 control samples originating from probands without signs of neurodegeneration. Interpretation depends on frequencies in controls and in-silico modelling of potentially altered splicing signals using the MaxEntScan algorithm [START_REF] Yeo | Maximum entropy modelling of short sequence motifs with applications to RNA splicing signals[END_REF] .

Position

Frequency in ADCA patients 1 in addition to the specific sequence given in the table, each 5' half probe carries gggttccctaagggttgga at its 5' end 2 in addition to the specific sequence given in the table, each 3' half probe carries tctagattggatcttgctggcac at its 3' end [START_REF] Schols | Autosomal dominant cerebellar ataxias: clinical features, genetics, and pathogenesis[END_REF] including the sequences which are identical for all 3' and 5' halfprobes (see footnotes 1 and 2)

Frequency in controls Interpretation

c.-38T>C rs16957250 7 (n=69) 
4 the 2bp deletion identified twice in the present study is targeted by the last nucleotide of the TTBK2 exon 12 5' half probe and the first nucleotide of the corresponding 3' half probe 
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