
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Pontocerebellar hypoplasia: from gene to disease

Namavar, Y.

Publication date
2011

Link to publication

Citation for published version (APA):
Namavar, Y. (2011). Pontocerebellar hypoplasia: from gene to disease. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/pontocerebellar-hypoplasia-from-gene-to-disease(32312d0a-dcdb-484f-af26-fc8c5278cc8f).html


35

Chapter 2

tRNA splicing endonuclease
mutations cause

pontocerebellar hypoplasia

Birgit S Budde*, Yasmin Namavar*, Peter G Barth,
Bwee Tien Poll-The, Gudrun Nürnberg, Christian Becker,

Fred van Ruissen, Marian AJ Weterman, Kees Fluiter,
Erik T te Beek, Eleonora Aronica, Marjo S van der Knaap,
Wolfgang Höhne, Mohammad Reza Toliat, Yanick J Crow,

Maja Steinlin, Thomas Voit, Filip Roelens, Wim Brussel,
Knut Brockmann, Marten Kyllerman, Eugen Boltshauser,

Gerhard Hammersen, Michèl Willemsen, Lina Basel-Vanagaite,
Ingeborg Krägeloh-Mann, Linda S de Vries, Laszlo Sztriha,

Francesco Muntoni, Colin D Ferrie, Roberta Battini,
Raoul CM Hennekam, Eugenio Grillo, Frits A Beemer,

Loes ME Stoets, Bernd Wollnik,
Peter Nürnberg & Frank Baas.

Published in 2008 in Nature Genetics 40: 1113-1118.

* these authors contributed equally to this work



36

Abstract

Pontocerebellar hypoplasias (PCH) represent a group of

neurodegenerative autosomal recessive disorders with prenatal onset,

atrophy or hypoplasia of the cerebellum, hypoplasia of the ventral pons,

microcephaly, variable neocortical atrophy and severe mental and motor

impairments. In two subtypes, PCH2 and PCH4, we identified mutations

in three of the four different subunits of the tRNA-splicing endonuclease

complex. Our findings point to RNA processing as a new basic cellular

impairment in neurological disorders.
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Introduction, results and discussion

On the basis of clinical criteria, five subtypes of autosomal recessive PCH have been

classified. Type 1 (PCH1) (MIM60759) , with anterior horn degeneration; type 2

(PCH2) (MIM277470) , with chorea/ dystonia or spasticity; and type 4 (PCH4)

(MIM225753) , with more severe course and early lethality, also known as

olivopontocerebellar hypoplasia, are more frequent than types 3 and 5, which have been

reported in single families only [1–6] . Type 3 (MIM 608027) features microcephaly,

seizures, hypotonia, hyper-reflexia, short stature and optic atrophy and maps to

chromosome 7q11–21 [5] . In type 5, an early-lethal phenotype (MIM 610204) , the

cerebellar vermis is more affected than the hemipheres [1 ] . Gene defects are not known

for any of these subtypes. However, a mutation of mitochondrial arginyl-tRNA

synthethase was recently established to underlie a new subtype (PCH6) (MIM 611523) ,

featuring cerebral atrophy, hypotonia, convulsions and multiple respiratory chain

defects [7] .

We examined 58 individuals with PCH from The Netherlands, other European

countries, Brazil and Israel (Table 1) . We classified 52 as PCH2 with typical clinical

and magnetic resonance imaging (MRI) findings (Fig. 1a,b) . We diagnosed three

isolated cases of PCH1 and three as PCH4. Nine families bearing PCH2 came from the

Volendam region of The Netherlands and are probably descendants of a single couple

that lived in the seventeenth century (Suppl. Fig. 1) . To identify the PCH2 locus we

performed a genome-wide scan in families Am1 and Am1a from the Volendam region

using 10K SNP arrays (Affymetrix) . We identified linkage to chromosome 17q25 with a

maximum lod score of 5.81 (Fig. 2a) . Haplotype construction disclosed recombination

events distal to rs2019877 and proximal to rs2889529, defining a disease interval of

Figure 1. MRI of the brain of subject 2-2 of family Am1a (arrow in Fig. 2b) at 2 months of age.
(a) Midsagittal image showing hypoplastic vermis and flat ventral pons (arrow) . (b) Lateral
sagittal image showing hypoplastic cerebellar hemisphere (arrow) leaving empty space in the
posterior fossa.
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13.4cM. By fine-mapping using microsatellite markers, we narrowed the PCH2 locus to

an interval of 4.5cM between markers D17S1301 and D17S937 (Fig. 2b) . This 2.7Mb

region encompasses 85 genes. To further reduce the PCH2 critical interval we genotyped

microsatellite markers in nine more families. In six families, part of the disease

haplotype identified in families Am1 and Am1a was also transmitted to the affected

offspring, confining the candidate interval to 3.4cM (Suppl. Fig. 2a) . We prioritised the

genes in this region on the basis of expression pattern and function and sequenced the

entire coding region and intron-exon borders in 19 genes in five affected subjects and

their parents (Suppl. Table 1) . Segregation analysis of newly identified and genotyped

SNPs confirmed linkage of this region of chromosome 17 with PCH2 in the Am1 and

Am1a families (Fig. 2b) . We identified four missense mutations. Three of them were

homozygously present in our controls also. Only the AMC20 variant in the tRNA

splicing endonuclease homolog 54 gene (TSEN54) , that is c.919G>T of RefSeq

NM_207346.2 was exclusively homozygous in our affected subjects. We therefore typed

only the TSEN54 c.919G>T variant in our remaining 47 subjects with PCH2. Among

these, 42, all of European descent, were homozygous mutant, and five were homozygous

wild-type (Table 1) . We extensively genotyped 31 of the 47 individuals with PCH2 who

were homozygous for the c.919G>T mutation and found them to share a 285kb SNP

haplotype (Suppl. Fig. 2b) . Thus, a single founder mutation event is the most likely

explanation for the high number of individuals with PCH2 carrying the same c.919G>T

mutation. We estimated that the mutation must have occurred at least 11 to 16

generations ago (see Supplementary Methods) .

Figure 2. Genetic mapping of the PCH2 locus. (a) Multipoint linkage analysis of the genome-wide
scan using the Affymetrix GeneChip Human Mapping 10KArray Xba131. Plot of additive lod
calculations in families Am1 and Am1a is shown. (b) Haplotypes of the families Am1a and Am1
on chromosome 17q25. The disease-associated haplotype is boxed. Additional microsatellite
markers and SNPs (rs numbers without an asterisk) were analysed to fine-map the candidate
region identified by the genome-wide scan with SNPs (asterisks) . The minimum disease-associated
haplotype is defined by the markers D17S1301 and D17S937. Mutation site of TSEN54, grey
shading.
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Table 1. Clinical data and mutations in subjects with PCH.
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Analysis of 451 Dutch and 279 German control DNA samples yielded no

homozygous and only five Dutch and one German heterozygous genotypes.

Additionally, we screened 136 healthy unrelated individuals from Volendam. Again, no

homozygous mutants and only two heterozygous individuals were identified. Thus, the

allele frequency of the c.919G>T variant in the PCH2 subjects is 0.884, counting the

Volendam subjects as a single data point, and that in the control population is 0.004.

These data strongly suggest that the TSEN54 locus is responsible for most cases of

PCH2. At the protein level, the TSEN54 c.919G>T variant causes a substitution of

alanine by serine at position 307 (p.A307S) (Suppl. Fig. 3a) . This region of the protein

is conserved in mammals and chicken but is not highly conserved in lower organisms

(Suppl. Fig. 4) . Therefore, the detrimental consequence of this exchange is difficult to

deduce from the sequence alone. We obtained further evidence for a causative role when

extending the TSEN54 mutation screening to subjects with PCH1 and PCH4. Although

we did not find TSEN54 mutations in the three PCH1 cases, we identified the

c.919G>T mutation in all three PCH4 cases. One individual was homozygous for the

c.919G>T change, and two others were compound heterozygous for this change with

either c.736C>T or c.1027C>T in addition to c.919G>T, both resulting in premature

stop codons, at positions 246 or 343, respectively (Suppl. Fig. 3b,c) . Compound

heterozygosity was confirmed by testing the parents of one affected individual. DNA

samples were unavailable for the parents of the other. The third subject with PCH4

carried an additional c.277T>C mutation on one of the two c.919G>T alleles, resulting

in a second substitution at amino acid position 93 namely, from serine to proline

(Suppl. Fig. 3d) . The c.227T>C variant was not detected in 375 unrelated controls.

Like Ala307, Ser93 is not highly conserved (Suppl. Fig. 4) . However, this residue is

situated in an antiparallel ß-sheet, and substitution by a proline at this position is very

likely to hamper proper folding (see Supplementary Methods) . The identification of

nonsense mutations in TSEN54 strongly supports our hypothesis that defects in

TSEN54 are causative in most cases of PCH2 and PCH4. Additionally, it points to a

genotype–phenotype correlation, as the two truncating mutations, p.Q246X and

p.Q343X, were found in the more severe cases of PCH4. The different mutational

strengths may also explain the most obvious neuropathological difference between

PCH2 and PCH4, namely the missing folia in the cerebellum in PCH4 (see Suppl. Fig.

5) .

TSEN54 is part of a tRNA splicing endonuclease complex consisting of four

subunits: TSEN2, TSEN15, TSEN34 and TSEN54 (Fig. 3) [8] . Therefore, we performed

homozygosity mapping using Affymetrix 10K SNP arrays in three individuals with

PCH2 in which no TSEN54 mutations had been found. These three subjects were of

Dutch, Italian and Pakistani origin and from consanguineous marriages. We detected a

homozygous region of 17Mb on chromosome 3 around the TSEN2 locus in the Pakistani

subject. Sequence analysis of the coding region of TSEN2 revealed a missense mutation

(c.926A>G; RefSeq NM_025265.2) resulting in a substitution of tyrosine by cysteine at

position 309 (Suppl. Fig. 3e) . We sequenced DNA from 188 healthy Pakistani controls
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and did not find this variant. Additionally, 92 Dutch, 45 Chinese and 28 Palestinian

controls showed only the wild-type sequence. Multiple sequence alignment of human

TSEN2 with the corresponding sequences of a broad range of other organisms showed

that the Tyr309 position is strictly conserved (tyrosine or phenylalanine) within

eukaryotic organisms (Suppl. Fig. 4) . Comparison with structures available for highly

homologous sequences suggests a role for Tyr309 in stabilization of domain orientation

(Suppl. Fig. 6) . Sequence analysis of the coding region of TSEN34 revealed another

homozygous missense mutation (c.172C>T; RefSeq NM_024075) in another subject

with PCH2, of Turkish origin (family Hg1, Table 1 and Suppl. Fig. 3f) . Arg58 is

conserved in the closely related mammals. Within the vertebrates, this position is

exchanged by small hydrophobic residues only (isoleucine, leucine) . Therefore, exchange

Figure 3. Model of human tRNA-splicing endonuclease (adapted from refs. [18,19] ) . The
tetrameric enzyme complex consists of the two catalytic subunits, TSEN2 and TSEN34, and two
structural subunits, TSEN15 and TSEN54. Identified mutations in the PCH families are indicated
by the corresponding amino acid changes. Top right, unprocessed tRNA with intron and
anticodon loop. After processing by the tRNA endonuclease, the intron is removed, resulting in
the mature tRNA, bottom left. The processing of 5' leader and 3' trailer is preformed by other
enzymes (see ref. [19] for details) . For colour figure see page 166.
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for tryptophan in this position may well produce steric hindrance. Sequence analysis of

unaffected controls yielded three heterozygotes in 139 DNA samples of Turkish origin

and none in 91 Dutch samples.

In view of the identification of TSEN subunit mutations with PCH2 and PCH4, we

determined the expression pattern of TSEN54 in the developing brain (Fig. 4) . TSEN54

was highly expressed in neurons of the pons, cerebellar dentate and olivary nuclei

during the second trimester of pregnancy, a determining period for the morphological

development of these structures. Other brain regions show low or no staining (data not

shown) .

Here we report mutations in two catalytic subunits (TSEN2 and TSEN34) and one

noncatalytic subunit (TSEN54) of the tRNA splicing endonuclease (Fig. 3) . The

mutations p.Y309C in TSEN2, p.S93P and p.A307S in TSEN54, and p.R58W in

TSEN34 may disturb the interaction between the subunits, whereas the other three

mutations are likely to result in reduced amounts of TSEN54. In human, tRNA genes

occur with and without introns. For tRNA-Ile (codon TAT) and tRNA-Tyr (codons

GTA and ATA), only intron-containing genes are present, whereas for tRNA-Pro,

tRNA-Arg, tRNA-Leu, tRNA-Cys and tRNA-Trp, both intron-containing and

intronless genes exist (http:// lowelab.ucsc.edu/GtRNAdb/) . Because tRNAs are

essential for cell survival, it is unlikely that the activity of the tRNA splicing

endonuclease is completely abolished in PCH2 and PCH4, suggesting that the identified

mutations result in partial loss of the ability to cleave pre-tRNAs by the endonuclease

complex. However, RNA blot analysis of tRNA-Tyr from fibroblasts of three of the

subjects homozygous for c.919C>T did not show unspliced products (data not shown) .

The high abundances of TSEN54 mRNA in the developing pons, dentate and olivary

nuclei are in line with the PCH2 phenotype. We propose that a functional endonuclease

complex is essential for the development of these regions.

Notably, many neurological disorders are caused by mutations in genes involved in

essential cellular processes: for example, mutations in the genes encoding subunits of

the translation initiation factor EIF2B give rise to vanishing white matter disease, and

defects in the mitochondrial translation machinery can lead to central nervous system

disorders [9,10] . It is conceivable that the developing brain is extremely sensitive to

changes affecting protein synthesis. Insufficient protein delivery in a certain timeframe

could then lead to developmental disorders or degeneration. The identification of a

mutation of the nuclear gene encoding mitochondrial arginyl-tRNA synthetase in PCH6

is in keeping with this hypothesis [7] . Our finding of TSEN54 p.A307S, p.Q246X,

p.Q343X and p.S93P; TSEN34 p.R58W; and TSEN2 p.Y309C substitutions in PCH2

and PCH4 reveals for the first time that mutations in genes involved in cytoplasmic

tRNA splicing are associated with a human disease.
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Figure 4. TSEN54 expression in human foetal brain. (a,b) Inferior olivary nucleus at gestational
age 23 weeks. The undulated structure can be seen in (a) including that in the medial accessory
olivary nucleus. Scale bar, 500µm. (b) Higher magnification of (a) showing positive staining in
individual neurons and surrounding dendrites. Scale bar, 25µm. (c,d) Cerebellar dentate nucleus
at gestational age 23 weeks. (c) The upper half of the developing nucleus has the mature
undulated form, while the lower half has the transitional compact form. Scale bar, 500µm. (d)
Higher magnification of (c) showing positive staining in cytoplasma of individual neurons and
surrounding dendrites. Scale bar, 50µm. (e,f) Ventral pons at gestational age, 21 weeks. (e)
Groups of immature small neurons separated by bundles of nerve fibers. Scale bar, 100µm. (f)
Higher magnification of (e) showing small neurons with positive staining of cytoplasm and
dendrites. Scale bar, 25µm. For colour figure see page 167.

Methods

Classification of phenotypes
All affected subjects had an MRI pattern of pontocerebellar hypoplasia. Excluded were

cases with cerebral cortical dysplasia or demyelination on MRI. We used sialotransferrin
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electrophoresis to exclude congenital disorders of glycosylation, especially type CDG1A.

Subjects admitted to the study were subclassified into three groups: PCH2, PCH4

(olivopontocerebellar hypoplasia) or PCH1.

Those with PCH2 had progressive microcephaly, as well as chorea/dystonia or

spasticity. Those with PCH4 had clinical signs of prenatal functional neurological

involvement, for example, polyhydramnios and/or contractures, while post-natal

symptoms included severe generalised myoclonus, hypertonia and central respiratory

failure leading to early death.

Neuropathological differences between PCH2 and PCH4 were incomplete folial

development of the cerebellum in the former and absence of folia in the latter, with the

exception of the nodulus and flocculus. Undulation of the inferior olivary nucleus was

completely absent in PCH4 and partial in PCH2.

Individuals with PCH1 had spinal anterior horn involvement confirmed by autopsy

or muscle biopsy. They had hypotonia from birth, inconsistent signs of prenatal

functional neurological impairment, for example, polyhydramnios and/or contractures

and postnatal weakness with respiratory failure.

Genome-wide linkage analysis

DNA was extracted from peripheral blood samples using standard methods. The

genome-wide scan was performed by genotyping 16 individuals of Am1 and four

individuals of Am1a using the GeneChip Human Mapping 10K Array Xba 131

(Affymetrix) according to manufactures guidelines. The mean intermarker distance was

210kb, equivalent to 0.32cM. Parametric linkage analysis was performed by a modified

version of the program GENEHUNTER 2.1 through stepwise use of a sliding window

with sets of 110 or 200 SNPs [11,12] . Haplotypes were reconstructed with

GENEHUNTER 2.1 and presented graphically with HaploPainter [11,13] . All data

handling was performed using the graphical user interface ALOHOMORA to facilitated

linkage analysis with chip data [14] .

Sequencing analysis

This was done using standard technology. See Supplementary Methods.

Analysis of TSEN54 splicing.

We excluded the possibility that the TSEN54 c.919G>T SNP affects mRNA splicing.

Reverse transcriptase PCR on mRNA from an individual with PCH2 homozygous for

p.A307S did not show evidence for altered splicing of exon 8. PCR with primers in

exons 7 and 9 yielded only one fragment, containing exons 7, 8 and 9.
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In situ hybridization for TSEN54 using locked nucleic acid and 2' -
O-methyl-RNA modified oligonucleotides
In situ hybridization for TSEN54 was done using 5' -fluorescein-labeled 19mer antisense

oligonucleotides containing locked nucleic acid (LNA) and 2' -O-methyl (2OME)-RNA

moieties. We designed two LNA/2OME probes, each targeting a unique sequence of

TSEN54 mRNA (NM_207346) : 5' -TcuTucTcuTgcCauCucC-3' and 5' -TucTccTcu

GggTauTggC-3' (where LNA residues are given in capital letters, 2OME-RNA in lower

case) . The oligonucleotides were synthesised by Ribotask ApS. Hybridizations were

done on 12µm sections of paraffin-embedded material. In brief: sections were

deparaffinized, treated with proteinase K (20µg/ml) for 5 min and postfixed with 4%

paraformaldehyde in PBS for 10 min. Hybridizations were done at 60℃ for 90 min in

hybridization mix (50% (vol/vol) deionized formamide, 600mM NaCl, 10mM HEPES

buffer, pH7.5, 1mM EDTA, x5 Denhardt’s reagent and 200µg/ml denatured herring

sperm DNA (D6898, Sigma)) . The oligonucleotide concentration in the hybridization

mix was 1µM. After hybridization the tissue sections were washed consecutively for 5

min with x2 SSC, x0.5 SSC and x0.2 SSC at 60℃. The hybridization signal was

detected using a rabbit polyclonal antibody detecting both fluorescein and Oregon

Green (A21253, Molecular Probes, Invitrogen) (1 h, 20℃, 1:100 dilution) and a

horseradish peroxidase–labeled goat anti-rabbit polyclonal antibody (P0448 Dako) (1 h,

20℃, 1:100 dilution) . The horseradish peroxidase was visualised using standard 3-

amino-9-ethylcarbazole staining, and hematoxylin was used as a nuclear counterstain.

As control for nonspecific binding, other similarly modified oligonucleotides were used.

These probes were specific for other transcripts (complement C6 and miR134) . These

oligonucleotides showed other staining patterns. The regions positive for TSEN54 were

negative for these probes (data not shown) .
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Supplementary methods

Estimation of mutation age by identity by descent (IBD)
If we assume that this haplotype is derived from a common ancestor we can make an

estimate of the minimum age of this haplotype [5] . There is a relation between the

number of meiotic steps until coalescence and the expected size of the shared haplotype

surrounding the mutation when we assume that all individuals share an allele that has

inherited from a common ancestor. The probability of recombination at Z basepairs

from the mutation for a single meiosis is approximately Z/108, or 1% for a distance of

1cM. If there is a second meiosis the probability of no recombination at a distance of Z

bases from the mutation is (1-Z) 2, and analogously for K meioses it is (1-Z)K. A

maximum likelihood estimator for the number of meioses separating all patients can be

derived by finding that value of K for which the expected sharing is equal to the

observed sharing. Because the haplotype decay occurs from the telomeric and the

centromeric side, the cumulative probability distribution that the shared length is > Q

base pairs, can be found from the convolution of the telomeric and centromeric

recombination probability functions. It is then found that the expected shared length

surrounding a mutation that is IBD in all haplotypes is 200/K, where K is the number

of meioses in the descent tree until coalescence, and the unit is centimorgan. If a

mutation is rare, and only a very small fraction of all mutations is observed through a

recessive disease, the descent tree will show long branches until coalescence occurs

rapidly just after single introduction or mutation, whichever is the later event. This

allows estimation of the age of a mutation from the shared length among all copies

found, bearing in mind that the original mutation event cannot be dated, as this

reasoning only applies to the events after coalescence to the single mutant from which

all current mutants derive. Equating then K (the number of meioses) to the product of

age A (in generations) and the number of copies found (c = 2* the number of patients) ,

thus assuming fast initial multiplication of the mutation, we have to solve 200/(A*c) =

0.285 (285kb converted as 106 base pairs = 1% recombination) .

This results in an estimate for A of 200/17.7 = 11.3 generations when we take all

patients in account. However if we consider the Volendam families as one single case

(i.e. 22 separate families) the value for A becomes 15.9. Therefore we conclude that the

minimum age of the mutation is between 11 and 16 generations.

Sequencing analysis

Primer pairs for each exon including flanking intron sequences of a selected group of

genes in the putative PCH2 locus were designed from genomic sequence using Primer 3

[2] . Primer sequences and PCR conditions are available upon request. PCR products

were directly sequenced using ABI PRISM 3730 DNA Analyser and BigDye Terminator

Cycle Sequencing Kit version 1.1 according to the protocols of the manufacturer
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(Applied Biosystems, Foster City, CA) .

Pyrosequencing analysis

German and Turkish controls were tested for the c.919G>T variation of TSEN54 and

c.172C>T variation of TSEN34, respectively by using pyrosequencing assays. PCR

primers were designed using Primer SNP Design version 1.01 software (Biotage,

Uppsala, Sweden) . The following primers were used: for the TSEN54 assay E8mu-

tsen54-F 5' - BIOTIN-GTCACGGGAGCCGGTAAG, E8mu-tsen54-R 5' - GTGTG

GCGGCTGTCTGAA and as internal primer E8mu-tsen54-S 5' - GTGGCGGCT

GTCTGA and for the TSEN34 assay TSEN34-2CT-F 5' - CTGCTGATGCC

CGAAGAG, TSEN34-2CT-R 5' - BIOTIN-GGCGCTGACCAGAGTCAC, TSEN34-

2CT-S 5' - TGATGCCCGAAGAGG. All PCR reactions were carried out with 6ng

genomic DNA, 0.3nmol each of forward and reverse PCR primers, 0.5U Taq

polymerase, 1.5mM MgCl
2
. Pyrosequencing was carried out as defined by the supplier

on a PSQ HS96A instrument (Biotage, Uppsala, Sweden) . Samples were analysed with

the PSQ HS96A version 1.2 software (Biotage, Uppsala, Sweden) .

Supplementary Figure 1. Volendam family cluster with PCH2 tracing back to the 17th century.
All affected individuals carry the homozygous p.A307S mutation of TSEN54. Family codes are
given at the bottom of the drawing.
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Supplementary Figure 2. Haplotypes of additional families on chromosome 17q25. (a) Haplotypes
of six additional families from Volendam and other parts of the Netherlands. The shared disease
haplotype of Am1a is boxed and the narrowed disease interval flanked by markers D17S1301 and
D17S751 is highlighted in grey. (b) Haplotypes of 31 of 47 PCH2 patients homozygous for
TSEN54 c.919G>T (AMC-020) . Country of origin, family code and patient ID are indicated in
the top rows. Genotypes indicating a recombination are highlighted in grey. The shared
homozygous region is flanked by rs2242230 (Lu2) and rs10526094 (Am 1b 2-1, 2-2) . The distance
between these markers is 285kb. The region shown is located between the microsatellite markers
D17S1301 and D17S1603. Abbreviations are: na – not analysed, B – Belgium, S – Sweden, UK –
United Kingdom, CH- Switzerland) .

Discussion of the structural consequences of the identified
mutations

Functional consequences of mutations in the involved proteins may be caused by

different ways. By nonsense mutations leading to chain termination as it the case with

the c.736C>T and c.1027C>T base exchanges in TSEN54 most certainly there will be
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Supplementary Figure 3. TSEN54, TSEN34 and TSEN2 mutations in PCH families. (a-f)
Chromatogram pairs are shown, one of an unaffected individual and the other of an affected
patient. The arrow indicates the position of the homozygous and heterozygous mutations. The
encoded amino acid is written below the nucleotide triplet. Family IDs, mutated genes and amino
acid changes with the corresponding position in the protein sequence are given in the boxes above
each chromatogram pair.

no protein expression at all or no functional protein. Mutations of amino acid residues

involved in the catalytic mechanism or within the interfaces of the heterotetramer may

also seriously impair the function. But sequence alignment of TSEN2, TSEN34 and

TSEN54 with the tRNA splicing enzymes of Archaeglobus fulgidus where residues in

contact with RNA and possibly involved in the splicing mechanism are discussed on a

structural basis [3] shows that those residues are not close to the positions shown here

as mutated. Thus, the influence of the mutations p.S93P and p.A307S in TSEN54 and

p.Y309C in TSEN2 may attributed to more subtle influences on local conformations or

folding stabilities, as discussed below, thus influencing intramolecular functionality or

intermolecular interactions between the four proteins involved or even with so far

unknown additional protein factors.

Structural consequences of the missense mutations described here for the TSEN2
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Supplementary Figure 4. Alignment of the mutated sequence regions of TSEN2, TSEN34 and
TSEN54. The corresponding regions of 12 different organisms are shown. The alignment includes
the following amino acid sequences (first accession no. : SEN2 protein homologs, second: SEN34
protein homologs, third: SEN54 protein homologs) : Homo sapiens Q8NCEO, Q9BSV6, Q7Z6J9;
Bos taurus Q1PS47, Q3MHE1,Q17QY4; Mus musculus Q6P7W5, Q8BMZ5, Q8C2A2; Gallus
gallus Q5ZIN2, --, PRK09297; Danio rerio Q08BW3, A2BIL9, Q504E6; Xenopus laevis Q6GPB4,
--, Q6DE24; Drosophila melanogaster Q8IP11, --, Q9VTV4; Arabidopsis thaliana Q9M1E8, --,
Q9M2L1; Saccharomyces cerevisiae P16658, P39707, QO2825; Candida albicans Q5AF73.

and TSEN54 subunit of the RNA splicing complex may be discussed on the basis of

structural homology considerations. Bujnicki and Rychlewski [4] show by careful

sequence comparison that the folding of all four components of the yeast tRNA splicing

endonuclease (which is homologous to the human complex) may be similar with the

increased size of TSEN54 mainly due to additional insertions between otherwise

homologous sequence strains. The evolution of these complexes may have started with a

homotetramer as known from the M. jannaschii complex via a heterodimeric tetramer

as proposed for H. volcanii to the heterotetramer of yeast or higher organisms [5] . Thus,

identification of mutated positions within sequence alignments with members of known

structure may shed some light on the importance of these positions. A multiple

sequence alignment of the corresponding sequence part of human TSEN2 containing the

p.Y309C mutation with those of a broad spectrum of other organisms show that the

Y309 position is strictly conserved (Tyr of Phe) within eukaryotic organisms, but this

residue is lacking in the archebacterial sequences (see Suppl. Fig. 4) pointing to an

outer loop region within the structure. There are several structures reported for

members of these RNA splicing complexes. For the human TSEN2, the highest

sequence homology is found with splicing enzyme from Sulfolobus tokodaii which in the

crystal structure (PDB code 2cv8) forms a noncrystallographic dimer. In this structure

a lysine (K58) adjacent to the position corresponding to Y309 in human TSEN2 forms

a salt bridge with a glutamic acid (E95) . This salt bridge may help stabilise the proper

orientation of two domains visible in the Sulfolobus tokodaii structure (Suppl. Fig. 6) . In

the human TSEN2 sequence E95 corresponds to a histidine residue (H347) which may

similarly stabilise domain positions by pi stacking interaction with Y309. A mutation of

tyrosine 309 to cysteine will certainly abolish such interaction.
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Supplementary Figure 5. Cerebellar cortex in PCH2 and PCH4 (OPCH). (a,b) Control male of 8
yr with accidental death. (c,d) Patient with PCH2 from Am1 family who died at 3yr, 7m. (e,f)
Patient with PCH4 from Ut4 family who died two days old. All paraffin sections are stained for
synaptophysin. Rectangles on the left side are magnified on the right side. Magnification bars
represent 1mm. In control (a,b) a single folium within the rectangle has about 10 branchlets. In
the PCH2 patient (c,d) folia are stunted and have few or no branchlets. Notice the loss of cortex
between folia in (c) . In the PCH4 patient (e,f) folia are rudimentary and denuded with complete
loss of cortex except the nodulus (n) and flocculus (f) . Adapted from Barth et al. [6] , with
permission. For colour figure see page 168.
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Supplementary Figure 6. Structure of the tRNA splicing enzyme from Sulfolobus tokodaii (PDB
code 2cv8) with an electrostatic interaction at the position where a tyrosine is mutated to a
cystein in the human sequence of TSEN2. The interacting residues Lys58 and Glu95 are indicated
by a stick representation. The figure was drawn with ViewerPro 4.2 (Accelrys Inc.) . It is a
reduced representation of the structure (without side chains) showing only the C-alpha atom
position of each amino acid.

The S93 mutation site in TSEN54 should be solvent exposed as it follows from

sequence alignment (Suppl. Fig. 4) and inspection of the homologous structures (in the

S. tokodaii structure a short sequence stretch containing the equivalent residue position

is omitted because there is no interpretable electron density) . Otherwise it may interact

with neighbouring subunits (as shown in the M. jannaschii structure, PDB code 1a79) .

Nevertheless, as follows from the M. jannaschii structure, it is situated in antiparallel ß-

sheet where a substitution of the serine in the human sequence by a proline with

another proline already adjacent to this position may restrict the available

conformational space and such hamper a proper folding. In the case of the p.A307S

mutation in the human TSEN54 there is even a serine already present at this position

in the S. tokodaii structure (see Suppl. Fig. 4) but the micro-environment of this

residue which points into the inner part of the molecule shall certainly be different and

thus cause a disadvantage of the larger serine residue over the alanine in the human

TSEN54 structure. The TSEN34 mutation p.R58W is in a region which is conserved in

the closely related mammals (e.g. mouse and cow) . A chicken sequence is not available

for this protein. In other vertebrates, this position is exchanged by small hydrophobic

residues only (Ile, Leu) . Therefore the Trp exchange in this position may well produce

sterical hindrance.
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Supplementary Table 1. Genes analysed and new identified markers. For all genes the entire
coding region and intron exon borders were sequenced.
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