
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


1 31

Chapter 6

Functional studies on the
tRNA splicing endonuclease
complex in pontocerebellar

hypoplasia

This work is done in collaboration with the Institute of Molecular
Biotechnology of the Austrian Academy of Sciences,

Dr. Bohr Gasse 3, A-1030 Vienna, Austria.
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Abstract

Mutations in three of the four subunit genes of the tRNA splicing

endonuclease are responsible for most types of Pontocerebellar Hypoplasia

(PCH) . Pontocerebellar Hypoplasia is a neurodegenerative disease

characterised by hypoplasia of cerebellum and pons. Patients display

disturbed motor coordination, progressive microcephaly, mental

retardation and seizures. PCH type 2 is the relatively milder variant of

PCH, caused by missense mutations. PCH type 4 is more severe and is

caused by nonsense plus missense mutations. The tRNA splicing

endonuclease is involved in splicing of intron-containing tRNAs and has

also been implicated in mRNA 3’end formation. Therefore either impaired

tRNA splicing or impaired mRNA 3’end formation could be responsible

for PCH, or both. In this chapter we try to distinguish between these

possibilities. We analysed the tRNA splicing activity of PCH2 fibroblasts

in an in vitro assay. Nuclear extracts of PCH2 and PCH4 cases showed

reduced tRNA splicing activity. PCH4 extracts showed less activity than

PCH2 extracts, which is in line with the mutations in these disorders;

missense mutations and nonsense versus homozygous missense mutations.

No evidence was found for impaired mRNA 3’end formation both in vitro

and in vivo. We propose that impaired tRNA splicing causes PCH.
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Introduction

Pontocerebellar Hypoplasia (PCH) is a group (PCH1-7) of neurodegenerative disorders

associated with early onset of hypoplasia and atrophy of cerebellum and pons,

progressive microcephaly and variable neocortical atrophy. Mutations in the tRNA

splicing endonuclease (TSEN) complex can cause at least 4 different PCH subtypes;

PCH1, PCH2, PCH4 and PCH5 [1-3] . Three (TSEN54, TSEN2 or TSEN34) of the four

subunits of the TSEN complex (the fourth subunit being TSEN15) are associated with

any of these PCH subtypes. PCH4/PCH5 is caused by a combination of a null allele

and a missense mutation in TSEN54, giving rise to a severe phenotype of perinatal

symptoms and early lethality. A milder phenotypic profile with less perinatal

complications, longer survival and dyskinetic movement disturbances are characteristics

of PCH2. PCH2 is caused by missense mutations in TSEN54 [4] . This genotype-

phenotype correlation (e.g. a more severe phenotype caused by compound

heterozygosity for a missense mutations and a null allele) suggests that the disease

mechanism of PCH acts through loss of TSEN54 function. This hypothesis is supported

by zebrafish models for PCH: Following tsen54 targeted knockdown by antisense

morpholinos loss of structural definition and head hypoplasia in zebrafish embryos was

observed, sharing similarities with the brain phenotype observed in PCH. This

knockdown could be rescued by co-injecting human TSEN54. Moreover zebrafish

homozygous for a nonsense mutation (c.682C>T, p.R228X) in tsen54 are lethal 9 days

post fertilization [5] . How TSEN54 mutations give rise to PCH is still unknown. In this

chapter we want to investigate how the TSEN complex is involved in PCH by

examining its different functions and expression in PCH.

TSEN54 and TSEN15 are the two structural subunits of the TSEN complex and

TSEN2 and TSEN34 are the two catalytic subunits [6] . Following removal of the 5’

leader and 3’ trailer sequences, addition of a CCA tail and various modifications,

maturation of tRNAs requires intron removal. There are multiple gene copies for each

tRNA; for certain tRNA species up to 43 genes per isotype. Only a small proportion

(6.3%) of these human tRNA genes is intron-containing. The intron, located within the

anticodon loop of the tRNA, is not removed by the conventional splicing machinery, but

by the endonucleolytic activity of the TSEN complex. tRNAs are genomically encoded

by genes with and without introns. A few tRNAs e.g. all tRNA-Gly are only encoded

by genes lacking introns. For some other tRNA species the majority of the tRNA genes

are intron-containing: For example, 13 of the 14 tRNA-Tyr (GTA) genes contain an

intron [7] .

In yeast pre-tRNA-Tyr splicing is greatly depending on Sen function [8] . A defect in

Sen function significantly affects the amount of functional tRNAs and would have a

pronounced effect on protein synthesis. Our previous study in PCH showed that

mutated TSEN54 (homozygous for c.919G>T, p.A307S) fibroblasts do not accumulate

pre-tRNA-Tyr, so no defect in tRNA maturation could be detected [2] . In order to test
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the in vitro activity of the tRNA splicing endonuclease in TSEN54 mutated fibroblasts

and compare this with wild-type fibroblasts, an in vitro tRNA splicing assay was

performed. Here we show that tRNA splicing activity is reduced in TSEN54 mutated

fibroblasts, compared to the control fibroblast lines.

The TSEN-complex is also thought to be involved in mRNA 3’end processing. An in

vitro study showed that depletion of TSEN2 in HEK293 cells resulted in extended

sequences downstream of the cleavage and polyadenylation sequence of the GAPDH

(glyceraldehyde-3-phosphate dehydrogenase) and EF1A (eukaryotic translation

elongation factor 1 alpha) transcripts, using both a ribonuclease protection assay and

quantitative Polymerase Chain Reaction (qPCR) [9] . Two isoforms of TSEN2, one

containing exon 7 (wild-type) and one without exon 7 (∆ex7) were described [9] . The

composition of the TSEN complex containing TSEN2 ∆ex7 is different compared to

wild-type TSEN with reduced levels of TSEN15 and TSEN34 being observed in the

TSEN2 ∆ex7 associated complex. This TSEN2 ∆ex7-complex might have another

function since it is ubiquitously expressed and its endonucleolytic activity is retained.

Moreover it is not able to cleave tRNAs properly. The TSEN2 ∆ex7 protein associates

stronger than wild-type TSEN2 with Symplekin and CstF64, factors involved in mRNA

3’end processing [9,10] . It is possible that only this TSEN2 ∆ex7 isoform plays a role in

mRNA 3’end formation. In order to test whether PCH patients accumulate downstream

mRNA 3’regions due to aberrant TSEN54 function, we determined the amount of

downstream 3’ends of the GAPDH transcript and compared these with a region prior to

the cleavage and polyadenylation site. A significant inter-individual variation was

observed, but no significant effect could be detected on mRNA 3’end formation in

fibroblasts of patients with a TSEN54 mutation compared to controls. To test in vivo

whether tsen54 or tsen2 function is involved in mRNA 3’end formation we down-

regulated tsen54 and tsen2 by morpholino injections in zebrafish embryos and measured

efficiency of mRNA 3’ends formation. Downregulation of tsen2 and not tsen54 affected

mRNA 3’end processing in the gapdh transcript. We did not find evidence for tsen2

involvement in two other zebrafish transcripts.

As we only found a clear effect on tRNA splicing and not on mRNA 3’end

formation, we also determined the expression of TSEN2 exon 7 in different tissues

including cerebellum and compared this with the constitutive exon 2. We found high

expression of exon 2 and also of exon 7 in cerebellum, compared to other tissues.

We were interested to know whether more genes involved in the tRNA maturation

pathway would be affected in PCH. Genes involved with tRNA ligation were also

candidate genes for PCH. In our remaining “unsolved” PCH cases we screened three

genes of this pathway, like the human cleavage and polyadenylation factor I and tRNA

kinase (CLP1) , the tRNA phosphotransferase (TRPT1) and the tRNA ligase

(HSPC117) for mutations. No mutations were identified in any of these genes in our

unsolved PCH cohort.
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Methods

tRNA splicing activity assay
For fibroblasts of all subjects and/or parents of subjects, informed consent for research

purposes was obtained. The fibroblasts of the control subjects were either healthy adult

subjects or aged-matched subjects with unrelated disease. Nuclear extracts were

isolated from fibroblasts cultured in DMEM (Dulbecco' s Modified Eagle Medium,

Invitrogen) with L-Glutamin (Sigma-Aldrich) supplemented with 10% foetal calf serum

(Sigma-Aldrich) and penicillin/streptomycin (Sigma-Aldrich) . Cell pellets were

harvested and resuspended in phosphate buffered saline (PBS) and centrifuged for 5

minutes at 1500 rpm. Cell pellets were resuspended in 1 pellet volume of buffer A

(10mM HEPES-KOH pH8.0, 1mM MgCl
2
, 10mM KCl, 1mM DTT) and incubated on

ice for 15 minutes. Cells were lysed through a 25 gauge needle and a 1ml syringe filled

with Buffer A. Lysates were centrifuged for 20 seconds at 13000 rpm and afterwards the

pellet was resuspended in 2/3 pellet volumes of Buffer B (20mM HEPES-KOH pH8.0,

1.5mM MgCl
2
, 25% glycerol, 420mM NaCl, 0.2mM EDTA, 1mM DTT and 0.1mM

AEBSF) , small magnetic stirrers were transferred to each sample and samples were

stirred for 30 minutes on ice. Suspensions were centrifuged at 12000 rpm for 10 minutes

at 4°C; afterwards the supernatant was microdialyzed (Millipore Billerica, MA, USA)

against Buffer C (30mM HEPES-KOH pH7.4, 100mM KCl, 5mM MgCl
2
, 10% glycerol,

1mM DTT and 0.1mM AEBSF) for 1 hour at 4°C. At least 2.5µl of 1.5mg/ml protein

was required for the cleavage assay. Extracts were frozen with liquid nitrogen and

stored at -80°C.

Saccharomyces cerevisiae pre-tRNA-Phenylalanine (Phe) was amplified by PCR.

Primer pairs were used as previously described by Weitzer et al. [11 ] . The forward

primer sequence included a T7-RNA polymerase promoter: 5’- AATTTAATACG

ACTCACTATAGGGGATTTAGCTCAGTTGGG -3’ and the reverse primer sequence:

5’- TGGTGGGAATTCTGTGGATCGAAC -3’. 3 pmol of the PCR product was

incubated in the MEGAshorscript T7 Kit (Ambion, Warrington, UK) according

manufacturer’s protocol. α-32P-Guanine-TP (GTP) was included in the in vitro

transcription reaction to radioactively bodylabel the pre-tRNA and extracted

subsequently by running the product on a 10% denaturing acrylamide gel. The pre-

tRNA was eluted in water and final concentration was made to 0.3M NaCl. RNA was

precipitated with 3 volumes 100% ethanol for at least 1 hour at -20°C and the RNA

pellet was dissolved in water to a final concentration of 1µM.

0.5µl of 1µM pre-tRNA was denatured at 100°C for 1 minute and cooled down again

to room temperature. 2.5µl of the nuclear extract, 2µl Buffer D (100mM KCl, 5.75mM

MgCl2, 2.5mM DTT, 5mM ATP pH 8.0, 6.1mM Spermidine-HCl pH8.0) and 0.5µl of

1µM pre-tRNA were mixed and incubated at 30°C for 15, 30 or 45 minutes. The

reaction was stopped in 150µl of proteinase K buffer (140µl of 200mM Tris-HCl pH7.5,
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25mM EDTA pH8.0, 300mM NaCl and 2% SDS plus 6.86ml of 100mg Proteinase K in

7.14ml Proteinase K storage buffer (50mM Tris-HCl pH8.0, 5mMCaCl2, 50% glycerol) )

for 20 minutes at 65°C. RNA was phenol/chloroform extracted and precipitated by

adding 3 volumes of 100% ethanol. Pellets were dissolved in formamide loading buffer

containing xylene cyanol and bromophenol blue. Products were separated on a 10%

denaturing acrylamide gel and visualized by Phosphorimaging.

qPCR for mRNA 3’end formation in patients

Fibroblasts were lysed in TRIzol (Invitrogen, Carlsbad, CA, USA) and sheared through

a 27 gauge needle. RNA was isolated by chloroform extraction and isopropanol

precipitation and dissolved in RNase free water. cDNA was synthesised from 5µg of

RNA with 0.125 U random hexamer primers (pdN6) (Roche Applied Science,

Penzberg, Upper Bavaria, Germany) in a 15µl reaction. For purification purposes cDNA

was precipitated with 3 volumes of 100% ethanol and dissolved in 15µl H2O. 1µl cDNA

was used in a 10µl reaction containing SYBR Green I Master Mix (Roche Applied

Science) . Two primer pairs were designed for the housekeeping transcript GAPDH. One

primer pair was designed upstream of the polyadenylation signal, targeting the terminal

exon and the 3’UTR of GAPDH (forward: 5’– GGCCTCCAAGGAGTAAGACC-3’,

reverse: 5’–AGGGACTCCCAGCAGTG –3’) . The second primer pair was designed to

overlap the polyadenylation signal and the region downstream of the polyadenylation

signal (forward: 5’- CCTTGTCATGTACCATCAATAAAG -3’, reverse: 5’- TGCCC

CAGACCCTAGAATAA -3’) . Downstream GAPDH regions were normalized against

GAPDH 3’UTR regions. 18S ribosomal RNA (RN18S1) was used as an additional

control for normalizing purposes. Minus Reverse Transcriptase samples were used as a

control to test for genomic DNA contamination. Data were analysed using LinRegPCR

analysis software [12] .

qPCR for mRNA 3’end formation in zebrafish embryos

All zebrafish (Danio rerio) procedures were approved by the Academic Medical Center

Animal Ethics Committee and experiments complied with standard animal care

guidelines. Breeding and maintenance of all zebrafish stocks were performed as

described previously [13] . Wild type (WT) TL zebrafish strains were crossed to

generate embryos for morpholino injections. Fertilized embryos were collected and

staged according to standard guidelines [14] . Morpholinos (MOs; Gene-tools, LLC,

Philomath, OR, USA) were designed around the exon 3 splice donor site (5’- ACT

TCTTTTTTTGTGTCTTACTTA -3’) of the zebrafish tsen2 gene. Tsen54 splice site

morpholinos were designed and used as described previously [5] . Standard control MOs

(CoMO) were also provided by Gene-tools. Using fine glass needles and a microinjector

(World Precision Instruments, Sarasota, FL, USA) , 1-4 cell stage embryos were injected

directly into the yolk sac with 6.6ng and 3.2ng splice MO or 6.6ng CoMO.
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Total RNA was extracted from 50 injected embryos 24 hpf using TRIzol

(Invitrogen) and chloroform for phase separation and isopropanol precipitation. cDNA

was synthesised with random hexamer primers from 5µg of RNA as described above.

1µl cDNA was used in a 10µl reaction containing SYBR Green I Master Mix (Roche

Applied Science) . Two primer pairs were designed for the zebrafish housekeeping

transcripts gapdh. One primer pair was designed upstream of the polyadenylation

signal, targeting the terminal exon and the 3’UTR of gapdh (forward: 5’- GCAACC

GTGTATGTGACCTG -3’, reverse: 5’- GGAGAATGGTCGCGTATCAA -3’) . The

second primer pair was designed to overlap the polyadenylation signal and the region

downstream of the polyadenylation signal (forward: 5’- TCTGTTAACAACTT

GCGATGG -3’, reverse: 5’- TTGCACCGAACAAGCTATTG -3’) . Downstream gapdh

regions were normalized against gapdh 3’UTR regions. Similarly, primers were designed

for two other housekeeping transcripts, actin and hprt1 (hypoxanthine

phosphoribosyltransferase) . One primer pair for hprt1 and actin targeting its UTR

(hprt1 forward: 5’- GTGTGATTAGTGACAGTGGGAAA-3’, hprt1 reverse: 5’-

CATTCAGATGCTCATGTTCCA-3’, actin forward: 5’- TCCATCCTGGCTTCTCT

GTC -3’, actin reverse: 5’- AAGCACTTCCTGTGGACGAT-3’) and one pair

overlapping the polyadenylation signal (hprt1 forward: 5’- GCAACCAATGTTGCCA

AGAA-3’, hprt1 reverse: 5’- TCAAGACAGGATTTGCAAAGAA-3’, actin forward: 5’-

CAGTCTCTCAGCCGTACATTTG-3’, actin reverse: 5’- GCAAGAGAAGACCCAA

AACA-3’) . Minus Reverse Transcriptase samples were used as a control to test for

genomic DNA contamination. Data were analysed using LinRegPCR analysis software

[12] .

qPCR for TSEN2 isoform analysis

Blood-, heart-, cerebellum-, hippocampus-, primary motor cortex- and somatosensory

cortex samples were obtained from human control subjects. Informed consent for

research purposes was obtained for all subjects. Sections were cut and dissolved in

TRIzol Reagent (Invitrogen) for subsequent RNA isolation. RNA was isolated using

RNeasy Mini protocol for QIAcube instrument (Qiagen, Venlo, The Netherlands) or

using the PAXgene system (Qiagen) for blood samples. cDNA was synthesised from 1µg

of RNA with oligodT
12

-VN primers in a 15µl reaction. cDNA samples were 1:10 diluted

and 1µl was used in a 10µl reaction containing SYBR Green I Master mix (Roche

Applied Science) . Primer pairs for the constitutive exon 2 (forward exon 2 primer: 5’-

TGGCAGAAGCAGTTTTCCAT -3’, reverse exon 2 primer: 5’- GGTCCTGA

CCAAAAGGGATT -3’) and the alternatively spliced exon 7 were designed. As exon 7

is only 51 nucleotides, the reverse primer extended into exon 8 (forward exon 7 primer

5’- TGGTCTATGCTCTGGGATGTT -3’, reverse exon 8 primer 5’- GCT

TTCCAGAGCTTCACTATCG -3’) . TSEN2 qPCRs were normalized to GAPDH. Data

were analysed using LinRegPCR analysis software [12] .
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Figure 1. PCH2 nuclear extracts show reduced tRNA cleavage in vitro. A body-labeled pre-tRNA-
Phe was incubated with nuclear extracts derived from control and PCH2 patient fibroblast cell
lines. Samples were taken at the indicated time points and generation of tRNA exons was
monitored by electrophoresis and detected by Phosphorimaging.

Mutation screen

We screened PCH cases referred to our laboratory for molecular genetic testing and

negative on TSEN mutation analysis. Samples were submitted to our department for

diagnostics and informed consent was obtained by referring physicians. The coding

regions of CLP1, TRPT1 and HSPC117 were sequenced. If DNA levels were not
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sufficient, DNA was amplified with the GenomiPhi V2 Amplification kit (GE

Healthcare, Waukesha, USA) according to manufacturer’s protocols. Primer pair

sequences, PCR and sequence conditions are available upon request. PCR products

were directly sequenced using BigDye Terminator sequencing kit and ABI PRISM 3730

DNA analyser (Applied Biosystems, Foster City, CA, USA) . Sequences were analysed

using the CodonCode Software version 3.5.6 (Dedham, MA, USA) . Seventeen PCH

patients were screened for CLP1 and TRPT1 mutations and 88 PCH patients were

screened for HSPC117 mutations.

Results

tRNA splicing activity assay

The enzymatic activity of the tRNA splicing endonuclease was examined in fibroblast

extracts derived from four control subjects and two PCH subjects (Fig. 1) . Patient 1

carried the common homozygous missense mutation in TSEN54 (c.919G>T, p.A307S) ,

Patient 2 was compound heterozygous for the common missense mutation in TSEN54

and a heterozygous deletion leading to a premature termination signal (c.953delC,

p.P318QfsX23) . Both patients show reduced tRNA exon-generation in the tRNA

splicing assay compared to controls, this effect was larger in Patient 2.

A follow-up experiment confirmed this result in three other patients (Patient 3, 4, 5)

all carrying the homozygous c.919G>T (p.A307S) TSEN54 mutation (Fig. 2a,b) and

showed no impaired tRNA exon generation in three different control subjects (Control

7, 8, 9) . In addition no reduced tRNA splicing activity was observed in a healthy

heterozygous carrier of the c.919G>T TSEN54 mutation, confirming that disruption of

both alleles is required to develop PCH (Control 6) .

Moreover we performed the same experiment in a case with PCH type 1 (Fig. 2a,b) .

A characteristic of PCH1 is additional loss of motor neurons in the anterior horns of the

spinal cord. This patient has been screened for mutations in the different TSEN

(TSEN54, 2, 34, 15) genes and other PCH associated genes (RARS2 and VRK1) but no

mutation was identified [2] . In order to test whether TSEN-function was affected in this

case with PCH1 (Control 5) we performed the same assay, but no reduced tRNA

splicing activity could be measured, indicating that impaired tRNA splicing is not

underlying PCH1 in this case.

mRNA 3’end formation analysis

As the TSEN complex is also involved in the processing of mRNA 3’ends we were

interested to know whether PCH patients accumulated 3’ends. We tested nine patients
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harbouring a TSEN54 mutation and compared this with nine controls. We amplified

the region overlapping the cleavage and polyadenylation signal in GAPDH and

compared this to a region upstream to this signal. No significant effects in mRNA 3’end

regions could be detected between fibroblast samples of patients and controls in

GAPDH (Fig. 3) .

In order to determine if tsen54 function is involved in mRNA 3’end formation in

vivo we down-regulated tsen54 in zebrafish embryos and compared gapdh, hprt1 and

Figure 2. PCH2 nuclear extracts show reduced tRNA cleavage in vitro. (a) Nuclear extracts from
control and PCH2 patient cell lines were incubated with a bodylabeled pre-tRNA-Phe. Samples
were taken at the indicated time points and generation of tRNA exons was monitored by
electrophoresis and detected by Phosphorimaging. (b) Quantification of tRNA exon levels (in % of
the input pre-tRNA).
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Figure 3. Expression analysis of GAPDH mRNA 3’ends normalized to its own transcript. No
significant effects in mRNA 3’end regions could be detected between fibroblast samples of patients
and controls in GAPDH.

actin mRNA 3’ends with those mRNA 3’ends of tsen2 down-regulated zebrafish. In

zebrafish no evidence was found for involvement of tsen54 in mRNA 3’end processing.

However an involvement of tsen2 in 3’end processing could be confirmed for gapdh (Fig.

4a) , as higher levels of 3’ends were observed in morphants injected with the high dose

of MO compared to the low dose tsen2 morphants and controls. No differences in 3’end

formation were observed in tsen2 morphants for hprt1 and actin (Fig. 4b,c) .

TSEN2 isoform analysis

Expression of TSEN2 exon 7 and a constitutive exon (exon 2) were determined by

qPCR. Expression was determined in blood, heart, cerebellum, hippocampus and

primary motor cortex of different control subjects. Of each tissue three control samples

were available, only of the primary motor cortex just two samples were available. The

three different tissue samples were not available from the same three individuals. Higher

expression of TSEN2 exon 2 in cerebellum was found compared to hippocampus,

primary motor cortex, heart and blood (Fig. 5b) . We found a similarly high expression

for exon 7 in the cerebellum, but with generally lower levels of exon 7 expression among

all tissue types (Fig. 5a) .

Mutation analysis

In mammals there are two pathways of tRNA ligation: the yeast-like pathway and the

Archaea-like pathway. pre-tRNA cleavage by TSEN generates a 2’- 3’ cyclic phosphate

at the 3’ splice site and a 5’-OH group at the 5’ splice site. In the yeast-like pathway

the requirement for exon ligation by a yet to be identified ligase is the prior

phosphorylation of the 5’-OH group of the 3' exon by CLP1 and opening of the 2’- 3’
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Figure 4. (a) Expression analysis of gapdh mRNA 3’ends normalized to its own transcript. No
significant effects in mRNA 3’end regions could be detected between tsen54 downregulated
zebrafish embryos and controls (control morpholino injected fish and wild-type uninjected fish) in
gapdh. More 3'ends of gapdh were observed in zebrafish embryos treated with a high dosage of
tsen2 morpholino. (b) Expression analysis of hprt1 mRNA 3’ends normalized to its own transcript.
No significant effects in mRNA 3’end regions could be detected between tsen2 and tsen54

downregulated zebrafish embryos and controls (control morpholino injected fish and wild-type
uninjected fish) in hprt1. (c) Expression analysis of actin mRNA 3’ends normalized to its own
transcript. No significant effects in mRNA 3’end regions could be detected between tsen2 and
tsen54 downregulated zebrafish embryos and controls (control morpholino injected fish and wild-
type uninjected fish) in actin.

cyclic phosphate of the 5' exon by an unknown diesterase (CPD) activity. The 5’-

phosphate of the 3' exon is subsequently used for the ligation. A phosphotransferase

(TRPT1) transfers the 2’-phosphate that arises after CPD activity to NAD. The

Archaea-like ligation pathway involves a direct ligase (HSPC117) activity that joins the

tRNA half-molecules using the phosphate of the 2'–3' cyclic phosphate as the junction

phosphate [15,16] . In order to test these candidate genes in our cohort of unsolved PCH

cases we screened, but did not identify mutations in the coding regions of CLP1,

TRPT1 and HSPC117 in these cases.
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Discussion

There are two known functions of the TSEN complex. The first and best studied

function is the role of the TSEN complex in the intron removal of tRNAs. The tRNA

splicing activity assay showed reduced tRNA exon generation in patients with a

TSEN54 mutation compared to controls. This effect was largest in Patient 2, who

carried a null allele plus a missense mutation in TSEN54. Patient 1, 3, 4 and 5 were all

homozygous for the c.919G>T (p.A307S) mutation in TSEN54 and also showed

reduced tRNA exon generation compared to controls. These findings are in line with

the more severe phenotype observed in PCH4, in which there is a null allele plus a

Figure 5. Expression profile of (a) exon 7 and (b) exon 2 of TSEN2. Higher expression of TSEN2
exon 2 in cerebellum (Cerebel) can be observed compared to hippocampus (Hippo) , primary
motor cortex (PMC), heart and blood. A similar expression pattern for was observed, but with
lower levels of exon 7 overall.

missense mutation which supports the loss of function hypothesis. Moreover a PCH1

case negative in TSEN mutation analysis did not show reduction in tRNA exon

generation. This finding makes it unlikely that this PCH1 case carries an unidentified

mutation in one of the non-coding regions of the TSEN genes or a transcriptional

regulator of the TSEN complex. Depending on availability of patient fibroblasts, the

tRNA splicing activity assay could be used as a diagnostic read-out to examine whether

a patient would carry a TSENmutation or not.

The second function of the TSEN complex is its role in mRNA 3’end processing.

Although it is known that the TSEN complex associates with several factors involved in

mRNA 3’end processing, direct involvement has only been confirmed once for TSEN2

[9] . Knock-down of TSEN2 resulted in increased downstream GAPDH and EF1a
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mRNA 3’ends. There was no effect of TSEN54 on mRNA 3’end formation, as we could

not detect more GAPDH mRNA 3’ends in TSEN54 mutated fibroblasts compared to

controls. RNA derived from fibroblasts might not be the most suitable source for such

an assay. The large inter-individual variation in expression is a problem, but no

significant difference between nine patients and nine controls could be detected (Fig. 3) .

Patient 2 carrying one null allele and one mutated allele (second bar of Fig. 3) also did

not show a significant effect on mRNA 3’end formation. In vivo experiments in

zebrafish confirmed this result, as no accumulation of mRNA 3’ends in tsen54 deprived

zebrafish embryos was observed in any of the three tested transcripts. Evidence for a

role of tsen2 (in the higher MO dose treated fish) in mRNA 3’end formation was

confirmed in the gapdh transcript which agrees with has been found following in vitro

knockdown of TSEN2 in HEK293 cells. It is unclear why the actin and hprt1

transcripts did not show this effect. Perhaps the effect observed in gapdh is due to

variation and not due to tsen2 knockdown. Another explanation could be that the

regulation of 3’end processing of hprt1 and actin is not regulated by tsen2. Furthermore

it remains possible that qPCR is not sensitive enough to detect small differences in

3’ends. RNA-Seq of the transcriptome or a kinetic assay assessing the activity of the

TSEN complex in 3’end processing might be an alternative method to detect such

changes [11] . It is also possible that polyadenylation occurs but at a less efficient rate,

meaning that a further downstream cleavage and polyadenylation site will be used,

rather than the canonical AAUAA sequence. If this is the case, a Serial Analysis of

Gene Expression (SAGE) will give more insight into whether there is accumulation of

such ends compared to controls.

The TSEN2 wild-type protein is related to tRNA splicing, the ∆ex7 protein is

associated with mRNA 3’end formation [9] . Expression analysis of TSEN2 showed high

expression in cerebellum compared to blood, heart, primary motor cortex and

hippocampus. A strong cerebellar expression pattern for TSEN54 at gestation week 8

and week 23 has been reported previously [2,5] . Both TSEN2 exons, exon 2 and exon 7,

had increased expression in cerebellum. As one can expect this expression is larger for

TSEN2 wild-type as the constitutive exon 2 will be measured twice, in the wild-type

and ∆ex7 transcript. Interestingly, the only two published TSEN2 mutations in PCH

compromise exon 7. One of them is a homozygous missense mutation (c.926A>G,

p.Y309C) [2] . The other mutation is a heterozygous splice site mutation (c.960+

1delGTAAG) identified in combination with the previous reported missense mutation

(p.Y309C) [4] . The splice site mutation is predicted to lead to a skipping of exon 7, but

no RNA was available to test this. We can conclude that an undisrupted exon 7 is

necessary for normal development, meaning that the TSEN2 ∆ex7 isoform is not

affected in PCH. In line with this, the only effect we could measure was on tRNA

splicing activity. We therefore propose impaired tRNA splicing as the pathomechanism

underlying PCH.

In this chapter we show that a reduction in tRNA exon generation can be measured
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in PCH fibroblasts. These data do not support impairment of mRNA 3' formation as a

mechanism underlying PCH. Altogether this data is in advance of the hypothesis that

loss of tRNA splicing is the underlying disease mechanism in PCH.
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