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CHAPTER 1

General introduction

Yasmin Namavar, Peter G. Barth, Bwee Tien Poll-The & Frank Baas

Published as "Classification, diagnosis and potential mechanisms
in pontocerebellar hypoplasia" in 2011
in The Orphanet Journal of Rare Diseases 6: 50.



Abstract

Pontocerebellar Hypoplasia (PCH) is group of very rare, inherited
progressive neurodegenerative disorders with prenatal onset. Up to now
seven different subtypes have been reported (PCH1-7). The incidence of
each subtype is unknown. All subtypes share common characteristics,
including hypoplasia/atrophy of cerebellum and pons, progressive
microcephaly, and variable cerebral involvement. Patients have severe
cognitive and motor handicaps and seizures are often reported. Treatment
is only symptomatic and prognosis is poor, as most patients die during
infancy or childhood. The genetic basis of different subtypes has been
elucidated, which makes prenatal testing possible in families with
mutations. Mutations in three tRNA splicing endonuclease subunit genes
were found to be responsible for PCH2, PCH4 and PCH5. Mutations in
the nuclear encoded mitochondrial arginyl-tRNA synthetase gene underlie
PCH6. The tRNA splicing endonuclease, the mitochondrial arginyl-tRNA
synthetase and the vaccinia related kinasel are mutated in the minority of
PCH1 cases. Most of these genes are involved in essential processes in
protein synthesis in general and tRNA processing in particular. In this
review we describe the neuroradiological, neuropathological, clinical and
genetic features of the different PCH subtypes and we report on in wvitro
and in vivo studies on the tRNA splicing endonuclease and mitochondrial
arginyl-tRNA synthetase and discuss their relation to pontocerebellar
hypoplasia.



Pontocerebellar Hypoplasias

The name Pontocerebellar Hypoplasia (PCH) originates from a report of Brun almost a
century ago, in which he described human brain development and abnormalities
associated with brain development. Cerebellar Hypoplasia is described as dwarfed
growth of the cerebellum [1]. Seven years later Brouwer suggested that pontocerebellar
hypoplasia is possibly due to degeneration rather than to hypoplasia [2]. Subsequent
reports described the pathology as atrophy of cerebellar hemispheres with relative
sparing of the flocculi and vermis and apparent fragmentation of the cerebellar dentate
nucleus [3-5]. The first reported case of PCH which included specific clinical details was
probably by Krause [4]. He reported a child with swallowing problems, spasticity and
complete absence of cognitive and voluntary motor development with the pathological
profile of PCH. In retrospect this may have been the first documented case on PCH
type 2. Pfeiffer and Pfeiffer first reported the extrapyramidal component [5-8]. Barth et
al. described a cluster of related families with PCH from a genetic isolate in the
Netherlands as an inherited syndrome of microcephaly, dyskinesia and pontocerebellar
hypoplasia [9]. A first attempt for classification was based on two subtypes; this divided
PCH in cases with accompanying spinal anterior horn disease (type 1) and cases with
chorea/dyskinesia (type 2) [10]. This classification was extended into five subtypes in
2006 and in 2007 a sixth was added [11,12]. The latest subtype that may be classified as
PCH?Y, has been recently added to this list [13]. PCH now includes seven (PCH1-7)
disorders. In most cases, especially in PCH1, PCH2, PCH4 and PCHS5 prenatal onset of
structural decline is well documented. In some milder cases cerebellar images suggest a
perinatal or early postnatal onset. The clinical diagnosis is made on neuroradiological,
neuropathological and neurological findings [14-18]. Neuroradiological findings in all
subtypes are pontocerebellar hypoplasia and atrophy of ventral pons, cerebellum and to
a lesser extent also the cerebral cortex (Fig. 1). Neuropathologically, there is segmental
degeneration of the cerebellar cortex with loss of Purkinje cells, fragmentation of the
dentate nucleus and degeneration with neuronal loss and decreased folding of the
inferior olivary nuclei in PCH1, PCH2, PCH4 and PCHS5. Neuropathological studies in
the other types are scarce or absent. Cerebellar hemispheres are usually more severely
affected than the vermis and there is progressive loss of the ventral nuclei and
transverse fibers in the pons [19]. Furthermore there is severe progressive microcephaly
and variable ventriculomegaly. Severe intellectual deficit, swallowing problems and
seizures are clinical features of all subtypes [9,18,20].

Clinical features of the PCH subtypes

PCH1

PCH type 1 (Table 1) (PCHI1, previously known as Norman’s disease, ORPHA2254,
MIM 607596) is characterised by pontocerebellar hypoplasia with additional loss of
motor neurons in the anterior horn of the spinal cord, pathologically similar to the
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spinal muscular atrophies (SMA) [6,7]. Magnetic resonance imaging (MRI) of PCH1
patients always shows cerebellar hypoplasia in which the cerebellar hemispheres are
variably affected; in some cases more flat and in other cases more preserved (Fig. la-c).
There is variable involvement of pons and cerebrum [21]. Patients suffer from severe
hypotonia, pareses, central visual failure, dysphagia, respiratory insufficiency,
psychomotor retardation and they usually die within the first year. The majority of
patients also exhibits prenatal onset of symptoms such as congenital contractures and
polyhydramnios. Microcephaly in most reported cases is not present at birth, but
develops postnatally [7,10,21-25].

PCH2

PCH type 2 (PCH2, ORPHA2524, MIM 277470, 612389, 612390) is the most frequently
reported and therefore the best studied subtype (Table 1) [10,18-20,26]. So far at least
81 families have been reported [20,27,28]. Extrapyramidal dyskinesias and dystonia are
the major features of PCH2, pure spasticity is reported in a minority. Other clinical
features include impairment of swallowing from birth on, jitteriness in the neonatal
period, central visual failure and seizures. There is no involvement of the spinal anterior
horn cells in any of the cases that have been studied post-mortem. Life expectancy is
unpredictable, as age of death ranges from the neonatal period to well into adulthood;
most patients however do not reach puberty [20]. Recently chances for survival have
become greater due to improved care, such as tube feeding and gastrostomy. Typical
brain MRI findings are a dragonfly-like cerebellar pattern on coronal sections, in which
the cerebellar hemispheres are flat and severely reduced in size and the vermis is
relatively spared (Fig. 1d-f) [20]. Mild or severe atrophy of the cerebral cortex is
observed in 40% of the PCH2 cases. On MRI myelination is delayed, but demyelination
has not been observed [20].

Prenatal diagnosis by ultrasound imaging is not yet possible in the second trimester
of pregnancy, therefore molecular genetic testing is required for prenatal diagnosis in
high risk pregnancies [29].

PCH3

PCH type 3 (PCH3, ORPHA97249, MIM 608027) also known as cerebellar atrophy
with progressive microcephaly (CLAM), is a very rare subtype of PCH (Table 1). Only
three families have been described so far. All cases had short stature, seizures,
hypotonia and in four of the five cases optic atrophy was reported [30-32]. In the most
recent reported case, the patient suffered from an additional severe Vitamin A
deficiency with unknown cause [32].

PCH4

PCH type 4 (PCH4, olivopontocerebellar hypoplasia (OPCH), ORPHA166063, MIM
225753) shares similarities with PCH2; however PCH4 is more rare and the disease
course is more severe (Table 1). Up to now 18 families have been reported with a PCH4



Figure 1. MRI sections of cases with PCH type 1, type 2 and type 4. The images of the PCH1
case were kindly provided by Professor Darin, The Queen Silvia Children’s Hospital, Gothenburg
University, Sweden. (a-c) Images of a 2 wk old neonate with PCH1. (a) Mid-sagittal section (T))
shows vermal hypoplasia and marked cerebellar hypoplasia. (b) Lateral sagittal section (T,) shows
severe hypoplasia of the cerebellar hemispheres. (c) Coronal section (T,) shows flattened
cerebellar hemispheres which also display some atrophy. The vermis is relatively spared. (d-e)
Images of a 2 months old baby with PCH2. (d) Mid-sagittal section (T ,IR) shows a flat ventral
pons and vermal hypoplasia. (e) Lateral sagittal section (T IR) shows severely hypoplastic
cerebellar hemispheres (arrow) leaving most of the posterior fossa empty. (f) Coronal section (T,)
of a 9 months old infant with PCH2 shows flat cerebellar hemispheres and mild vermal hypoplasia
(dragonfly configuration). Cerebral cortical atrophy is also present. (g-i) Images of a 3145 weeks
neonate with PCH4. (g) Mid-sagittal section (T,) shows severe vermal hypoplasia and ventral
pontine flattening. (h) Lateral sagittal section (T,) shows severe hypoplasia of the cerebellar
hemispheres. Above the tentorium there is an increased distance between the cortical surface and
the skull visible, which is probably due to diminished brain growth in utero. (i) Coronal section
(T,) shows extremely small and flattened cerebellar hemispheres and severe vermal hypoplasia.
Immaturity of cerebral cortex and enlarged ventricles are also visible.
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phenotype [14,16,20,28,33-36]. Patients exhibit more severe perinatal symptoms such as
excessive, prolonged general clonus, congenital contractures, polyhydramnios and
primary hypoventilation the latter necessitating prolonged mechanical ventilation.
Weaning from ventilatory support is often impossible making survival through the
neonatal period exceptional [20]. The pathology seen in PCH4 deviates in some regards
from PCH2. A striking pathological distinction in PCH4 is the C-shaped form of the
inferior olives and large denuded areas without folia in the cerebellar hemispheric
cortex, both phenomena suggesting an early prenatal onset [14,19,37]. Other striking
features in PCH4 are pericerebral cerebrospinal fluid (CSF) accumulation, wide midline
cava and delayed neocortical maturation; all suggesting prenatal decline of cerebral
growth. Additionally the cerebellar vermis is more severely affected (Fig. 1g-i) [20,38].
MRI analysis is therefore helpful in the clinical diagnosis of PCH4.

PCH5

Ounly one family with PCH type 5 (PCH5, ORPHA166068, MIM 610204) has been
described (Table 1). In this subtype of PCH, patients displayed foetal onset of seizure-
like activity in combination with severe olivopontocerebellar hypoplasia and a severely
affected cerebellar vermis [11]. Autopsy of the three published siblings showed diffuse
brain volume loss, C-shaped inferior olivary nuclei, absent or immature dentate nuclei
and cell death which was more pronounced in the cerebellar vermis than in the
hemispheres. No evidence was found for spinal cord involvement.

In retrospect there is an arbitrary difference between PCH4 and PCH5 [38]. In
PCHS5 the vermis was more affected than the hemispheres, whereas in PCH4 the vermis
and the hemispheres are both severely affected, with the emphasis on the hemispheres.
The prenatal seizure-like activity observed in PCH5 appears similar to the severe
neonatal clonus observed in PCH4 [16]. The primary hypoventilation observed in PCH5
is also a typical aspect of PCH4 [20].

PCHG6

PCH type 6 (PCH6, ORPHA166073, MIM 611523) is a rare subtype of PCH (Table 1).
The first published family with PCH6 is a Sephardic Jewish family with three siblings
exhibiting cerebellar and vermal hypoplasia, infantile encephalopathy, dysphagia,
seizures, progressive microcephaly and generalised hypotonia followed by spasticity [12].
No developmental milestones were reached. Biochemical investigation of mitochondrial
complexes showed reduced activity of mitochondrial complexes I, ITI, and IV in muscle,
while activity of complex II was normal. Elevated CSF lactate levels were found.
Another case by Rankin et al. with a PCH6 phenotype in combination with progressive
encephalopathy and edema, was suggestive of PEHO syndrome (Progressive
Encephalopathy with Oedema, Hypsarrhythmia and Optic atrophy) [39]. No autopsies
have been performed in PCH6 cases so far.



PCHT

A new subtype was proposed based on a profile combining genital abnormalities in
combination with PCH. We tentatively classify this as PCH7 (Table 1). The male
patient had impalpable testes with a micropenis at birth and an XY karyotype. In the
following weeks he developed progressive microcephaly, swallowing problems, hypotonia,
respiratory distress, absent tracking movements, a head lag and seizures. MRI at the
age of 16 weeks showed pontocerebellar hypoplasia and cerebral atrophy. At 19 weeks of
age, regression of penile corporeal tissue was noted. He died at 5 4 months of age [13].

Genetics of PCH

TSEN-related PCH and genotype-phenotype correlations

Through homozygosity mapping in a cluster of related families with PCH2, the genetic
basis for PCH2 was identified [37]. All patients were homozygous mutant for an amino
acid change of an alanine into a serine at position 307 (p.A307S, common mutation) in
the transferRNA (tRNA) splicing endonuclease subunit 54 gene (TSEN5/) (Table 2).
Ninety percent of the well-defined PCH2 cases carried this mutation [37]. This TSENS54
mutation correlated strongly with jitteriness, clonus, dyskinesia and/or dystonia and
with flat cerebellar hemispheres on coronal MRI compared to those PCH cases where
no mutation was identified (Fig. 1f) [20].

In rare occasions, mutations are found in two of the three other subunit genes of the
tRNA splicing endonuclease, TSEN2 and TSEN3/ (Table 2) [20,37]. Four patients have
been described so far; three with TSEN2 mutations and one with a TSEN3/ mutation
[20]. These cases have a PCH2 phenotype, as they exhibited spasticity and/or
dyskinesias. Other missense mutations than the p.A307S in TSENS54, have been
associated with PCH2 as well (Table 2). Some of these patients with a rare mutation in
TSEN54 and the patient with a TSEN34 mutation have relatively mild involvement of
pons and cerebellum. On early coronal MRI the cerebellar hemispheres are not
completely flat, but fill the posterior fossa almost completely, suggestive of postnatal
atrophy rather than hypoplasia [20]. Because only a few patients with TSEN2, TSEN3/
and rare TSEN5/ missense mutations other than p.A307S have been diagnosed thus far,
one should be cautious with generalisations about their phenotypes.

Whereas missense mutations in 7'SEN54 underlie PCH2, heterozygous missense-
plus heterozygous nonsense or splice site mutations in TSENS54 underlie the more severe
PCH4 (Table 1, Table 2) [20,27,37]. In one case, three TSEN5/ missense mutations
were found in PCH4. This case was homozygous mutant for the common mutation, plus
another missense mutation (p.S93P) on one of the alleles, giving rise to a PCH4
phenotype. Nonsense and splice site mutations in TSENS/ are associated with increased
severity of hypoplasia of pons and cerebellum and immaturity of the cerebral cortex

Chapter 1 - General introduction
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Table 2. Pathogenic mutations in PCH. Note that in PCH4 and PCH5 there is compound
heterozygosity for a nonsense or a splice site mutation plus a missense mutation (p.A307S,

TSEN54).

Gene Nucleotide position Protein position Subtype
TSENb54 c.178 215del p-E60AfsX109 PCH4
TSEN54 ¢.285G>C p-A95A Splice site mutation PCH4
TSEN54 c.277T>C p.S93P PCH4
TSENbH4 c.371G>T p-G124V PCH2
TSEN54 c.370-2A>G p.G124_ Q138del PCH4
TSENb54 ¢.468+2T>C Splice site mutation PCH5
TSEN54 c.736C>T p-Q246X PCH4
TSEN54 c.919G>T p-A307S (common) PCHI1, PCH2, PCH4, PCH5
TSEN54 ¢.953delC p.P318QfsX23 PCH4
TSENb54 c.1027C>T p-Q343X PCH4
TSEN54 ¢.1056_1057del p-R353G£sX81 PCH4
TSENb54 c.1170 1183del p-V390£sX39 PCH4
TSEN54 c.1251A>G p.P417P Splice site mutation =~ PCH4
TSENbH4 c.1430+2T>A Splice site mutation PCH4
TSEN54 c.15637T>G p-Y513D PCH4
TSEN34 c.172C>T p-R58W PCH2
TSEN2 c.926A>G p-Y309C PCH2
TSEN2 ¢.960+1delGTAAG Splice site mutation PCH2
RARS2 c.356A>G p.QI2R PCHI1, PCH6
RARS2 c.110+5A>G Splice site mutation PCH1, PCH6
RARS2 c.1024A>G p-M342V PCH6

VRK1 c.1072C>T p.-R358X PCH1

with more perinatal symptoms and an earlier lethality than seen in PCH2.

As in PCH4, a heterozygous missense mutation (p.A307S) plus a heterozygous splice
site mutation (c¢.468+2T>C) in TSEN5/ has been found to be responsible for PCH5
(Table 2) [38]. Although milder, the clinical findings in PCH2 are similar to PCH4 and
PCH5. Therefore PCH5, PCH4 and PCH2
manifestations caused by different mutations in the TSEN genes (Table 1). It is still

represent a spectrum of clinical

unclear whether PCH1 is part of this spectrum too, as the common mutation in
TSEN54 was identified in one case from a family with three siblings with a PCHI1



phenotype [40]. DNA was only available in one of the three siblings. Post-mortem
examination revealed neuronal cell loss of the anterior horns of the cervical cord [40].
PCH1 seems to be more heterogeneous than PCH2/PCH4 and several genes are already
involved in the minority of the PCHI1 cases.

Reliable estimations of the incidence of the common/p.A307S mutation (TSENS5Y)
are difficult to obtain. Although PCH2 with this underlying mutation is the most
common form of PCH, it is still a rare disease and clusters in isolated communities. In
the Dutch and German population the carrier frequency of the common mutation is
0.004 [37]. With 184 915 newborns in the Netherlands in the year 2009 one would
expect 3 affected children per annum [41]. However, since the p.A307S mutation occurs
in closed communities, where consanguinity occurs, probably more affected children are
born per year, than one would expect based on carrier frequency in unrelated
Caucasian individuals. Therefore preconceptional testing with prenatal diagnosis for
this disease in selected regions is advised.

RARS2related PCH

Following homozygosity mapping in the first published PCH6 family, a homozygous
intronic splice site mutation (c.110+5A>G) was found in the nuclear encoded gene for
the mitochondrial arginyl-tRNA synthetase (RARS2) (Table 2) [12]. A second PCHG6
case with additional progressive encephalopathy and edema was compound heterozygote
for RARS2 missense mutations (Table 2) [39].

Mutations in RARS2 were identified in one case with a PCHI phenotype [20].
Although this case had high CSF lactate levels, which is normally not reported in
PCH1, post-mortem examination revealed a neuropathological profile that fits a PCH1
phenotype with loss of spinal anterior horn neurons.

Other genes and loci involved in PCH

Nonsense mutations in the Vaccinia Related Kinasel gene (VRKT) were reported to be
associated with pontocerebellar hypoplasia plus SMA in one atypical PCH1 family of
Ashkenazi Jewish origin [42]. Despite the severe microcephaly at birth (fronto-occipital
circumference -3SD and —6SD), the three affected children were mildly delayed in their
developmental milestones. The proband was e.g. able to walk at the age of 3 years;
however she became wheelchair bound later in life and eventually died at the age of 11
years. Cognitive impairment was stated as mild mental retardation, whereas in typical
PCHI1 cases there is severe mental retardation and no developmental milestones will be
achieved [7,10,21-25]. Up to now no other cases with VRKI mutations have been
reported.

Mutations or deletions in the survival motor neuron gene (SMNI) cause SMA. In
PCHI1 linkage to the SMN genes has been excluded; although the motor neuron loss
observed in PCHI1 is morphologically similar to the motor neuron loss in SMA [43,44].
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Table 3. Differential diagnostic options for PCH (right page).

There is no locus for the majority of the PCH1 cases and no other genes have been
linked to PCHI1 yet, with the exception of rare cases with TSEN54, RARS2 and VRK1
mutations (Table 2). Fifteen families with a PCH1 phenotype have been published thus
far; only in 3 families mutations were identified [6,7,10,20-25,34,40,42,44-51]. Further
research on these and other candidate genes in PCH1 is necessary to identify mutations
involved in the remaining majority of the PCHI cases.

Linkage on chromosome 7q was found in two of the three families with PCH3, but
no causative gene has been found [30,31]. Unfortunately no linkage analysis was
performed in the most recently published case with PCH3 [32].

There is no locus yet for PCH7, however sequencing of the coding regions in
TSEN54, TSEN3/, TSEN2, TSEN15 and RARS2 yielded no mutations. FISH analysis
of SRY and Xq12 and a CGH-array appeared to be normal, as well as ARX expansion
analysis [13].

Management and Treatment

There is no cure for PCH: Management is only symptomatic and includes nutritional
support by percutaneous endoscopic gastrostomy (PEG feeding), treatment of dystonia,
dyskinesias and seizures. Sometimes respiratory support is provided. The chorea in
PCH2 is difficult to treat, but physiotherapy may ease cases with severe dystonia or
spasticity. Levodopa treatment appeared beneficial in some cases [52].

Life-threatening complications of PCH are cot death, sleep apnea and malignant
hyperthermia with rhabdomyolysis with extreme elevation of plasma creatine kinase.
Sleep apnea can be detected by sleep monitoring. Malignant hyperthermia should be
prevented by sufficient hydration and monitoring especially during periods of infection
[26].

Other diseases with (ponto)cerebellar hypoplasia

There are several other diseases that one may consider when a patient presents with
pontocerebellar hypoplasia, see also Table 3 for an indication.

Genetic diseases with cerebellar hypoplasia and/or atrophy and variable
cerebral cortical atrophy

Recently a new PCH-like phenotype has been described: Progressive Cerebello-
Cereberal Atrophy (PCCA). Patients with PCCA have postnatal atrophy of the
cerebellar hemispheres, which is not typical for PCH, but some PCH patients do have
this feature [20,30]. Patients with PCCA have progressive microcephaly, severe



TUOT)ONPOINUT TRIOUDY) - T 193der)

[02]

(69°89]

[99]

[29]

[5979]

9°29)]

[09]

[65]

[9g'Gq]

gl

[eg]

v /1

UOTIRISIUI [RUOINDN

‘sosdeuds-ysod pue -oxd

90 Ul SUI[RUSIS UT POAJOAUL
‘Aqurey uwgord MNOHVIN
JO 1IRJ ‘UOTRISIU [RUOIMON

EOMQ@,H%«SH [euoInoN

SISOJUAS URIA[S01SA(]

UMOUNU[)

®/u

SISOJUASOI( SULIOG

SISOJUASOI( Ua30Id0DATY)

uorjeryrur uoryrdrmsuer ],

SISOUJUAS dUIISADOUI[G

' /U

EHENL

MSVO
NTHY

NI ‘eLINOd
‘IIINOd ‘TINOIWNOd
ADYVT ‘dYd

UMOUNU[)

LVSd

(p1 0d4y)
0TV ‘(1 2d&y) gWnd

LIAAN
Ul SUOTYRITT OSTO!

A

SOHASdHS
Ul SUOT}RINT OSTUISSI\]

*Ayumyeword owoI)XH

*SIOPIOSIP UOTRISIU [RUOIMNOU
T91)0 pue rIsRdSAp [eo1)I0000u “juswrdoppossp padeap ‘Arpedomou
[eoyduad [RUOXE ‘SSouUNROM [RIDR] ‘IOPIOSIP AYI[IIOW IRND()

‘Kepop Tejuatndorosap

‘143 payrpduats ‘ssof Surreoy [eamouLiosuas ‘Aydorye ordo ‘Aerdooototy

‘ad&gouoyd Apeydeouassi|

‘1013100 1030t paIredurt
‘SOINZIS ‘SATI[RULIOU(R 940 ‘UOIJRPIRYOL [RIUSJN “RISR[ASAD [€D1110000N

(sy100m gg>) Lyumyetmoad owmoIX]
eise[dodAYy J1e[eqaied paimboy

JUSTIOA[OATT TRTNIOORIIXD
UM ¢ SI[ISTTU IRIOORIIXD
a1} Jo s1soIqy [ejruaSuo))

WM][9(210
pue wegsurelq o1y Jo risejdodAy
pue Apeydecoromu i odLjousyd

UOI}RULIOJ[RUL UTRI( PONUI[-X
Areydeouoessi|

eureANYN
‘OSRASIP-([H ] ‘OWOIPUAS SIMqIRA\
-1y [e A\ sseryyedoue3013sAq

eise[dsAp [esryro000u snid eisejdodAy Te[[oqated YIm SOSBISIP II}oUDL)

Aydoage orydo pue eueps ‘erunyjAresdAy
‘Ayyedoreydeous aarssardord ‘Aydorje re[oqaIed 9AISSaIS01]

*SOUI[RULIOUR ITJ0 [RI9ADS Snd somueyap ureyd Aroyerrdsoy]

Aydorye peiqored pur AJLIM)RUITT 199)eUL
AN A\ uoIjepIR)ar 10jowoydAsd pue vruojedAy ‘Areydesororun
9A18501801d ‘S9INZIDS ‘DUIIAIS pUR SULIDS JO SUONRIJUIIUOD JG) MO

*Areydesorora
‘9ALI) 0} 2n[re] ‘Ar[Pp [ejusurdopAsp ‘erxe)e ‘eruojodA

‘Areydasomrur aatsserdoxd ‘Ayoriseds ‘sarnzies ‘snuopd

‘TOTRPIR)OI J0JOWOTDASJ "WN[[PAIND PUR WNI(IAD Jo AYdoIje 21005

'SOINZIOS PUR UOIJRPIRISI [RIUSUL ‘SozIds ‘Kjmryseds

‘Areydeoororur aarssergord ‘Ardorye [RI(I90-0[[0(DI9)) DAISSIIZOL ]

awoIpuss-QOHHAJ
SIOPIOSTP

[RLIpTOYOOj I ﬁdﬁﬁ@wﬁnﬂu JURIHII(T

Adustoyep
oselgjsurIjouItIR wﬁﬁmwOLQmoﬂﬁnﬂ

1 pue y1 od&y HID

VODI

vOOd

Aydoaye 1ed11.100 [RIqEID d[qerrea pue Aydoaje 1o/pue eise[dodAy Ie[[9(0J0D YIIM SOSBISIP DI}OUILN)

Jod

paAjoAur sAemyred

(s)ouon

:snid eise[dodAH Ie[oqaia)

sisouSerp [erpuaayji(q

19



20

Figure 2. Different RNA processing events in mammals. (a) Eukaryotic splicing pathway of tRNA
splicing in mammals. The TSEN complex is involved in the maturation of premature tRNAs and
excises the tRNA into two halves; one 5’tRNA half with a 2’-3’cyclic phosphate at one exon-end
and a 3'tRNA half with a 5’OH-group at the other exon-end. The final processing of tRNA
maturation involves either direct ligation of the two tRNA halves by ligation through the
Archaea-like pathway (by HSPC117, depicted) or indirect ligation through the yeast-like pathway
(not depicted) [104]. Adapted from Calvin et al. [105]. (b) tRNA aminoacylation in mammals.
RARS2 can bind to its cognate amino acid in an ATP dependent matter. This complex of ATP,
RARS2 and arginine binds to the mt-tRNA-Arg and arginine will be transferred to its tRNA.
Adapted from Antonellis et al. [83]. (c¢) Selenocysteine synthesis. Serine (Ser) is aminoacylated to
tRNA-Sec by a seryl-tRNA synthetase (SARS). This Ser-tRNA-Sec complex is then converted by
a kinase to a Sep-tRNA-Sec complex. In the presence of the cofactor pyridoxal phosphate (PLP)
and the selenium donor selenophosphate (Se-donor) the SEPSECS enzyme converts the Sep-
tRNA-Sec to Sec-tRNA-Sec. Adapted from Allmang et al. [87].



spasticity, mental retardation and in some cases seizures. Sequential brain MRI of
patients shows the progressive nature of the cerebellar and cerebral atrophy. Missense
mutations in the O-phosphoseryl-tRNA selenocysteine tRNA synthase gene (SEPSECS)
are associated with this disease (Table 3) [53].

In infantile cerebral and cerebellar atrophy (ICCA) there is also cerebellar volume
loss with psychomotor retardation, seizures, jitteriness, clonus, severe spasticity, visual
problems, hypertonia and progressive postnatal microcephaly. Brain MRI shows severe
atrophy of cerebrum and cerebellum (Table 3) [54].

Certain subtypes of the congenital disorders of glycosylation (CDG) disorders
manifest with cerebellar hypoplasia as well. CDG-la patients have generalised
hypotonia, developmental delay, swallowing problems, failure to thrive and cerebellar
hypoplasia, next to variable external dysmorphia and hematologic problems [55].
Cerebellar hypoplasia is also present in patients with CDG-1d, a rare form of CDG
(Table 3) [56-58].

Phosphoserine  aminotransferase deficiency is associated with low CSF
concentrations of serine and glycine. Clinically patients exhibit seizures, progressive
microcephaly, hypertonia and psychomotor retardation. MRI shows cerebral atrophy,
poor white matter development and vermal hypoplasia. The authors did not mention
the size and morphology of the cerebellar hemispheres (Table 3) [59]. Also in various
paediatric mitochondrial disorders predominant cerebellar volume loss is relatively
common, together with respiratory chain deficiencies (Table 3) [60,61]. Progressive
cerebellar atrophy is commonly found in patients with PEHO-syndrome (Table 3)
[62,63].

Genetic diseases with cerebellar hypoplasia plus neocortical dysplasia

Dystroglycanopathies cause neocortical dysplasia and variable pontocerebellar
hypoplasia and microcephaly or hydrocephalus (Table 3) [64,65]. An X-linked brain
malformation phenotype with a moderately simplified gyral pattern and mild cortical
dysplasia, only visible on autopsy is due to mutations in the calcium/calmodulin
dependent serine protein kinase gene (CASK). It can manifests with microcephaly, optic
atrophy, sensorineural hearing loss and pontocerebellar hypoplasia (Table 3) [66]. Other
diseases with cerebellar hypoplasia and additional neocortical dysplasia but easier to
differentiate from PCH, are lissencephaly with agyria or very wide gyria and congenital
fibrosis of the extraocular muscles type 3 (CFEOM3) with extraocular involvement like
neocortical dysplasia and neuronal migration defects (Table 3) [67-69].

Acquired cerebellar hypoplasia

Extreme prematurity (<32 weeks) in infants can also lead to cerebellar hypoplasia, due
to disruption of normal brain development. One should be aware of this when a
prematurely born neonate presents with these features (Table 3) [70,71].

Chapter 1 - General introduction

N
—



22

Pathogenesis

The function of the tRNA splicing endonuclease

The tRNA splicing endonuclease (TSEN) complex is mutated in the majority of the
PCH cases. The endonuclease complex is encoded by four different TSEN genes
(TSEN2, 15, 84, 54) and consists of four protein subunits. Together they form one
heterotetramic enzyme, consisting of two catalytic subunits (TSEN2 and TSEN34) and
two structural subunits (TSEN54 and TSENI15) [72-74]. In mammals, maturation of
tRNA necessitates removal of the 5'leader and 3'trailer sequences, addition of a CCA
tail and various modifications [75]. Six percent of the human tRNA genes are intron-
containing; this intron is not removed by the conventional splicing machinery, but by
the TSEN complex. Only these intron-containing tRNAs require the TSEN complex for
excising the tRNA into two halves; one 5'tRNA half with a 2’-3’cyclic phosphate at the
cleavage site and a 3'tRNA half with a 5’OH-group at the other cleavage site (Fig. 2a).
The individual halves of the tRNA are ligated together again. Mature tRNAs are
essential for translation of messengerRNA (mRNA) into proteins, as they transfer the
correct amino acid to the ribosome to incorporate these amino acids at the growing
peptide chain. Each amino acid has its own cognate tRNA and each tRNA has an
anticodon sequence that can interact to the corresponding codon on mRNA sequence.
In humans there are 506 different tRNA genes, meaning that there are more tRNA
genes than codons. For certain tRNA species the majority of the tRNA genes are
intron-containing: For example, 13 of the 14 tRNA-Tyr (GTA) genes contain an intron
(Table 4). For other tRNAs there are no intron-containing tRNA genes at all: For
example all tRNA-Gly (GCC, CCC, TCC) genes are not intron-containing. For further
information on intron-containing and intronless tRNA genes, see [76].

Table 4. Overview of the number of human tRNA genes with an intron and the remaining
corresponding tRNAs without an intron. Adapted from the Genomic tRNA database [76].

Human tRNA species with Number of human tRNA Number of the remaining
an intron (anticodon) genes with an intron human tRNA genes without

an intron (same anticodon)

Pro- AGG 1 9
Arg - TCT 5 1
Leu- CAA 5 2
Tle- TAT 5 0
Tyr- ATA 1 0
Tyr- GTA 13 1
Cys - ACA 1 0
Trp - CCA 1 8




The TSEN complex is not only involved in tRNA splicing, it is also involved in
mRNA 3’end formation. Knockdown of TSENZ2 results in impaired mRNA 3’end
formation of two housekeeping transcripts GAPDH and EFI1A mRNA in HEK293 cells
[73]. Furthermore the TSEN complex interacts with a lot of factors associated with the
mRNA 3’end processing machinery [73,77].

In 2007, the human cleavage and polyadenylation factor I subunit (hClpl) was
identified as siRNA kinase. hClpl is a binding partner of the TSEN complex and its
kinase activity is also active on 3’tRNA halves, furthermore hClpl participates in
mRNA 3’end formation [78-80]. It seems that multiple enzymes involved in RNA
processing assemble into a molecular equivalent of a ‘Swiss Army Knife’, creating a
complex that can cleave and process several different RNA species [79].

The TSEN complex and PCH

In vitro studies of the TSEN complex

In 2006 the yeast Sen complex was purified and different mutations in the complex were
introduced; this showed that certain mutations abolished tRNA splicing activity
whereas others do not affect tRNA splicing at all [74]. The authors also show that the
same mutation can have a different effect on tRNA splicing, depending on the different
tRNA: E.g. tRNA-Phe is usually not as strongly affected by mutations as tRNA-Tyr.
Certain tRNA transcripts are perhaps spliced more readily than other tRNA transcripts
[74]. This illustrates that it is difficult to predict how mutations in the TSEN complex
will affect tRNA splicing in PCH patients. It is likely that tRNA splicing activity in
patients is reduced, and not completely abolished as no patients to date have been
described with two nonsense mutations in one of the TSEN subunits; this would
abrogate tRNA splicing completely and lead to deprivation of certain amino acids,
which would be non-compatible with life.

Generally, PCH4 patients have a null allele and a missense mutation in TSEN54 and
are therefore more severely affected than PCH2 patients who carry two missense
mutations in TSENS4. This genotype-phenotype correlation suggests that loss of TSEN
function is the underlying disease mechanism in PCH2 and PCH4. One could
hypothesise that a defective TSEN complex would lead to insufficient tRNA splicing,
mainly affecting intron-rich tRNA genes, like tRNA-Tyr (Table 4). However Northern
blot analysis of tRNA-Tyr from fibroblasts of three patients homozygous for the
common mutation in TSENS54 did not show unspliced products. No significant
difference was found in mature tRNA-Tyr levels in fibroblasts of patients and controls
either [37]. To summarise, there is no evidence for a tRNA maturation defect in TSEN-
mutated fibroblasts. Neuronal cells derived from patients would be a better substrate
for tRNA maturation analysis, but unfortunately brain material is scarce and usually
severely affected at the time of death. Induced pluripotent stem cell (iPS) technology
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might circumvent this problem, but even when patient fibroblasts can be converted to
neuronal cells, there is no guarantee that these cells will show a phenotype. After all,
not all neurons in a PCH case are affected.

It remains possible that other unknown (cell type specific) functions of the TSEN
complex may play a role in the disease pathogenesis of PCH cases.

Zebrafish models of TSEN related PCH

Recently we established a zebrafish model for PCH. Knockdown of tsen54 by antisense
morpholino injections in zebrafish embryos resulted in abnormalities in the mid-
hindbrain and a developmental delay. The zebrafish embryos showed head hypoplasia
and loss of structural integrity in the brain. The loss of structural definition in the
brain is not due to a patterning defect, since fibroblast growth factor 8 (fgf8) and
orthodenticle homeobox 2 (otz2), two developmental markers, were expressed in the
correct regions. Instead the developing zebrafish embryo’s showed increased levels of cell
death, bearing comparisons to the neurodegeneration observed in PCH. This
neurodegenerative phenotype is partially rescued by co-injecting human TSENS/
mRNA in zebrafish embryos [81].

Expression analysis of tsen5/ in zebrafish shows a ubiquitous expression pattern, but
higher expression in brain, primarily in the telencephalon and mid-hindbrain boundary.
This is in line with the expression of human TSEN5/ mRNA at eight weeks of
gestation, in which high expression in the developing telencephalon and metencephalon
is observed [81]. The human cerebellum begins its development at six weeks of gestation
and continues growing into the postnatal period [82]. With careful monitoring in
PCH4/PCHS5 cases, one can already measure a decline in transverse cerebellar diameter
at 16 weeks of gestation, indicating a very early onset of the neurodegeneration [11].

Antisense morpholino effects diminish after a few days post-injection. Therefore we
also developed a stable tsendj knockout zebrafish carrying a premature stop codon.
When bred to homozygosity these zebrafish mutants were viable at 9 days post
fertilization (dpf). The absence of a major brain phenotype and survival up to 9 dpf
may be explained by the presence of maternal tsen54 during embryogenesis [81].
Redundancy of the protein in zebrafish is not likely, as eventually these mutant
zebrafish die after 9 days.

RARS?2 and PCH

RARS2, mutated in PCH6 and PCHI, is one of the 36 human tRNA synthetases. By
the usage of ATP, the tRNA synthetase binds to its cognate amino acid. This complex
of ATP, tRNA synthetase and amino acid, binds to the appropriate tRNA whereto the
amino acid will be transferred (Fig. 2b) [83]. RARS2 is involved in the aminoacylation
of arginine (Arg) to its mitochondrial-tRNA-Arg. In RARS2 mutated (c.110+5A>QG)



fibroblasts, a reduction in the amount of the mt-tRNA-Arg was observed. Despite this
reduction, the residual mt-tRNA-Arg transcript was almost completely acylated,
suggesting that uncharged mt-tRNA-Arg transcripts are unstable [12]. Morpholino-
directed knockdown of rars2 in zebrafish resulted in a similar neurodegenerative
phenotype as tsend4 knockdown, suggesting the same pathogenesis for PCH2/4 and
PCHBG6, although it is still not understood how RARS2 is involved in the development of
the pons and cerebellum [81].

Alternative functions of RARS2 compromising the same biological pathway as the
TSEN complex could also be the underlying mechanism in PCH [73,78,81]. For some of
the tRNA synthetases alternative functions are known in processes like conventional
splicing, apoptosis, viral assembly, regulation of transcriptional and translational
processes and angiogenic signaling [83-85].

SEPSECS and PCCA

Mutations in SEPSECS are associated with PCCA (progressive cerebello-cerebral
atrophy). The SEPSECS enzyme (Fig. 2c¢) is involved in the final step of the
selenocysteine (Sec) synthesis [86,87]. Selenocysteine lacks its own tRNA synthetase and
in contrast to the other amino acids selenocysteine is synthesised on its cognate tRNA.
The codon for selenocysteine is UGA, normally encoding for translation termination,
however depending on the flanking sequences of the UGA, this codon is recoded for a
selenocysteine. Prior to selenocysteine synthesis, serine (Ser) is aminoacylated to tRNA-
Sec by a seryl-tRNA synthetase; this Ser-tRNA-Sec complex is then converted by a
kinase to a Sep-tRNA-Sec complex. As a final step SEPSECS converts the Sep-tRNA-
Sec to Sec-tRNA-Sec. It is not likely that SEPSECS missense mutations (p.A239T,
p-Y334K) completely abolish its function, as deprivation of selenocysteins is associated
with lethality in mice [88].

Discussion

The identification of mutations in genes involved in transcription and translation in
neurological disorders shows that these processes are important in (developing) neurons
[83,89-94]. The TSEN complex, RARS2 and SEPSECS proteins, all share involvement
in essential processes in protein synthesis and mutations in the corresponding genes all
lead to a severe phenotype of pontocerebellar hypoplasia, often in combination with
cortical involvement. Omne explanation could be that developing neuronal tissue is
sensitive to dysregulation of protein synthesis [83,92-94]. This hypothesis is supported
by mice with a homozygous missense mutation in the alanyl-tRNA synthetase gene
(AARS). This mouse has increased levels of mischarged tRNAs which lead to
intracellular accumulation of misfolded proteins in neurons, this induces the unfolded
protein response (UPR) and these mice develop a neurodegenerative phenotype, with
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Purkinje cell death and subsequent ataxia [95]. However UPR activation has not been
detected in postmortem brain of PCH2 patients carrying a TSEN mutation, but one
can argue that UPR activation is an early event in the pathogenesis of PCH and that
postmortem studies do not capture this event [19].

On the other hand it is possible that there is a time frame during embryogenesis in
which there is an extra high demand for protein synthesis in neuronal tissue in the early
post-migratory stage. Human brain tissue expresses relatively high overall levels of
nuclear and mitochondrial encoded tRNAs, which might be due to higher levels of
translation in the CNS compared to other tissue [96]. Moreover, malnutrition in rats
during the prenatal period has severe consequences for brain development and the
cerebellum in particular [97]. Protein malnutrition both prenatally and postnatally,
results in reduced brain weight, thinner cerebral and cerebellar cortices, reduced
numbers of neurons, deficient myelination and reduced dendritic spines of cortical
neurons [98,99]. Therefore it is very likely that nutrients and proteins are highly
essential for normal brain development.

Why mutations in other genes involved in protein synthesis lead to completely
different phenotypes remains unclear. For example, mutations in other genes involved in
tRNA charging like KARS, YARS and GARS lead to different types of Charcot-Marie-
Tooth neuropathy [83,100,101]. Mitochondrial aspartyl-tRNA synthetase (DARS2)
mutations cause leukoencephalopathy with brain stem and spinal cord involvement and
lactate elevation (LBSL). Patients with LBSL have profound white matter
abnormalities in their cerebrum, pons and spinal cord. There are some similarities
between LBSL and PCH, like cerebellar involvement and spasticity, but the differences
are more evident. Patients have slowly progressive cerebellar ataxia, dorsal column
dysfunction, occasionally a mild cognitive decline and the age of onset is usually during
childhood or even later. It is unclear how mutations in DARS2 lead to LBSL [89].

Not all mutations in tRNA synthetase genes result in a neurological phenotype.
Missense mutations in the mitochondrial Seryl-tRNA Synthetase gene (SARS2) give
rise to a multi-organ disease with Hyperuricemia, Pulmonary Hypertension, Renal
Failure and Alkalosis (HUPRA-syndrome). Although there is failure to thrive and a
global developmental delay, patients exhibit no neurological symptoms and brain
ultrasound was reported to be normal [102]. Compound heterozygote mutations in
mitochondrial histidyl-tRNA synthetase gene (HARS2) were found in one family with
ovarian dysgenesis and progressive sensorineural hearing loss (Perrault syndrome) [103].

In summary, the most likely explanation for the neurological phenotype in the
disorders described above is that maturing neurons are more vulnerable for defects in
protein synthesis than other tissues, but this does not explain the difference between
disease presentation shared by mutations of TSEN, RARS2 and SEPSECS, in which
the cerebellum appears to be preferentially affected and other diseases (KARS, YARS,



GARS, SARS?2), with a different disease presentation.

Conclusions and Outlook

During the last decade many genes involved in protein synthesis have been associated
with different neurological diseases. Several genes of PCH subtypes have been
described, in view of the shared function in tRNA processing, a defect in protein
synthesis seems the most likely pathomechanism in PCH. Hopefully identification of
new genes in PCH subtypes will provide further insight and lead us to a common
disease pathway. Also further research on TSEN and/or RARS2 function in PCH
models is necessary to elucidate the question why solely the brain, and specifically the
cerebellum and pons are affected in PCH.

Aim and Outline

The aim of this thesis is to identify the gene(s) responsible for Pontocerebellar
Hypoplasia (PCH) and to understand the pathogenesis of the disease. Homozygosity
mapping in a genetic isolate with PCH subtype 2 showed that a mutation in the tRNA
splicing endonuclease (TSEN) subunit 54 gene is responsible for the disease in this
family. Moreover, we identified additional mutations in TSEN54, TSENZ2 and TSENS/
in other families with PCH type 2 and type 4. In Chapter 2 we discuss these findings.
Chapter 3 describes strong genotype-phenotype correlations in a cohort of 169
patients with PCH. Patients with missense mutations are clinically and pathologically
relatively mildly affected compared to patients who are compound heterozygote for
missense and nonsense mutations. In addition, we identified more mutations in the
TSEN genes responsible for PCH2 and PCH4. In the mitochondrial arginyl tRNA
synthetase gene (RARS2) we identified mutations to be responsible for a rare form of
PCH1 and for PCH6. Chapter 4 describes the genetic characterisation of PCH type 5,
a disease also caused by mutations in TSENS4. PCH5 has a severe phenotype with
many similarities to PCH4. Chapter 5 provides the first experimental evidence that
loss of function mutations in TSEN54 cause PCH. Morpholino knockdown of the
zebrafish tsend4 gene causes brain hypoplasia associated with increased cell death,
without a defect in neurodevelopmental patterning, thus bearing comparison to PCH.
Moreover zebrafish homozygous for a premature stop codon mutation in tsendj die
during larval stages. Chapter 5 also describes the consequences of rars2 knockdown in
zebrafish embryos, resulting in a similar neurological phenotype. Therefore TSENS4
mediated PCH and RARS2 mediated PCH possibly share a common disease pathway.
Chapter 6 presents experimental evidence on reduced tRNA splicing activity in
patient fibroblasts. No defect in mRNA 3’end formation was observed. These data
suggest that impaired tRNA splicing is the underlying disease mechanism in PCH.
Chapter 7 summarises all these findings and discusses the pathogenesis of the disease.
Also new directions for further research are discussed.
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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.



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. la,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 Aml and Amla from the Volendam region
using 10K SNP arrays (Affymetrix). We identified linkage to chromosome 17¢25 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 Amla (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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Figure 2. Genetic mapping of the PCH2 locus. (a) Multipoint linkage analysis of the genome-wide
scan using the Affymetrix GeneChip Human Mapping 10KArray Xbal3l. Plot of additive lod
calculations in families Aml and Amla is shown. (b) Haplotypes of the families Amla and Aml
on chromosome 17¢q25. 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 D1751301 and D17S937. Mutation site of TSEN5/, grey
shading.

13.4cM. By fine-mapping using microsatellite markers, we narrowed the PCH2 locus to
an interval of 4.5¢cM between markers D1751301 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 Amla 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 Aml and
Amla 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 (TSENS5J), that is ¢.919G>T of RefSeq
NM_ 207346.2 was exclusively homozygous in our affected subjects. We therefore typed
only the TSEN54 ¢.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 ¢.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 ¢.919G>T
mutation. We estimated that the mutation must have occurred at least 11 to 16
generations ago (see Supplementary Methods).
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Table 1. Clinical data and mutations in subjects with PCH.

Phenotype Progressive Visual

micro- MRI Chorea/ Swallowing  impair- Optic  Spontaneous
Family code m/f cephaly typical dystonia disorder ment atrophy breath
PCH2
Amla, Amlc-e 3m, 5f + + + + + - +
Amlb 2m + + - + + - +
Am3 f + + + + - - +
Am4 m + + + + + - +
Am5 m + + + + + - +
Am6 f + + + + + +
Anl m + + + + + +
Bel 1m, 1f + + + + + - +
Esl m + + + + + - +
Frl m + + + + +
Gbl m + + + + + - +
Gel 1m, 1f + + + + + - +
Gn2 f + + + + + - +
Gn3 f + + + + + - +
Crl m + + + + + - +
Cr2 f + + + - - - +
Jel f + + + + + - +
Lu2 f + + + + + - +
Mcl f + + + - + - +
Mc2 f + + 3m - + + - +
Msl m + + + + + +
Nyl m + + + + + - +
Ny2 f + + + + + +
Ny3 m + + + + + +
0d1 f + + + + + - +
Tel 2f + + + + + - +
Tul 2m + + + + + - +
Twl m + + + + + - +
Tw2 m + + + + + +
Ukl m + + +
Utl f + + + + + - +
Ut2 f + + + + + +
Utd m + + 3m - + + - +
Zu2 2f + + + + - +
Lel m + + + - + - +
Hgl m + + + - + - +
Am?2 m + + + - - - +
Bx1 f + + + + + +
Pil f + + + + + + +
PCH1
Ael m + Hypotonia + -
Am7 m + Hypotonia + -
Lo2 f + Hypotonia + -
PCHA4
Brl f + Hypertonia at birth + -
Ut4 m + Hypertonia at birth + -
Nul f + Hypertonia at birth + -

m, male; f, female; 3m-, not detectable at 3 months of age.



Congenital
contracture/

polyhydramnios

Previous citations; remarks

Mutation in tRNA

endonuclease subunit

Substitution

'
S~ T T T T T T T TN TN T STTESTrTETNTETTTETETETETTETTTETETETETTNTETTNTTETTETETTETETTSTTSTTETETTSTETTSTTSTTSTTNIT

,/+
+/+

,/+
+/-
,/+

3]
Spasticity
3]

Bl

[3, 6, case 3]
Affected brother: sex reversal

[15] Peripheral pareses
[16] Peripheral pareses
[17] Peripheral pareses

Severe myoclonus
[6] Severe myoclonus
Severe myoclonus

TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN54
TSEN2
TSEN34
None
None
None

None
None
None

TSEN54
TSEN54
TSEN54

p-A307S, p.A307S
p.-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p.-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p.-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-A307S, p.A307S
p-Y309C, p.Y309C
p.R58W, p.R58W

p-A307S, p.A307S, p.S93P

p-A307S, p.Q246X
p.A307S, p.Q343X
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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 ¢.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 TSENS4 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 PCHI1 cases, we identified the
¢.919G>T mutation in all three PCH4 cases. One individual was homozygous for the
¢.919G>T change, and two others were compound heterozygous for this change with
either ¢.736C>T or ¢.1027C>T in addition to ¢.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 ¢.277T>C mutation on one of the two ¢.919G>T alleles, resulting
in a second substitution at amino acid position 93 namely, from serine to proline
(Suppl. Fig. 3d). The ¢.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 -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 TSENS4 strongly supports our hypothesis that defects in
TSEN5 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 TSENJ54 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 TSENZ2 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



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.

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 TSEN3j revealed another
homozygous missense mutation (c.172C>T; RefSeq NM__024075) in another subject
with PCH2, of Turkish origin (family Hgl, 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
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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 TSENS5/ in the developing brain (Fig. 4). TSEN5/
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 TSENS$/) and one
noncatalytic subunit (7SEN54) of the tRNA splicing endonuclease (Fig. 3). The
mutations p.Y309C in TSENZ2, p.S93P and p.A307S in TSEN5/, and p.R58W in
TSENS34 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 ¢.919C>T did not show unspliced products (data not shown).
The high abundances of TSEN5/ 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 PCHG6
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.



Figure 4. TSEN5/ 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, 500pm. (b) Higher magnification of (a) showing positive staining in
individual neurons and surrounding dendrites. Scale bar, 25pm. (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, 500pm. (d)
Higher magnification of (¢) showing positive staining in cytoplasma of individual neurons and
surrounding dendrites. Scale bar, 50pm. (e,f) Ventral pons at gestational age, 21 weeks. (e)
Groups of immature small neurons separated by bundles of nerve fibers. Scale bar, 100pm. (f)
Higher magnification of (e) showing small neurons with positive staining of cytoplasm and
dendrites. Scale bar, 25pum. 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 PCHI.

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 Aml and four
individuals of Amla 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 TSENS/ splicing.

We excluded the possibility that the TSEN54 ¢.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.



In situ hybridization for TSENS54 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 (20ME)-RNA
moieties. We designed two LNA/20ME probes, each targeting a unique sequence of
TSEN5/ mRNA (NM_207346): 5'-TcuTucTcuTgeCauCucC-3' and 5'-TucTecTeu
GggTauTggC-3" (where LNA residues are given in capital letters, 20ME-RNA in lower
case). The oligonucleotides were synthesised by Ribotask ApS. Hybridizations were
done on 12pm  sections of paraffin-embedded material. In brief: sections were
deparaffinized, treated with proteinase K (20pg/ml) for 5 min and postfixed with 4%
paraformaldehyde in PBS for 10 min. Hybridizations were done at 60°C for 90 min in
hybridization mix (50% (vol/vol) deionized formamide, 600mM NaCl, 10mM HEPES
buffer, pH7.5, ImM EDTA, x5 Denhardt’s reagent and 200pg/ml denatured herring
sperm DNA (D6898, Sigma)). The oligonucleotide concentration in the hybridization
mix was 1pM. After hybridization the tissue sections were washed consecutively for 5
min with x2 SSC, x0.5 SSC and x0.2 SSC at 60°C. The hybridization signal was
detected using a rabbit polyclonal antibody detecting both fluorescein and Oregon
Green (A21253, Molecular Probes, Invitrogen) (1 h, 20°C, 1:100 dilution) and a
horseradish peroxidase-labeled goat anti-rabbit polyclonal antibody (P0448 Dako) (1 h,
20°C, 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/10%, 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)?, 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 (¢ = 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 10° 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



Supplementary Figure 1. Volendam family cluster with PCH2 tracing back to the 17th century.
All affected individuals carry the homozygous p.A307S mutation of TSENS4. Family codes are
given at the bottom of the drawing.

(Applied Biosystems, Foster City, CA).

Pyrosequencing analysis

German and Turkish controls were tested for the c.919G>T variation of TSENS/ and
c.172C>T wvariation of TSENS34, 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-
tsenb54-F  5'- BIOTIN-GTCACGGGAGCCGGTAAG, E8mu-tsenb4-R 5'- GTGTG
GCGGCTGTCTGAA and as internal primer E8mu-tsen54-S 5'- GTGGCGGCT
GTCTGA and for the TSENS8, 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,. 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).
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Supplementary Figure 2. Haplotypes of additional families on chromosome 17¢q25. (a) Haplotypes
of six additional families from Volendam and other parts of the Netherlands. The shared disease
haplotype of Amla is boxed and the narrowed disease interval flanked by markers D1751301 and
D17S751 is highlighted in grey. (b) Haplotypes of 31 of 47 PCH2 patients homozygous for
TSEN54 ¢.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 ¢.736C>T and ¢.1027C>T base exchanges in TSEN54 most certainly there will be



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, TSEN3j and
TSENS54 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 T'SEN54 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

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.
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Supplementary Figure 4. Alignment of the mutated sequence regions of TSEN2, TSENS34 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 QSNCEO, QI9BSV6, Q77Z6J9;
Bos taurus Q1PS47, Q3MHE1,Q17QY4; Mus musculus Q6PTW5, Q8BMZ5, Q8C2A2; Gallus
gallus Q5ZIN2, --, PRK09297; Danio rerio QO8BW3, A2BIL9, Q504E6; Xenopus laevis Q6GPB4,
--, Q6DE24; Drosophila melanogaster Q8IP11, -, Q9VTV4; Arabidopsis thaliana QIMIES, --,
QIM2L1; Saccharomyces cerevisiae P16658, P39707, QO2825; Candida albicans Q5AFT73.

and TSEN5/ 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 TSEN5 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 2¢v8) 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.



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 Aml 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 lmm. 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 (¢). 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.

Chapter 2 - TSEN mutations cause PCH

(o))
(&)}



56

Supplementary Figure 6. Structure of the tRNA splicing enzyme from Sulfolobus tokodaii (PDB
code 2¢v8) 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 TSENS54 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 3-
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 TSENJS/ 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
TSENbH4 structure. The TSEN34 mutation p.R5S8W 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.



Supplementary Table 1. Genes analysed and new identified markers. For
coding region and intron exon borders were sequenced.

all genes the entire

Gene name ENSEMBL Novel Nucleotide/AA change Position Physical
gene ID Marker/ in the position in

SNP gene bp

SLC9A3RI1 ENSG00000109062

NAT9 ENSG00000109065 AMC-001 beyond stopcodon insertion C 3'UTR 70277639
AMC-002 intron 2 insertion ATAAA intron 2 70282584
AMC-003 UTR insertion GCCCC 5'UTR 70284369
AMC-004 UTR G->A 5'UTR 70284642
AMC-005 UTR C->T 5'UTR 70284705

GRIN2C ENSG00000161509 AMC-006 intron 3 A->G intron 3 70359549
AMC-007 exon 2 G->A A8T exon 2 70362805

HUMPPA/CDR2L  ENSG00000109089

KCTD2 ENSG00000180901 AMC-008 intron 3 T->G intron 3 70560842
AMC-009 intron 5 C->T intron 5 70570699

HN1 ENSG00000189159

GGA3 ENSG00000125447 AMC-010 beyond stopcodon insertion GTGGGAG exon 17 70745605
AMC-011 beyond stopcodon insertion exon 17 70745613

AGTGGGGGGTGGGG or AGTGGGG or
GTGGGG

AMC 012 intron 4 T->G intron 4 70751323
AMC-013 intron 2 T->G intron 1 70754526

SLC25A19 ENSG00000125454 CCG-001

CASKIN2 ENSG00000177303

TSEN54 ENSG00000182173 AMC-014 insertion exon 1 GGAGCC insertion EP exon 1 71024245
AMC-015 exon 3 T->C S93P exon 3 71024740
AMC-016 intron 4 C->A intron 4 71025214
AMC-017 intron 7 A->G intron 7 71029350
AMC-018 intron 7 G->A intron 7 71029372
AMC-019 exon 8 C->T Q246AMB exon 8 71029493
AMC-020 exon 8 G->T A307S exon 8 71029676
AMC-021 exon 8 C->T Q343AMB exon 8 71029784
AMC-022 exon 8 A->C Q389P exon 8 71029923
AMC-023 beyond stopcodon 11 T->C exon 11 71032257

SRP68 ENSG00000167881

GALR2 ENSG00000182687

LGICZ1 ENSG00000186919

FOXJ1 ENSG00000129654

MFSD11 ENSG00000092931

MGATSB ENSG00000167889 AMC-024 Exon 16 521508 exonl6 72455746
AMC-025 Intron 16 C->G intron 16 72456309

CBX2 ENSG00000173894

CBX4 ENSG00000141582
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Abstract

Pontocerebellar  hypoplasia is a group of autosomal recessive
neurodegenerative  disorders with prenatal onset. The common
characteristics are cerebellar hypoplasia with variable atrophy of the
cerebellum and the ventral pons. Supratentorial involvement is reflected
by variable neocortical atrophy, ventriculomegaly and microcephaly.
Mutations in the transfer RNA splicing endonuclease subunit genes
(TSEN54, TSEN2, TSENS3j) were found to be associated with
pontocerebellar hypoplasia types 2 and 4. Mutations in the mitochondrial
transfer RNA arginyl synthetase gene (RARS2) were associated with
pontocerebellar hypoplasia type 6. We studied a cohort of 169 patients
from 141 families for mutations in these genes, of whom 106 patients
tested positive for mutations in one of the TSEN genes or the RARS2
gene. In order to delineate the neuroradiological and clinical phenotype of
patients with mutations in these genes, we compared this group with 63
patients suspected of pontocerebellar hypoplasia who were negative on
mutation analysis. We found a strong correlation (P<0.0005) between
TSEN54 mutations and a dragonfly-like cerebellar pattern on magnetic
resonance imaging, in which the cerebellar hemispheres are flat and
severely reduced in size and the vermis is relatively spared. Mutations in
TSENS are clinically associated with dyskinesia and/or dystonia and
variable degrees of spasticity, in some cases with pure generalised
spasticity. Nonsense or splice site mutations in TSENSH/ are associated
with a more severe phenotype of more perinatal symptoms, ventilator
dependency and early death. In addition, we present ten new mutations in
TSEN54, TSEN2 and RARS2. Furthermore, we show that pontocerebellar
hypoplasia type 1 together with elevated cerebrospinal fluid lactate may
be caused by RARS2 mutations.



Introduction

Pontocerebellar hypoplasia (PCH) represents a group of autosomal recessive
neurodegenerative disorders with prenatal onset, predominantly affecting growth and
survival of neurons in the cerebellar cortex, the dentate, inferior olivary and ventral
pontine nuclei. The variable involvement of supratentorial structures includes
ventriculomegaly, neocortical atrophy and microcephaly. Radiologically and
pathologically, all subtypes are characterised by hypoplasia and variable atrophy of the
cerebellum and pons.

Six subtypes of PCH have so far been identified. Type 1 (MIM 607596) is
characterised by additional loss of motor neurons in the spinal cord, morphologically
similar to the hereditary spinal muscular atrophies [1-4]. Recently, an association with
the vaccinia-related kinase 1 gene (VRK1) was reported in a single family with a mild
variant of PCH type 1 [5]. In PCH type 2 (MIM 277470, 612389, 612390), the
distinctive feature is dyskinesia and/or dystonia and, more rarely, pure spasticity [6].
PCH type 4 (MIM 225753), previously known as olivopontocerebellar hypoplasia, has a
more severe course with prenatal onset of clinical symptoms such as polyhydramnios
and contractures. Early postnatal death is often reported, usually due to primary
respiratory insufficiency. Typical for PCH type 4 are the C-shaped inferior olives,
indicating an earlier prenatal onset than seen in type 2 [7,8]. Neuropathologically, PCH
type 4 and type 2 both display the fragmentation of the cerebellar dentate nuclei.
Mutations in the transfer RNA splicing endonuclease subunit gene TSENS, are
responsible for PCH type 2 and 4 in most European cases. All mutations identified in
type 2 cases are missense mutations (TSEN5/, TSEN2, TSENS3j). In PCH type 4,
nonsense and missense mutations have been identified together (T.SEN5/) [9].

PCH types 3, 5 and 6 (MIM 608027, 610204, 611523, respectively) are rare forms of
PCH. Type 3, also known as cerebellar atrophy with progressive microcephaly, is
associated with optic atrophy, seizures, hypotonia and short stature [10,11]. Type 3 is
mapped to chromosome 7q (markers D7S802 and D7S630 define the borders of the
region, but no gene has yet been identified [11]). Type 5 is characterised by intra-
uterine seizure-like activity and a predominantly affected vermis [12]. No associated
locus has been identified. Type 6 has been reported in two families: one with associated
mitochondrial respiratory chain abnormalities and the other with progressive
encephalopathy, edema, hypsarrhythmia and optic atrophy-like features. Mutations in
the nuclear encoded mitochondrial arginyl transfer RNA synthetase gene (RARS2) have
been identified [13,14].

In this study, we investigated a cohort of 169 patients (141 families) who were
referred to our laboratory for molecular genetic testing due to PCH. We screened the
coding regions for TSEN54, TSEN2, TSEN34, TSEN15, RARS2 and VRKI1 mutations.
In order to define the phenotypical spectrum in patients with the common TSENS/
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mutation, brain MRI and the clinical phenotype of patients with the common TSEN&/
mutation were compared with patients where we did not find a mutation. Here we show
that on MRI, a dragonfly-like pattern of the cerebellum is significantly associated with
the common homozygous p.A307S mutation in TSEN54 (100%). The common mutation
in TSENS5/ is associated with progressive microcephaly, severe lack of motor
development, dyskinesia and/or dystonia, central visual impairment and impaired
swallowing. These findings, together with a dragonfly-like cerebellum, are highly specific
for PCH type 2 with the common mutation and can be implemented in the clinical and
molecular diagnosis of type 2 patients. Compound heterozygotes with a mnonsense
mutation and a missense mutation in TSENS/ are associated with a more severe
phenotype with pre- and peri-natal onset of symptoms, such as polyhydramnios,
contractures, dependence on mechanical ventilation (>1 day after birth) and early
death.

Patients and methods

Patient cohort

For this study, we selected a group of 169 patients (141 families) referred for molecular
genetic testing of PCH-associated genes. All patients who took part in our study were
diagnosed with PCH by referring clinicians. Using these non-strict selection criteria, we
aimed to include typical and atypical patients that represent the spectrum of cases
submitted to laboratories performing genetic testing. Blood or genomic DNA samples
were provided through neurology, paediatric and clinical genetic departments
worldwide. Samples were submitted to our department for diagnostics and informed
consent was obtained by referring physicians.

Genetic analysis

The coding regions and exon-intron boundaries of TSENS54, TSEN34, TSEN2, TSEN15,
RARS2 and VRKI were sequenced on both strands. If DNA levels were not sufficient,
DNA was amplified with the GenomiPhi V2 DNA Amplification kit (GE Healthcare,
Waukesha, USA) according to the manufacturer’s protocol. For 28 cases, DNA from
affected siblings was available. All coding regions and exon-intron boundaries for at
least one case per family were sequenced. Once a mutation was found, it was verified in
the affected sibling. Primer pair sequences, polymerase chain reaction (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) according to the manufacturer’s protocol. Sequences
were analysed using the CodonCode Software version 3.0.1 (Dedham, MA, USA).
Possible variants were confirmed by re-sequencing a new PCR product.



All referred patients with diagnosis PCH
n=169 (141 families)
Collect MRI and clinical information

Mutation in TSEN2, TSEN34,
TSEN54 or RARS2
n=106

No mutation identified

n=63

Common
Other
TSENbH4 .
. mutation
mutation
n=18
n==88

Comparison of MR images and neurological

profiles between groups

Figure 1. Study design.

When available, DNA from parents was analysed to confirm segregation. One
hundred and sixty-seven control chromosomes (88 individuals) were screened to exclude
polymorphisms. The study design is shown in Figure 1.

Clinical analysis

Detailed clinical information was available for 85 patients. This included pre- and peri-
natal morbidity and disease course (Table 1). Additional information requested by
questionnaire included specific questions on (progressive) microcephaly, motor
achievements, visual and feeding behaviour, speech and contractures.

Magnetic resonance imaging analysis

Complete magnetic resonance neuroimages (coronal, sagittal and axial sections) were
available for 50 patients. Prior to DNA analysis, coronal, sagittal and axial MRIs were
qualitatively analysed (by P.G.B. and B.T.P.T.). Cerebellum, pons, cerebral cortex,
ventricles and myelination were analysed and divided into different categories (for
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Table 1. Clinical symptoms in patients with the common mutation and in patients where no mutation was
identified.

The number of patients with a symptom is given relative to all patients with information on this symptom.
Percentages indicate the proportion of the patients with a symptom relative to all patients with symptom
information. ed = early death.

a Significantly associated with the common mutation group, compared to cases where no mutation was
identified. The absence of primary optic atrophy was also significantly associated with the mutation.

b One case did not exhibit dyskinesia, dystonia and spasticity, however, this case was <3 months at the time of
the examination.

¢ One case had optic atrophy secondary to glaucoma. Primary optic atrophy was not reported in any of these
cases.

d Patient is alive.

e Hand control: G = grasping; I = intentional; Nn = none.

f Postural antigravity control: H = with hip support; Nn = none; S = with shoulder support; T = with high
thoracic support; Us = unsupported sitting.

further explanation see Tables 2 and 3 and Fig. 2a-d).

Statistical analysis

Fisher’s exact test and Chi-square test for trend were used to test whether there were
significant phenotypical differences between the different mutation groups and the

group in whom no mutations were identified.

Results

We identified disease-causing mutations in 106 of the 169 patients, representing a
mutation frequency of 62.7%. One hundred patients (59.2%) had a disease causing
mutation in TSEN54. Eighty-eight of these patients were homozygous for the common
mutation (p.A307S) in TSEN5/ (52.1%). MRI scans were available for evaluation from
50 individuals. Twenty of these 50 patients had the common mutation, in 13 cases we
identified a rare mutation and in the remaining 17 of the 50 imaged cases we did not
identify a mutation. All mutations that we identified were verified in 176 control
chromosomes and none of them were found homozygous in healthy individuals. We also
analysed, but did not identify, mutations in the candidate gene TSEN15 and the VRKI

gene.

TSEN54 common mutation

Neurological phenotype

Eighty-eight of 169 patients were homozygous for the common mutation (p.A307S) in
TSEN54 (52.1%). Due to the size of this group, we were able to redefine the phenotype
in detail and compare with patients without mutations (Table 1). Pre- and peri-natal
complications, such as polyhydramnios and contractures, were rare in patients with the
common mutation. Neonatal irritability (jitteriness and/or clonus) and dyskinesia
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and/or dystonia were associated with the presence of the common mutation (P<0.005
and <0.0001, respectively). Impaired swallowing contributing to failure to thrive and
requiring nasogastric tube feeding or percutaneous endoscopic gastrostomy is frequently
seen in patients with the common mutation (P<0.0001). Progressive microcephaly
becomes more evident with increasing age and was associated with the common
mutation (P<0.005) (Fig. 3) [15].

Impaired hand and head control and central visual impairment in the absence of
primary optic atrophy were also strongly associated with the presence of the common
mutation (P<0.0005). Primary optic atrophy was ultimately used as an exclusion
criterion for the common mutation, as none of the patients with this mutation displayed
such a phenotype. Taking all aforementioned criteria together, these characteristics fit
with a PCH type 2 phenotype. Seizures were often reported, but were also present in
the majority of patients in whom we did not identify a mutation (P = 0.542).

A wide range of life expectancy was reported. While one child died at the age of 2.5
weeks, one patient is now alive at 31 years of age.

We previously established the allele frequency of the common p.A307S mutation in
German and Dutch individuals (n = 730) and identified 6 heterozygote genotypes [9].
Effects of the common mutation on protein function was predicted with Alamut
software 1.5 (Interactive Biosoftware, Rouen France) (Tables 5 and 6) [9].

MRI analysis

Based on coronal images, we divided the cerebellar hemisphere pathology into four
different categories (Table 2, Fig. 2a-d): (1) a dragonfly type, with flattened cerebellar
hemispheres (‘the wings’) and a relatively preserved vermis (‘the body’); (2) a butterfly
type, with a small, normally proportioned cerebellum; (3) a postnatal atrophy type;
and (4) the remainder of cases that cannot be categorized in (1-3) above. None of the
images showed normal hemispheres. The dragonfly-like cerebellar hemispheres were
significantly associated with the presence of the common mutation compared to cases
where no mutation was identified (P<0.0005; Fig. 2a,b). All 20 cases with the common
mutation had dragonfly-like hemispheres. Six of the 17 cases of the group without a
mutation also showed this MRI phenotype.

The shape of the pons was divided into three different categories: (1) normal; (2)
attenuated; or (3) flat. The degree of attenuation of the pons was significantly
associated with the presence of the common mutation (P<0.0005; Fig. 4a).

The shape of the cerebellar folia in the vermis, the atrophy and/or maturity of the
cerebral cortex and the size of the ventricles were not significantly associated with
patients with a common mutation, compared to patients in whom no mutation was
identified (P = 0.213, 0.871 and 0.573, respectively). The vermal folia and the cerebral



Figure 2. Examples of MRI scores of cerebellum. (a,b) Cerebellar hemisphere score 1: dragonfly
type, with flat cerebellar hemispheres and a relatively spared cerebellar vermis (coronal sections,
T,-weighted, 9 months). Mild atrophy of the cerebral cortex with visible sulci. Homozygous for
common TSEN5/ mutation. (¢) Cerebellar hemisphere score 2: butterfly type, with hypoplastic
cerebellar hemispheres. Decrease in size of the vermis is proportional to the diminution in size of
the hemispheres (coronal section, T -weighted, 7 years). In addition, cerebellar cortical atrophy is
seen, as well as mild atrophy of the cerebral cortex with visible sulci. No mutation identified. (d)
Cerebellar hemisphere score 3: postnatal atrophy-like on the right side, combined with mild
cerebellar hypoplasia on the left (coronal section, T,-weighted, 10 months). In addition there is
cerebral cortical atrophy with visible sulci. Heterozygote for uncommon TSEN5/ mutation
(p.G124V) plus heterozygote for common T'SEN5/ mutation.
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Figure 3. Progressive microcephaly in patients with the common mutation. Frontal-occipital
circumference was measured in 38 cases (61 measurements). Measurements of individual patients
are connected within the first 3 years of life to illustrate rates of progression. Reference
measurements were used from Roche et al. [15].

cortex were relatively preserved. Also, no correlation was found between ventricular size
and the presence of the common mutation. Generally, myelination of the cerebral
hemispheres was delayed. No signs of demyelination were found.

Additional findings in the common mutation group

In eight patients (40%), mild to severe cerebral cortical atrophy was seen on MRI
(Table 2, Fig. 5a). This phenomenon correlates with increasing age, suggesting that
cortical atrophy might develop in all cases with PCH type 2.

One patient (Amlb II.1) had vermal and cerebellar hemispheric cysts (Fig. 5b,c).
Autopsy of this patient revealed that the cysts were destructive [8]. We did not observe
cysts in affected family members of this patient. However, cysts were found in one
unrelated case where we did not find a mutation.

Genetic, clinical and neuroradiological findings in cases with a rare
mutation

In 18 patients (17 families) of our cohort of 169 patients, we identified a rare
combination of mutations in TSEN5/, TSENS/, TSEN2 or RARS2. In 10 patients we



Figure 4. Typical MRI seen in the common mutation group. Flat ventral surface of the pons,
cerebellar hemispheric and mild vermal hypoplasia. In this case without significant folial atrophy
(sagittal sections, T,-weighted, 9 months). The corpus callosum is too thin. Homozygous for
common TSEN5/ mutation.

Figure 5. Additional findings in patients with the common mutation (a) Neocortical atrophy
(sagittal view, T,-weighted, 9 months). Homozygous for common TSEN54 mutation. (b)
Cerebellar vermal and (c¢) hemispheric cyst. Mid and lateral sagittal sections from Patient Am1b
I1.1 (T -weighted Inversion Recovery, 12 months). Homozygous for common TSEN54 mutation.

observed a combination of mutations not previously published (Table 4). Effects of
these mutations on protein function or transcription were predicted with Alamut
software 1.5 (Interactive Biosoftware, Rouen France) (Tables 5 and 6).

Severe TSEN54 mutations

Nine patients were compound heterozygote and we classified their combination of
mutations as severe TSEN5/ mutations (Table 4). Of these, five (Chl, Bd1, Ut4, Nul,
Gn6) carried a nonsense mutation plus a common mutation. Three individuals (Sel,
Se2, Uslh) carried a splice site mutation plus a common mutation. No RNA was
available to test for splicing errors. In silico analysis suggests loss of a splice donor site
in two patients (Sel and Se2) and skipping of exon 10 in one patient (Uslb).
Segregation was confirmed by testing parental DNA.
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Table 4. Clinical symptoms in patients with rare mutations in TSENS54, TSENS4, TSEN2 or

RARS2.
Family code Chl Brl Se2 Dh1 Vi5 Ut4 Nul
1.1 I1.2 11.2 II.1 II.1 II.1 II.1
Gene Tsenb4  Tsenb54  Tsenb4d  Tsenb4d  Tsend54  Tsenb4d  Tsenbd
Mutation (a]lele A) p-E60A p-S93P p-A9A°  p.G124V  p.G124V  p.Q246X p.A307S
fsX109 p-A307S

Mutation (allele B) p-A307S  p.A307S p.A307S p.A307S p.A307S p.A307S p.Q343X
Pregnancy duration (weeks) 31 at term 34 5/7 40 u 38 35
Polyhydramnios + + - - -
Jitteriness/clonus + + - u +

Congenital contractures + - + - - + -
Microcephaly u —+ + + + —+

Progressive microcephaly u + ed + + ed
Dyskinesia/dystonia ed ed + + ed -

Pure spasticity ed - ed - - ed +
Impaired swallowing u + + - + + +
Central visual impairment u + ed - + ed +
Primary optic atrophy u + u - u u -
Epileptic seizures, all types u u - + - u

Mechanical ventilation + + + - - +

>1 day after birth
Age at latest examination 9d u 6d 4 yr 11 mo 2d 8 mo
Age at death 9d 3 mo 6 d alive alive 2 d 16 mo
Hand control® ed Nn ed G 1 ed Nn
Postural antigravity control” ed Nn ed Us Nn ed Nn
Reference sequences are NM 207346.2, NM 025265. 2, NM 024075.2 and NM 020320.3 (for TSEN54,
TSEN2, TSEN3/ and RARS2, respectively).

Plus = Yes; Minus = No; u = unknown; ed = early death; wk = weeks; mo = months; yr = years.
a Hand control: G = grasping; I = intentional; Nn = none.
b Postural antigravity control: H = with hip support; Nn = none; S = with shoulder support; T = with high

thoracic support; Us = unsupported sitting.
¢ Patient from Rankin et al. [14].

d DNA of patient was no longer available, therefore the genotype of the patient was predicted from sequencing

parental DNA.
e Splice site mutation.



Sel Usl5 Lj1 Bd1l Gn6 Lel Pal Hgl Ex1 Sf1
II.1 II.1 II.1 II.1 II.1 II.1 II.1/11.3 II.1 II.1° II.1
Tsenb4 Tsenb4 Tsen54 Tsenb4 Tsend54  Tsen2 Tsen2 Tsen34 Rars2 Rars2
p.A307S  p.A307S  p.A307S  p.A307S  p.A307S  p.Y300C  p.Y309C pRSSW  p.QI12R  p.QI2R
pP4ITP® 1430+ p.Y513D p.P318Q p.R353C  p.Y309C  c.960+ p.RSSW  p.M342V  c.110+
2T>A° fsX23 fsX81 1delGTAAG 5A>G*
38 39 384/7 376/7 31 at term  394/7 /39 u at term 38
_ + - - . /- - . _
+ + + + u +/+ u + -
+ + - + - - /- - u +
u + + + +/+ + + -
ed u + + + +/+ + + -
ed ed ed - + + + /- + ed
ed ed ed - - - -/ - - - ed
u + + + + - +/+ - + u
ed ed ed + u + +/u + + +
u u u u - - u/u - u -
+ u - + + +/- + + u
ed + - - - -/ - _ _ +
1d 2 wk 3 wk 11mo 6wk 3yr 4yr/1mo 4yr 2 yr 5d
1d 2 wk 6 wk 12 mo  alive alive both alive alive alive 6d
ed ed Nn Nn u G Nn/Nn Nn u ed
ed ed Nn Nn u Us Nn/Nn Nn S ed
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One patient (Brl) had three mutations in TSENS54, on one allele she had the
common p.A307S mutation; on the second allele she also carried the p.A307S mutation
plus another missense mutation, p.S93P [9].

All cases had severe congenital symptoms. One patient (Se2) was antenatally
diagnosed with cerebellar hypoplasia (gestational age of 19 weeks). In five patients,
polyhydramnios was reported (P<0.05) (Table 4). Contractures were reported in six
patients (P<0.005) (Table 4). All but one case (Bdl) were dependent on mechanical
ventilation (P<0.01). Severe myoclonus was reported in all of them and all but one died
in their first year (range: 2 days—16 months, median age at death: 12 days).
Additionally, one case (Gn6) is still alive (age at latest examination 6 weeks). In
summary, patients who were compound heterozygote for a missense mutation plus
nonsense or splice site mutations in TSEN5/ were more severely affected than patients
homozygous for the common mutation. These patients fit a PCH type 4 phenotype,
which includes early death, prolonged dependency on mechanical ventilation following
birth, severe myoclonus, contractures and increased frequency of polyhydramnios. MRIs
of these patients reveal pathology comparable to patients with the common mutation in
TSEN5/ (Tables 2 and 3, Fig. 6a-c). The cerebellar hemispheres are similar, however
the vermis is more frequently affected. The most striking difference, compared to the
common mutation group and to patients without a mutation, is the immaturity of the
cerebral cortex in this severely affected group (P = 0.0003 and 0.0012, respectively, Fig.
6a-c). In seven cases with PCH type 4 (Chl, Se2, Ut4, Brl, Nul, Usl5, Gn6), the
maturation of the cerebral cortex was underdeveloped for postconceptional age, with
increased volume of extracerebral CSF and exceptionally large midline cava, most likely
due to the lack of growth of the cerebral hemispheres.

Autopsy revealed similar pathology to the MRI. Olivopontocerebellar hypoplasia
was observed in Patient Ut4d (Patient 7 and Patient Ut4 in [8] and [9] respectively),
which included severely reduced folial development in the cerebellar hemispheres and
the horseshoe appearance of the inferior olivary nucleus. Autopsy of Se2 revealed a
similar pathology with additional severe cerebral immaturity and atrophy most
pronounced in the frontal lobes. Motor neurons of the spinal anterior horns were intact.

Rare TSENS/ missense mutations

Three patients were compound heterozygotes for missense mutations in TSEN5/ (Dhl,
Vi5 and Ljl; Table 4). Two of these patients (Dhl, Vi5) carry the same combination of
mutations (p.G124V and p.A307S). Compared to the common mutation group, Patient
Dhl is relatively well. She is able to sit unsupported, grasp, smile and socially interact
with her parents. From this perspective it will be interesting to follow up Patient Vi5,
who is still young (aged 11 months at last examination). With regard to her MRI,
Patient Dh1l (Table 3) is similar to the common mutation group, which suggests that
the degree of infratentorial involvement may not relate to postural motor control,
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Table 6. Splice site mutations in PCH.

Gene Nucleotide position Protein position Splice site mutation®
TSENbH4 c.1251A>G p-P417P Loss of a splice donor site
TSEN54 c.1430+2T>A - Skip of exon 10

TSEN54 c.285G>C p-A95A Loss of a splice donor site
TSEN2 ¢.960+1delGTAAG - Skip of exon 7

RARS2 c.110+5A>G - Skip of exon 2"

a Predictions were made with Alamut software 1.5 and Grantham score (Grantham, Science 1974).
b Edvardson et al. [13].

central visual impairment and intellectual performance. The MRI of Patient Vi5 shows
postnatal atrophy of the cerebellar hemispheres (Table 3, Fig. 2d).

Patient Ljl was compound heterozygote for the common mutation and the p.Y513D
change. She had an early death PCH type 4 phenotype, similar to the severe TSENS/
mutation group. This early postnatal death phenotype is associated with more severely
affected cerebellar hemispheres, pons, vermis, cerebral cortex and ventricles than
observed in cases with the common mutation (Table 3, Fig. 6a-c).

TSEN2 mutations

In two families (Table 4; Lel, Pal) missense and splice site mutations in TSEN2 were
identified. In one patient (Lel, [9]) with a homozygous mutation in T'SEN2, motor
control (recorded as unsupported sitting and the ability to grasp objects) was better in
comparison to the common TSEN54 mutation group. Two siblings (Pal II.1 and I1.3)
match the common mutation group phenotype in all regards. Pal II.1 and I1.3 carry a
splice site mutation on one allele (¢.960+1delGTAAG) and a missense mutation on the
other allele (p.Y309C).

TSENS/ mutations

One patient (Table 4, Hgl) with a homozygous missense mutation in TSENS/ was
similar in symptomatology to the common TSENS5/ mutation group, except for the
absence of dysphagia [9]. MRIs of this case show mild involvement of cerebellum and
pons (similar to Fig. 2d).

RARS2 mutations

RARS?2 mutations were found in two patients (Table 4). One case (Ex1, [14]) had
progressive microcephaly, hypotonia, no dystonia/dyskinesia, impaired swallowing,
seizures and lactic acidemia in the neonatal period. MRI findings were comparable to
those published previously by others [13].



Figure 6. Typical findings in severe mutation group (PCH type 4 phenotype). (a) Showing flat
lower surface of the pons and more severe involvement of vermis with extreme hypoplasia and
moderate atrophy (midsagittal section, T,-weighted, 31+5 weeks). Heterozygote for nonsense
mutation in TSEN54 (p.R353GfsX81) plus heterozygote for common TSEN5/ mutation. (b)
Coronal image shows extremely small and flattened cerebellar hemispheres. The inferior vermis
projects slightly below the hemispheres. Small appendages below the vermis possibly represent
tonsils or flocculi, in this case (coronal view, T -weighted, 31+5 weeks). Heterozygote for nonsense
mutation in TSEN5/ (p.R353GfsX81) plus heterozygote for common TSEN5/ mutation. (c)
Increased extracerebral space, wide-open sylvian fossa and shallow frontal sulci indicating delay in
neocortical maturation (axial T,-weighted, 314-5 weeks). Heterozygote for nonsense mutation in
TSEN5/ (p-R353GfsX81) plus heterozygote for common TSENS5/ mutation.

Table 7. Inclusion and exclusion criteria in negative mutation group.

Inclusion criteria

Jitteriness, clonus

Progressive microcephaly
Dyskinesia/dystonia

Impaired swallowing

Central visual impairment

MRI: Cerebellar hemisphere (score 1)*

MRI: Pons (score 1 or 2)"

Exclusion criterion

Primary optic atrophy

The above-mentioned characteristics were used as inclusion and exclusion criteria in order to study the
negative mutation group more closely. Thirteen patients from the negative mutation group fit the PCH type
2 phenotype.

a Cerebellar hemisphere score as in Tables 2 and 3.

b Pons score as in Tables 2 and 3.
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The other case (Sf1) had hypotonia, early lethality (age at death 6 days) and high
CSF lactate levels, fitting a PCH type 6 phenotype. Post-mortem examination of this
patient revealed a neuropathological profile that fits a PCH type 1 phenotype, with loss
of spinal anterior horn cells and diffuse gliosis. Furthermore, flat cerebellar folia, loss of
Purkinje cells and pontocerebellar hypoplasia were found.

PCH type 2 phenotype in the negative mutation group

We compared the group without mutations (63 patients) to the group with mutations,
in order to find characteristics common to both groups, as well as atypical features.
Using these criteria, only 13 individuals from the no-mutation group retained all the
significant characteristics of the common TSEN5/ mutation group (Table 7). However,
it must be stated that the clinical profile of the characteristics of these 13 individuals is
incomplete.

Unidentified variants

Rare sequence variants were not likely to be pathogenic, since they were synonymous
mutations, mutations in introns or untranslated regions, or mild amino acid
substitutions (Suppl. Table 1).

Discussion

In this study, we investigated a cohort of 169 patients (141 families) clinically diagnosed
with PCH and determined the contribution of five genes known to be involved in PCH
(TSEN5/4, TSEN2, TSEN3/, RARS2 and VRKI). In addition, we sequenced candidate
gene TSEN15 for mutations, since this gene also encodes for a protein-subunit of the
TSEN complex. We identified disease-causing mutations in 106 cases, representing a
mutation frequency of 62.7%. In 100 patients we identified disease-causing mutations in
TSEN5/ (59.2%). Eighty-eight of these patients had a homozygous p.A307S mutation
in TSEN5/ (52.1%). Twelve cases had a rare combination of TSEN54 mutations (7.1%).
Three individuals carried mutations in TSEN2 (1.8%). One patient had a mutation in
TSEN34 (0.6%). Two patients carried RARS2 mutations (1.2%). In the genes TSEN15
and VRK! no pathogenic mutations were found. Most alleles with the p.A307S
TSEN54 mutation were from patients of Northern European descent, including cases
from the USA and Canada. Exceptional cases were from Israeli, Arab, Turkish and
Ibero-American descent.

TSENS/ common mutation: PCH type 2

The common mutation group fits the PCH type 2 phenotype (Table 7), in which
dyskinesia and/or dystonia and severe microcephaly are the major clinical hallmarks,



together with pontocerebellar hypoplasia. The presence of progressive microcephaly and
the absence of primary optic atrophy can be considered distinctive features for the
common mutation. Epileptic seizures are common in the PCH type 2 group (81.5%)
and the probability of developing these increases with age. In some cases it may be
difficult to differentiate between seizures and dyskinetic movements.

Life expectancy is difficult to predict as survival ranges from early postnatal (2.5
weeks) to adult death (one case alive at 31 years). Survival will be prolonged with
better care such as tube feeding via percutaneous endoscopic gastrostomy and artificial
ventilation. We show that the PCH type 2 phenotype is distinct and can be used to
guide molecular diagnosis. All cases with the common mutation (100%) have a
dragonfly-like phenotype on MRI, therefore MRI is recommended and helps in early

diagnosis.

Severe TSEN54 mutations: PCH type 4

Nine patients were considered to have a combination of missense and nonsense
mutations in TSEN5/, leading to more severe symptoms (Table 4) and early death
(median age 12 days). These patients fit the PCH type 4 subtype.

MRI analysis of the TSEN5 severe mutation group deviates in some regards from
the common mutation group: analysis of seven cases reveals pericerebral CSF
accumulation, persistently wide midline cava, delayed neocortical maturation and more
severe involvement of the vermis (Fig. 6a-c). MRI analysis is therefore essential for

diagnosis of PCH type 4.

RARS2 mutations causing a PCH type 1-like phenotype in one
case

In one PCH type 1 case (confirmed by autopsy) we identified disease-causing mutations
in RARS2. These mutations were not previously associated with PCH type 1, but
RARS?2 mutations are associated with PCH type 6, featuring mild mitochondrial chain
defects, hypotonia, progressive microcephaly and elevated CSF lactate levels. High CSF
lactate is not reported in patients with a TSEN mutation. Autopsy was not performed
on the previously published patients with PCH type 6 [13,14], and therefore a
relationship between RARS2 and PCH type 1 phenotype cannot be excluded until
further cases have been studied.

TSEN2, TSEN3/ and rare TSENS5/ missense mutations

In seven cases of PCH (Lel, Pal II.1, Pal I11.3, Hgl, Dhl, Vi5, Ljl) we identified rare
missense mutations in TSEN34 and TSEN54, and missense and splice site mutations in
TSENZ2. They fit the PCH type 2 phenotype; however Patient Dhl has a mild clinical
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phenotype compared to the common TSENS5/ mutation group. Since this group of
patients is small in number, more individuals will be necessary to draw a specific
phenotypical profile.

Unsolved cases

The mutation-negative group is phenotypically heterogeneous in contrast to the
common mutation group. Only 13 of the 63 cases fulfilled the common mutation
characteristics (criteria in Table 7). Information on some of these characteristics is
missing in these 13 individuals, showing that sufficient clinical information and MRI are
essential for confident clinical diagnosis and genetic analysis. Untranslated regions,
introns or mutations in other genes may underlie the pathogenesis in these cases.

All patients referred by clinical geneticists or neurologists with the clinical or
radiological diagnosis PCH were entered into this study reflecting common clinical
practice. Taking these non-strict selection criteria into account, it remains possible that
congenital glycosylation disorders, mitochondrial disorders or other diseases underlie the
neurological findings in some of the unsolved cases [16-18]. In case of sensorineural
hearing loss and a simplified gyral pattern, X-linked calcium/calmodulin-dependent
serine protein kinase (CASK) mutations should be considered [19]. One should consider
progressive encephalopathy, edema, hypsarrhythmia and optic atrophy syndrome when
a case presents with these symptoms [20]. Stricter inclusion criteria might increase the
percentage of mutation-positive cases.

Furthermore, the unsolved cases suffer from a higher rate of premature births
(34.5%) than the common mutation group (17.5%). In these cases, the severe
prematurity (<32 weeks) may be associated with pontocerebellar disruption,
developmental delay and the occurrence of seizures [21]. Four (13.8%) of the unsolved
cases were severely premature (born at 27 and 29 weeks, two others were born at 32
weeks). In the common TSEN5/ mutation group there were three cases (4.8%) with
severe prematurity (one case at 29 weeks and twins at 30 4/7 weeks [22]).

Unclassified variants

In three cases, we cannot exclude that the missense mutations found on one allele are
not associated with PCH (TSENS54 p.N347Y, p.R374C and TSEN34 p.R279C, Suppl.
Table 1). Since it is not possible to detect large deletions by direct sequencing, we
cannot rule out the possibility that these variants are pathogenic in combination with a
deletion on the opposite allele.

Disease mechanism

It is difficult to define a common pathway in the different genes associated with PCH.



However all genes, apart from VRK1, play a role in protein synthesis and transfer RNA
(tRNA) processing in particular. RARS2 encodes for mitochondrial arginyl tRNA
synthetase, which charges arginine to specific transfer RNAs during protein synthesis.
TSEN2, TSEN34, TSENS54 and TSEN15 encode for the tRNA splicing endonuclease,
which  plays a role in intronic transfer ~RNA  splicing  (http://low-
elab.ucsc.edu/GtRNAdb/) [23]. Alternative functions of these proteins might play a role
in a common pathway responsible for PCH [23]. Other neurodegenerative diseases such
as Charcot-Marie-Tooth disease and leukoencephalopathy with brainstem and spinal
cord involvement and elevated lactate, are also associated with mutations in tRNA
synthetase genes [24-27]. Patients with nonsense mutations in TSEN5/ show a more
severe phenotype, which suggests that loss of function of the TSEN54 protein is the
underlying disease mechanism. Further research is required to investigate why
mutations in tRNA processing genes lead to PCH.

Conclusion

Here we present evidence that the common homozygous mutation in TSEN54 can be
predicted reliably from the PCH type 2 phenotype. There is a strong association with
flat dragonfly-like cerebellar hemispheres, a flat pons, dyskinesia and/or dystonia,
neonatal irritability, central visual impairment, the absence of optic atrophy and severe
cognitive and motor impairment. More severe TSEN5/ mutations are associated with
early postnatal death, contractures, polyhydramnios and ventilatory problems. MRI
analysis reveals severe cerebral immaturity of the cortex, which assists in establishing a
diagnosis of PCH type 4. Our data provide further evidence that PCH type 2 and 4
result from a common spectrum of mutations, mainly affecting TSEN54. The
homogeneity of the phenotype, both from a clinical perspective and by neuroimaging,
correlates strongly with the genotype and can facilitate early diagnosis and assist in
molecular genetic testing. A clinical and/or neuroradiological PCH type 2 profile is
shared with 13 unsolved cases, suggesting the involvement of other unidentified genes or
the involvement of non-coding regions in the TSEN or RARS2 genes in PCH. In
addition, we show that PCH type 1 together with elevated CSF lactate may be caused
by RARS2 mutations. Together these data enhance the clinical description of PCH and
will assist with the neuroradiological and genetic diagnosis of PCH.
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Supplementary Table 1. Unidentified variants.

Variant nr

Gene and region

Nucleotide change

Protein change

AMC-001
AMC-002
AMC-003
AMC-004
AMC-005
AMC-006
AMC-007
AMC-008
AMC-009
AMC-010
AMC-011
AMC-012
AMC-013
AMC-014
AMC-015
AMC-016
AMC-017
AMC-018
AMC-019
AMC-020
AMC-021
AMC-022
AMC-023
AMC-024
AMC-025
AMC-026
AMC-027
AMC-028
AMC-029
AMC-030
AMC-031
AMC-032
AMC-033
AMC-034
AMC-035

TSEN54 exon 1
TSEN54 exon 7
TSEN54 intron 7
TSEN54 exon 8
TSEN54 exon 8
TSEN54 exon 8
TSEN54 exon 11
TSEN54 3'UTR
TSEN2 5'UTR
TSEN2 5'UTR
TSEN2 exon 2
TSEN2 exon 2
TSENZ2 intron 2
TSEN2 intron 2
TSEN2 intron 2
TSEN2 intron 3
TSEN2 intron 4
TSEN2 exon 5
TSEN2 exon 5
TSENZ2 intron 10
TSEN15 3'UTR
TSEN34 5'UTR
TSEN34 5'UTR
TSEN34 exon 2
TSEN34 exon 2
TSEN34 intron 4
TSEN34 exon 5
RARS? intron 1
RARS2 intron 3
RARS2 exon 8
RARS2 exonl0
RARS2 exon 13
RARS? intron 14
RARS2 intron 17

RARS?2 intron 19

c.3_8dup
c.568 G>A
c.624-9G>A
c.1039A>T
¢.1120C>T
c.1166A>C
¢.1468C>T
*169T>C
c.-297C>T
c.-98_-96del
c.108 A>G
c.162G>A
¢.189415C>T
c.189+35G>A
¢.190-73A>G
¢.272-164G>T
¢.308+111T>C
c.327G>A
¢.389A>C
¢.1249-34T>G
*30C>G
c-98A>G
c-5+72A>G
c.62C>T
c.99A>G
¢.746-60C>T
¢.835C>T
¢.36+9C>A
¢.213448T>C
¢.606C>T
c.786T>C
¢.1037C>T
¢.1237+36dupA
¢.1512-40 1512-39del

c.1651-561A>G

p.E6_P7 dup
p.V190M
p.N347Y
p.R374C
p.Q389P
p.RAYOW
n/a

n/a

n/a
p-E36E
p-AB4A
n/a

n/a

n/a

n/a

n/a
p.E109E
p.K130T
n/a

n/a

n/a

n/a
p-A21V
p.V33V
n/a
p.R279C
n/a

n/a
p.L102L
P.Y262Y
p.T3461
n/a

n/a

n/a
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Sir, Pontocerebellar Hypoplasia (PCH) type 2 caused by missense mutations in
TSENS54 is a distinct phenotype encompassing progressive microcephaly, swallowing
problems and severe mental and motor impairments. None of the patients with PCH2
with missense mutations in TSENS/ achieved unsupported walking or sitting, voluntary
hand control was absent in almost all and higher visual functioning was absent or very
limited. A common characteristic of PCH2 is the extrapyramidal dyskinesia, which
often presents as severe chorea. In the more severe subtype PCH type 4 (due to
compound heterozygosity of missense mutations plus nonsense or splice site mutations
in TSENS4), the early lethality and prenatal symptoms like polyhydramnios, congenital
contractures and the necessity for mechanical ventilation signify a more profound
involvement. In both subtypes, MRI shows hypoplasia of the cerebellar hemispheres
with relative sparing of the vermis and hypoplasia and atrophy of the ventral pons.
Additionally, in PCH2 cases there is variable progressive atrophy of the cerebral cortex,
delayed myelination and attenuation of the corpus callosum. In PCH4 impaired growth
and maturation of the supratentorial parts of the brain results in increased pericerebral
space and an immature aspect of the cerebral cortex. There is a remarkable coherence
in the clinical presentation of cases with TSEN5/ mutations, resulting in either a PCH2
or a PCH4 phenotype, depending on the severity of their mutation (missense only in
contrast to missense plus nonsense mutations).

CASK mutations result in a very broad phenotypical presentation [1,2,3]. The
phenotypical spectrum reaches from FG syndrome (also known as Opitz-Kaveggia
syndrome) with relative macrocephaly, congenital hypotonia, severe constipation and
behavioural disturbances to a phenotype of mild mental retardation with relatively mild
motor deficits and nystagmus to a phenotype of microcephaly, pontocerebellar
hypoplasia, a simplified gyral pattern, sensorineural hearing loss and severe mental
retardation. The CASK gene is located on the X-chromosome; therefore hemizygous
missense mutations in boys are less severe than nonsense mutations, with even early
lethality in these boys (prenatal or neonatal). Nonsense mutations in girls are always
de novo with a severe disease course as a consequence [1]. The hemizygous missense
mutation, p.R28L in CASK results in FG syndrome in one Italian family, mothers of
the affected males are healthy or only have mitigated clinical features [2]. In all the
published cases with a CASK mutation, the corpus callosum is normal in size and shape
[4].

The findings of Valayannopoulus et al. [5] support our findings that the common
(p-A307S) mutation in TSEN5/ (identified in three patients) is associated with a
“dragonfly-like” cerebellar pattern on MRI [6]. Additionally the authors report three
girls with de mnovo nonsense CASK mutations. Two of them had a butterfly-like
cerebellar phenotype and one (Patient 8) displayed a dragonfly-like cerebellar pattern
on MRI. This important finding shows the possibility of CASK involvement in the cases
where we could not identify a mutation [6]. By any means, this requires further
investigation. On closer examination the phenotypical overlap between TSENJ54 and



CASK cases is especially present in neonates and infants with TSEN54 mutations in
which cerebral atrophy is still not apparent. The authors propose the absence of optic
atrophy as a characteristic difference, as this is common in CASK carriers but absent in
patients with TSEN54 mutations [1]. Also it would be of interest to know whether the
cases with a CASK mutation presented by Valayannopoulus and colleagues [5] suffered
from sensorineural hearing loss, as this feature is also described in CASK carriers and
absent in TSENJ5/ carriers [1]. Another characteristic that can help in distinguishing
between CASK and TSENS54 mutations is the number of complexity gyri, reduction of
those gyri is not observed in the latter, but has been observed in patients with CASK
mutations [1]. Finally there is the “outcome” as reported by Valayannopoulus et al. [5]
and the motor development in particular, that seems to be better in CASK carriers;
whereas all three CASK cases were able to stand unsupported none of the TSEN5/
cases showed such a development [6].

Still, although it is tempting to do, we plead for prudence in making a diagnostic
algorithm. Next to CASK, there are several other genes to consider: e.g RARS2 and
VRK1 are associated with PCH type 6 and an atypical presentation of PCH type 1,
respectively [7,8]. MED17 and SEPSECS mutations can give a phenotype of cerebello-
cerebral atrophy, which could potentially be difficult to distinguish from PCH.
Therefore it remains important to carefully examine patients, both clinically and
neuroradiologically [9,10]. One thing that perhaps can help in making a distinction
between patients with CASK mutations and patients with TSEN5/ mutations is that
the underlying disease mechanism in patients with CASK mutations is a neuronal
migration deficit while TSEN-mediated PCH is a progressive neurodegenerative
disorder [11]. The CASK gene is encoding for a calcium/calmodulin-dependent serine
protein kinase that is involved in signaling in both, pre- and post synapses, and is
involved in the interaction with TBR1 (T-box brain gene 1) in such a way that it
enhances TBR1 transcription. TBR1 is involved in regulating the expression of the
extracellular matrix protein Reelin (RELN) [12]. Reelin is essential for normal neuronal
migration, since RFELN mutations are responsible for lissenencephaly and
pontocerebellar hypoplasia [13]. The better clinical outcome of C'ASK mutation carriers
supports the hypothesis that CASK is solely a developmental disorder, whereas
TSENS54-mediated PCH is a neurodegenerative disorder with cell death, resulting in
progressive neuronal atrophy and no development [14].

Nowadays the list of genes responsible for various types of pontocerebellar
hypoplasia and related disorders is rapidly growing. With careful clinical and
neuroradiological examination and testing of several genes it will be hopefully possible
to make a molecular diagnosis in most cases with such a phenotype.

Chapter 3 - Genotype-Phenotype correlations in PCH

O
w



94

Reference List

1.

10.

11.

12.

13.

14.

Najm J, Horn D, Wimplinger I, Golden JA, Chizhikov VV, Sudi J, Christian SL, Ullmann
R, Kuechler A, Haas CA et al.: Mutations of CASK cause an X-linked brain malformation
phenotype with microcephaly and hypoplasia of the brainstem and cerebellum. Nat Genet
2008, 40:1065-1067.

Piluso G, D'Amico F, Saccone V, Bismuto E, Rotundo IL, Di DM, Aurino S, Schwartz CE,
Neri G, Nigro V: A missense mutation in CASK causes FG syndrome in an Italian family.
Am J Hum Genet 2009, 84:162-177.

Hackett A, Tarpey PS, Licata A, Cox J, Whibley A, Boyle J, Rogers C, Grigg J, Partington
M, Stevenson RE et al.. CASK mutations are frequent in males and cause X-linked
nystagmus and variable XLMR phenotypes. Eur J Hum Genet 2010, 18:544-552.

Takanashi J, Arai H, Nabatame S, Hirai S, Hayashi S, Inazawa J, Okamoto N, Barkovich
AJ: Neuroradiologic features of CASK mutations. AJNR Am J Neuroradiol 2010, 31:1619-
1622.

Valayannopoulos V, Michot C, Rodriguez D, Hubert L, Saillour Y, Labrune P, de LJ,
Brunelle F, Amiel J, Lyonnet S et al.: Mutations of TSEN and CASK genes are prevalent in
pontocerebellar hypoplasias type 2 and 4. Brain 2011.

Namavar Y, Barth PG, Kasher PR, van Ruissen F., Brockmann K, Bernert G, Writzl K,
Ventura K, Cheng EY, Ferriero DM et al.: Clinical, neuroradiological and genetic findings in
pontocerebellar hypoplasia. Brain 2011, 134:143-156.

Edvardson S, Shaag A, Kolesnikova O, Gomori JM, Tarassov I, Einbinder T, Saada A,
Elpeleg O: Deleterious mutation in the mitochondrial arginyl-transfer RNA synthetase gene
is associated with pontocerebellar hypoplasia. Am J Hum Genet 2007, 81:857-862.

Renbaum P, Kellerman E, Jaron R, Geiger D, Segel R, Lee M, King MC, Levy-Lahad E:
Spinal muscular atrophy with pontocerebellar hypoplasia is caused by a mutation in the
VRKI1 gene. Am J Hum Genet 2009, 85:281-289.

Agamy O, Ben ZB, Lev D, Marcus B, Fine D, Su D, Narkis G, Ofir R, Hoffmann C,
Leshinsky-Silver E et al.: Mutations disrupting selenocysteine formation cause progressive
cerebello-cerebral atrophy. Am J Hum Genet 2010, 87:538-544.

Kaufmann R, Straussberg R, Mandel H, Fattal-Valevski A, Ben-Zeev B, Naamati A, Shaag
A, Zenvirt S, Konen O, Mimouni-Bloch A et al.: Infantile cerebral and cerebellar atrophy is
associated with a mutation in the MED17 subunit of the transcription preinitiation mediator
complex. Am J Hum Genet 2010, 87:667-670.

Barth PG, Vrensen GF, Uylings HB, Oorthuys JW, Stam FC: Inherited syndrome of
microcephaly, dyskinesia and pontocerebellar hypoplasia: a systemic atrophy with early
onset. J Neurol Sci 1990, 97:25-42.

Hsueh YP: The role of the MAGUK protein CASK in neural development and synaptic
function. Curr Med Chem 2006, 13:1915-1927.

Hong SE, Shugart YY, Huang DT, Shahwan SA, Grant PE, Hourihane JO, Martin ND,
Walsh CA: Autosomal recessive lissencephaly with cerebellar hypoplasia is associated with
human RELN mutations. Nat Genet 2000, 26:93-96.

Kasher PR, Namavar Y, van Tijn P, Fluiter K, Sizarov A, Kamermans M, Grierson AJ,
Zivkovic D, Baas F: Impairment of the tRNA-splicing endonuclease subunit 54 (tsen54) gene
causes neurological abnormalities and larval death in zebrafish models of pontocerebellar
hypoplasia. Hum Mol Genet 2011, 20:1574-1584.









CHAPTER 4

TSEN54 mutations cause
pontocerebellar hypoplasia
type 5

Yasmin Namavar, David Chitayat, Peter G. Barth,
Fred van Ruissen, Marit B. de Wissel, Bwee Tien Poll-The,
Rachel Silver & Frank Baas.

Published in 2011 in the European Journal of Human Genetics 19: 724-726.

97



98

Abstract

Pontocerebellar hypoplasia (PCH) is a group of autosomal recessive
neurodegenerative disorders characterised by prenatal onset of stunted
brain growth and progressive atrophy predominantly affecting cerebellum,
pons, and olivary nuclei, and to a lesser extent also the cerebral cortex.
Six subtypes (PCH1-6) were described and genes for four types (PCH1, 2,
4 and 6) were identified. Mutations in the tRNA splicing endonuclease
subunit (7SEN) genes 54, 2 and 34 are found in PCH2 and PCH4. One
family with severe prenatal onset of PCH has been the only representative
of PCH5 published so far and the molecular genetic status of PCH5 has
not been ascertained until now. We screened the previously reported
PCH5 family for mutations in the TSENS4 gene. The PCH5 patient was
found to be the result of compound heterozygosity for the common
TSEN54 mutation (p.A307S) plus a novel splice site mutation. The
mutations associated with PCH5 are similar to what has been reported in
PCH4. Thus PCH5, PCH4 and PCH2 represent a spectrum of clinical
manifestations caused by different mutations in the TSEN genes. We
therefore propose to classify PCH2, PCH4 and PCH5 as TSEN mutation
spectrum disorders.



Introduction

Pontocerebellar hypoplasias (PCHs) are a group of lethal autosomal recessive disorders
characterised by prenatal onset of stunted growth and atrophy of the cerebellum, pons,
and olivary nuclei. Six subtypes have been identified so far, each with a distinct
pathology and clinical presentation. Microcephaly and delayed development are features
of all subtypes. Life expectancy is difficult to predict as survival ranges from early
death (1 day) to adult death [1]. Mutations in different genes have been identified in
four of them; PCH1, PCH2, PCH4 and PCHG6 [1-4].

PCH2 is the most common subtype and is characterised by jitteriness and the
development of dyskinesia and choreatic movements. Other criteria include swallowing
problems, central visual failure and the absence of primary optic atrophy. Patients
usually die during childhood. Mutations in genes encoding the tRNA splicing
endonuclease complex (TSEN) are responsible for PCH2. In most cases an alanine to
serine substitution (p.A307S) in TSEN54 is found, whereas rare cases show mutations
in TSEN2 and TSEN3/ [1,3,5].

PCH4 presents a more severe form of PCH including hypertonia and severe clonus
and usually more pronounced cerebellar hypoplasia (see Table 1). Nine cases of
genetically confirmed PCH4 have been described so far, of which eight were compound
heterozygote for a nonsense mutation or a splice site mutation and the common
p-A307S missense mutation in the TSEN5/ gene [1]. One case carried a rare missense
mutations for TSEN5 on one allele (p.S93P) in addition to homozygozity for the
common p.A307S mutation. Thus, a reduced amount of, or aberrant, TSEN54 protein is
present in PCH4 patients, resulting in a more severe phenotype in comparison with
PCH2. In seven of eight PCH4 cases, the Magnetic Resonance Imaging (MRI) scans
showed immaturity of the cerebral cortex with underdeveloped cerebral hemispheres
and increased extracerebral cerebrospinal fluid volume. The cerebellar pathology in
PCH4 is also more severe compared to PCH2. In addition to the severely affected
cerebellar hemispheres, six out of eight cases showed mild or severe atrophy of the
cerebellar vermis [1].

In 2006, Patel et al. presented a family with a new PCH type identified as PCHS5,
with foetal seizures and on autopsy marked degeneration of the cerebellar vermis [6].
The parents were healthy and non-consanguineous, with three children affected with
severe olivopontocerebellar hypoplasia (OPCH), two healthy siblings and a miscarriage
at 12 weeks gestation. The pedigree was consistent with an autosomal recessive mode of
inheritance. All affected cases suffered from intra-uterine seizure-like movements,
recognised by the mother as rhythmic movements and confirmed on foetal ultrasound.
Patient 1 died from apnea at the age of 3 days after withdrawal of care. She suffered
from generalised hypertonia, sustained clonus and respiratory distress. The pregnancies
with patient 2 and 3 were terminated at 27 and 20 weeks, respectively, following the
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finding of clearly visible cerebellar hypoplasia on ultrasound. Autopsies done on these
three affected cases revealed immature neurons in the pons, with gliosis and apoptosis
in patient 1 and 2 and a C-shaped inferior olive present in all cases [6]. The cerebellar
vermis and hemispheres were severely reduced. The vermis showed absence and
immaturity of Purkinje cells and distinct focal absence of the external granule cell layer.
Based on the clinical and pathological manifestations Patel et al. proposed that this
family constitute a new subtype of PCH, PCH5 [6].

Methods

To test whether PCH5 is part of the TSEN mutation spectrum, we tested patient 1
from the report of Patel et al. for TSEN5/ mutations with parental consent [6]. PCR
products were sequenced using the Big Dye Terminator Sequencing kit and ABI PRISM
3730XL DNA Analyser (Applied Biosystems, Foster City, CA, USA). Codon Code
Software version 3.5.6. (CodonCode Corporation, Dedham, MA, USA) was used to
analyse the sequenced samples.

Results and discussion

Analysis of patient 1 and his parents showed that the index case was a compound
heterozygote for two TSEN54 mutations. One allele carried the common PCH
associated mutation ¢.919G>T, p.A307S and the other a splice site mutation;
c.468+2T>C. This variant was not found in 176 control chromosomes. Homozygosity
for the p.A307S TSEN54 mutation results in PCH2 [3]. The c¢.4684+2T>C is located in
the donor splice site of intron 5, which makes skipping of exon 5 likely. This was
confirmed with Alamut software, this tool uses four different splice site prediction
algorithms (www.interactive-biosoftware.com/alamut.html). The character of these
mutations is similar to those reported in PCH4. Comparing the clinical and
pathological features of PCH5 with a genetically confirmed group of PCH4 patients
showed that the findings are similar [1]. For example the inferior olivary nuclei in the
PCH5 family, reported by Patel et al. showed a C-shaped structure similar to what is
reported in PCH4 [6-9]. The absence of the external granular layer in the vermis and
cerebellar hemispheres described in PCHS5 is focal and is similar to the segmental loss of
cerebellar cortex typically seen in PCH2 and PCH4 [8]. In the PCH5 cases, the vermis
was noted to be more affected than the hemispheres; however, since the vermal cortex is
only relatively spared in PCH4 cases there is no essential difference. In our recent study,
six out of eight PCH4 cases, on whom brain MRI was available, also showed mild or
severe atrophy of the cerebellar vermal folia [1]. The prenatal seizure-like activity
observed in the PCHb5 cases is similar to the severe neonatal clonus seen in PCH4 [9].
Although milder, the clinical findings in PCH2 are similar to what is reported in PCH4
and PCH5 [10]. Early postnatal lethality due to hypoventilation, as observed in the
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firstborn of the PCHS5 family, is also commonly observed in PCH4 [1].

Thus, our molecular genetic findings and the phenotype in PCH5 are similar to that
of PCH4. Since PCH2 is also caused by mutations in one of the TSEN subunits, we
propose that PCH2, PCH4 and PCH5 will be united as a spectrum of clinical
manifestations caused by different mutations in the TSEN genes (Table 1). We,
therefore, propose to reassign PCH2, PCH4 and PCH5 as TSENopathies.
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Abstract

Pontocerebellar hypoplasia (PCH) represents a group (PCHI1-6) of
neurodegenerative autosomal recessive disorders characterised by
hypoplasia and/or atrophy of the cerebellum, hypoplasia of the ventral
pons, progressive microcephaly and variable neocortical atrophy. The
majority of PCH2 and PCH4 cases are caused by mutations in the
TSEN5/ gene; one of the four subunits comprising the tRNA splicing
endonuclease (TSEN) complex. We hypothesised that TSEN5/ mutations
act through a loss of function mechanism. At 8 weeks of gestation, human
TSENS54 is expressed ubiquitously in the brain, yet strong expression is
seen within the telencephalon and metencephalon. Comparable expression
patterns for tsen5/ are observed in zebrafish embryos. Morpholino (MO)
knockdown of tsendj in zebrafish embryos results in loss of structural
definition in the brain. This phenotype was partially rescued by co-
injecting the MO with human TSEN5/ mRNA. A developmental
patterning defect was not associated with ¢send/ knockdown; however, an
increase in cell death within the brain was observed, thus bearing
resemblance to PCH pathophysiology. Additionally, ~N-methyl-N-
nitrosourea mutant zebrafish homozygous for a tsend premature stop-
codon mutation die within 9 days post-fertilization. To determine whether
a common disease pathway exists between TSEN5/ and other PCH-
related genes, we also monitored the effects of mitochondrial arginyl-
tRNA synthetase (rars2; PCH1 and PCHG6) knockdown in zebrafish.
Comparable brain phenotypes were observed following the inhibition of
both genes. These data strongly support the hypothesis that TSENS4
mutations cause PCH through a loss of function mechanism. Also we
suggest that a common disease pathway may exist between TSENS/- and
RARS2related PCH, which may involve a tRNA processing-related
mechanism.



Introduction

Pontocerebellar hypoplasia (PCH) represents a group of neurodegenerative autosomal
recessive disorders characterised by severe mental and motor impairments. The disease
is associated with prenatal onset, hypoplasia/atrophy of the cerebellum, hypoplasia of
the ventral pons, progressive microcephaly and variable neocortical atrophy. The
median life expectancy is 50 months [1]; however, in rare cases, the most severe forms
can lead to fatality during early post-natal periods. To date, six subtypes of PCH
(PCH1-6) have been distinguished based on varying clinical and pathological features
[1-6].

Mutations in three of the four subunit genes comprising the tRNA splicing
endonuclease (TSEN) complex are responsible for PCH2 and PCH4 [1,2]. The TSEN
complex is a heterotetramic enzyme comprised of two structural subunits, TSEN54 and
TSEN15, and two catalytic subunits, TSEN2 and TSEN34 [7,8]. Mutations in the
TSEN5 subunit gene are the most frequent cause of PCH2 and PCH4, and a common
mutation (p.A307S) has been identified in the majority of patients. A homozygous
p-A307S mutation is strongly associated with a PCH2 phenotype. The p.A307S
mutation occurring compound heterozygous with a TSENS54 null allele is associated
with a severe PCH4 phenotype [1]. Other less common TSEN5/ mutations, as well as
rare mutations occurring in the TSEN2 and TSEN3j subunit genes have also been
identified in PCH2 and PCH4 cases [1,2].

tRNAs play an essential role in protein synthesis where the anticodon of a mature
tRNA molecule recognises and interacts with the codon displayed by the mRNA.
Through the activity of the ribosome, this process allows condensation of the tRNA-
specific amino acid with the peptide chain on the adjacent tRNA [9]. Part of the
maturation process is the removal of an intronic sequence that exists within the
anticodon loop of some tRNA genes. Splicing of the intron is performed through a
composite active site of the TSEN complex [8]. In humans, only 6.2% of tRNA genes
contain an intron and therefore require TSEN function for maturation and exposure of
the anticodon, necessary for downstream translation. Multiple genes exist for each
tRNA and in some circumstances the vast majority or all tRNA genes for a particular
codon are intron-containing. For example, in humans, 13 of the 14 genes encoding
tRNA-Tyr (GTA) contain an intron. Therefore, a defective TSEN complex is likely to
lead to a shortage of tRNA Tyrosine. Other examples exist including tRNA-Ile (TAT),
tRNA-Leu (CAA) and tRNA-Arg (TCT). More details can be viewed at
http://lowelab.ucsc.edu/GtRNAdb/.

In most cases, PCH4 patients, who are more severely affected than PCH2 patients,
have a null allele and a missense mutation in the TSEN5/ subunit gene [1]. This
genotype-phenotype observation supports a hypothesis for a loss of TSEN function in
PCH2 and PCH4 pathophysiology. The TSEN complex is not only involved in tRNA
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splicing. It also plays a role in mRNA 3' end formation [7]. Therefore, it is possible that
other functions of the TSEN complex may play a role in the disease pathogenesis of
PCH2 and PCH4 cases.

How mutations in a gene involved with tRNA splicing and protein synthesis can

lead to a brain-specific defect is unclear. TSENS5/ is expressed throughout the bodys;
however, there are differences in expression levels between various tissues
(http://www.genecards.org/cgi-bin/carddisp.pl?gene=TSEN54& search=tsen54).
Strong TSEN54 mRNA expression has been observed in neuronal populations in the
developing cerebellum, pons and olivary nuclei at 23 weeks of gestation [2]. This and
the selective degeneration in PCH could suggest that TSEN activity is required at high
levels in the brain structures affected in the disease. At 23 weeks of gestation, the brain
has already significantly increased in volume and is well established neuroanatomically
[10]. Neonatal ultrasound analysis in PCH2 patients reveals that the cerebellum
develops as normal to gestation week 29; however, from gestation week 31, cerebellar
hypoplasia can be observed [11]. In addition, cell death in the pons has been reported
in PCH patients at low levels following pathological examination [5]. It is likely that
high levels of degeneration are present during the time course of disease; however, most
cells will have degenerated at the time of death and are thus unavailable for post-
mortem analysis.

As PCH is a rare and lethal neurodegenerative disorder, patient material is scarce.
To further understand the role of TSEN in the pathophysiology of PCH, a disease
model is required. Zebrafish are now a well-established tool used to model various
neurodegenerative disorders [12]. In this current study, we have utilised two separate
genetic approaches to produce zebrafish models of TSEN54-related PCH. These include
an antisense morpholino (MO) oligonucleotide-induced knockdown of tsendj and also
an N-methyl- N-nitrosourea (ENU) mutagenesis strategy to produce a zebrafish strain
harbouring a tsend4 premature stopcodon mutation. Here, we show that the knockdown
of tsend4 results in brain hypoplasia and loss of structural definition in the brain, which
is associated with increased cell death but not a developmental patterning defect,
whereas genetic knockout of tsend4 is lethal. Additionally, the knockdown of the
mitochondrial arginyl-tRNA synthetase (rars2) gene, (RARS2 mutations cause PCH1
and PCH6) [1,4,13] results in a phenotype that is comparable with ¢send4 depletion.
Using these novel disease models of PCH, we provide the first evidence in an
experimental model that TSEN54 mutations act through a loss of function mechanism
and that a common disease pathway may exist between PCH subtypes due to either
TSEN54 or RARS2 mutations.



Figure 1. TSEN5/ expression is ubiquitous but strong in the brain in human and zebrafish early
stages of neurodevelopment. (a) TSENS/ in situ hybridization within transverse section of a
human foetal brain at 8 weeks prenatal age. TSEN54 mRNA is widely expressed throughout brain
and head tissue, but strongly expressed in the developing metancephalon (m) and telencephalon
(t). Scale bar = Imm. (b) Lateral view of tsend4 whole-mount 4n situ hybridization in zebrafish
embryo. Ubiquitous ¢send4 mRNA expression pattern is observed at 24 hpf in zebrafish embryos,
with the strongest expression observed within the brain, especially the telencephalon (t) and mid-
hindbrain boundary (mhb). Scale bar = 200pm. For colour figure see page 169.

Results

TSEN5) expression during early development in human and
zebrafish

To examine TSEN5 expression during early brain development, we performed in situ
hybridization on 8-week-old human foetal brain sections using TSEN5-specific locked
nucleic acid/2'-O-methyl RNA (LNA/20ME) probes. TSEN5/ mRNA is expressed
throughout the brain at this early stage, with high levels of expression observed within
the developing telencephalon and metencephalon (Fig. la). During normal development,
the metencephalon later forms the pons and cerebellum [14]. Analysis of other tissues
shows relatively high TSEN5/ expression in spinal cord and liver, whereas expression in
other tissues was low (Suppl. Fig. 1). We next examined the expression pattern of
zebrafish tsend/ in embryos at 24 h post-fertilization (hpf). The zebrafish TSEN54
orthologue (also known as zgc: 109927; accession number: NM_001020529) shares 46%
identity to the human gene. As shown in Figure 1b, tsendj expression is ubiquitous,
with strong expression in the brain within the telencephalon and midhindbrain
boundary (MHB). tsenb/ is also expressed ubiquitously during early embryogenesis in
zebrafish as observed from the 8-cell stage to the somite stages (Suppl. Fig. 2).
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MO knockdown of tsend4 causes loss of structural integrity in the
zebrafish brain

As TSENS4-related PCH is inherited in an autosomal recessive manner, the biological
mechanism underlying the disease is likely to be associated with a loss of TSEN54
function. To test this hypothesis in a model system, we were interested in monitoring
the effects of knocking down the zebrafish tsen54 gene using an antisense MO
oligonucleotide approach. In comparison to wild-type (WT) un-injected (Fig. 2a) and
control MO (CoMO)-injected embryos (Fig. 2b) at 24 hpf, injection of 2.5ng tsend/
translation blocking (ATG) MO (Fig. 2c¢) resulted in abnormalities within the head
including brain hypoplasia and loss of structural integrity inside the brain. Clear
structural definition of the MHB (denoted by an asterisk) was apparent in the control
embryos (Fig. 2a,b); however, this structure appeared aberrant in ¢sen5/ morphants
(Fig. 2c¢,d). In zebrafish embryos, the MHB is a key structure involved with the
neuronal migration and the development of the cerebellum [15]. To exclude the
possibility that the effect was due to a nonspecific effect and to confirm specific
targeting of the MO [16], we designed a second tsend4 MO that targeted the exon 8
splice donor site of the tsendj gene. As shown in Figure 2d, we observe comparable
brain hypoplasia and reduced structural definition in splice-site morphants. Reverse
transcriptase-polymerase chain reaction (RT-PCR) of ¢DNA synthesised from WT,
CoMO and splice-site morphant embryos confirmed abnormal splicing of the tsends
gene in the morphants (Fig. 2g). To further confirm that the phenotype was directly
attributable to the knockdown of tsend/, we attempted to rescue the brain phenotype
associated with tsend4 depletion by co-injecting the ATG MO with human TSEN5/
mRNA. As shown in Figure 2e, injection of 233pg human TSEN5/ mRNA alone
produced no effects upon brain structure. Co-injection of tsend4 ATG MO and human
TSEN54 mRNA resulted in a partial rescue of the brain phenotype observed with MO
only (Fig. 2f). Co-injected embryos display generally milder brain hypoplasia and more
clearly defined brain structure when compared with ATG alone (Fig. 2c). We next
quantified the proportion of brain phenotypes associated with each treatment at 24 hpf
(Fig. 2h). Brain phenotypes were classified as either normal (appeared as WT), mild
(slight brain hypoplasia, slight reduction in structural definition in the brain) or severe
(severe brain hypoplasia, complete loss of brain structural definition). As expected,
predominantly normal brain phenotypes were associated with both control groups (WT
un-injected, human TSEN54 mRNA only). Knockdown of tsen5/ with the ATG MO
was associated with a mostly severe brain phenotype (76%), although mild (13%) and
normal (11%) brain phenotypes were also observed to a lesser extent. Co-injection of
the ATG MO with human TSEN5/ mRNA resulted in a striking reduction in the
proportion of embryos displaying a severe brain phenotype (8%) and a shift to a
predominantly mild (67%) brain phenotype. Indeed, the percentage of normal brain
phenotypes also increased (25%) within the rescue group. Therefore, human TSEN54 is
capable of partially rescuing the brain phenotype associated with the loss of tsends
translation, thus confirming specific targeting of the MO.



Figure 2. Disruption of tsend4 translation causes brain hypoplasia and loss of structural definition
in the MHB in zebrafish embryos. (a-f) Lateral views of head and brain regions of tsen54 MO and
human TSEN54 mRNA-injected zebrafish embryos at 24 hpf. Asterisks denote the MHB. (a) WT
un-injected embryo; (b) CoMO-injected embryo; (c) tsend4 ATG MO-injected embryo; (d) tsens/
exon 8 splice donor site MO-injected embryo; (e) human TSENS5/ mRNA-injected embryo; (f)
rescued embryo co-injected with tsend/ ATG MO and human TSENS5/ mRNA. Scale bar =
200pm. (g) RT-PCR using primers located in exons 7 and 10 in ¢sen54 ¢cDNA synthesised from
RNA extractions from WT un-injected embryos, CoMO-injected embryos and tsendj exon 8 splice
donor site MO-injected embryos. RT-PCR using samples from control embryos produced a band
of 696bp in length. Shorter products observed in splice MO-injected embryos indicate abnormal
splicing of the tsend4 gene. (h) Quantification of phenotypes observed in WT un-injected embryos,
human TSEN5/ mRNA-injected embryos, tsend/ ATG MO-injected embryos and rescued embryos
co-injected with ATG MO and human mRNA. For each group, 50-100 embryos were analysed.
Embryos were classified as displaying normal (white), mild (grey) or severe (black) phenotypes.
There is a shift from a predominantly severe phenotype in the tsend4 ATG MO group to a
predominantly mild phenotype in ATG MO and human T'SEN54 mRNA co-injection group, thus
illustrating the partial rescue of the brain phenotype associated with the loss of tsend/. For colour
figure see page 170.
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Inhibition of tsend/ translation produces a brain defect which is
not associated with a developmental patterning deficiency

PCH is characterised by hypoplasia and atrophy of the cerebellar hemispheres,
hypoplasia of the pons and a general delay of neurodevelopment [17]. To determine
whether the brain phenotype caused by tsend4 knockdown in zebrafish embryos was
associated with a developmental brain patterning defect, we performed in situ
hybridization on whole-mount embryos at 24 hpf using fgf8 (fibroblast growth factor 8)
and otz2 (orthodenticle homeobox 2) RNA probes as markers of brain development. In
zebrafish brain, fgf8 is expressed in the MHB and plays a role in the maintenance and
development of this region, which includes the cerebellum [18]. In addition, fgf8 is also
expressed within the telencephalon and optic vesicles [19]. Otz2 plays a role in early
regionalisation of the mesencephalon and indeed is expressed within fore-midbrain
regions during early development in zebrafish [20]. Abnormal localization of the
expression of these genes within morphants would suggest a defect in the developmental
patterning of these brain regions. As shown in Figure 3a, embryos injected with human
TSEN54 mRNA alone show normal expression patterning of fgf8. When the brain was
observed from a dorsal perspective (Fig. 3d), the expression of fgf8 appeared as a
‘horseshoe with a peak’ pattern in control embryos. MO knockdown of tsendj was not
associated with abnormal patterning (Fig. 3b), as Fgf§8 expression was correctly
observed within the MHB and telencephalon. However, compared with controls, the
MHB appeared compressed, thus reflecting the brain hypoplasia associated with tsends
knockdown. This result is further supported when observing the dorsal view of the
morphant brain where the ‘peak’ of the ‘horseshoe’” was absent from the MHB (Fig. 3e,
arrow). Loss of this horseshoe peak was reversed, to a certain extent, by co-injecting the
tsend4 ATG MO with human TSEN54 mRNA, further confirming specific gene
targeting (Fig. 3c and f). Similarly, tsen5/ knockdown did not result in abnormal
patterning of the fore-midbrain as localization of otz2 expression was comparable
between morphants (Fig. 3h) and controls (Fig. 3g). However, the brain hypoplasia
phenotype was further illustrated by the reduction in intensity and extent of the otz2
expression pattern in morphants compared with controls (Fig. 3jk), which could be
partially rescued by the introduction of human TSEN54 mRNA (Fig. 3i and 1).

Brain phenotype caused by tsend4 knockdown is associated with
increased cell death

As the brain phenotype caused by tsend/ knockdown was not associated with a
neurodevelopmental — patterning defect, we next monitored the levels of
neurodegeneration in the brains of morphant embryos. Embryos were incubated with
acridine orange, a vital dye that binds to nucleic acids in damaged cells [21]. The
numbers of fluorescing cells within the brain were counted from 10 to 20 embryos per
group (at 24 hpf). Low numbers of fluorescing cells were counted in the brains of WT
embryos (Fig. 4a and e; 55.5 + 4; mean + SEM) and TSEN54 mRNA-injected
embryos (Fig. 4b and e; 80.7 + 7). In comparison to both of the control groups,



Figure 3. Knockdown of zebrafish tsen54 results in a brain defect that is not associated with
abnormal developmental patterning. Whole-mount in situ hybridization using fgf8 (a-f) and otz2
(g-1) DIG RNA probes in 24 hpf embryos injected with human TSEN5/ mRNA alone (a,d,g.j),
tsen54 ATG MO (b,e,h,k) and tsend/ ATG MO with human TSEN5/ mRNA rescue (c,f,il]).
Lateral views are presented in (a-c) for fgf8 staining and (g-i) for otz2 staining (scale bar =
200pm). Dorsal views are presented in (d-f) for fgf8 staining (scale bar = 30pm) and (j-1) for otz2
staining (scale bar = 50pm). Results reveal brain hypoplasia is evident in tsen5/ morphants, as
indicated by the loss of the fgf8 ‘horseshoe peak’ expression pattern (arrows) however,
developmental patterning of the MHB (fgf8) and fore-midbrain (otz2) are normal. Co-injection of
the ATG MO with TSEN5/ human mRNA is capable of partially rescuing the brain hypoplasia
phenotype, thus confirming specific targeting of the MO. For colour figure see page 171.

injection of the tsend4 ATG MO resulted in a significant increase in the number of
fluorescing cells within the brain (Fig. 4c and e; 242.9 + 16; P<0.0001). Co-injection of
tsend4 ATG MO with human TSENS5/ mRNA resulted in a significant reduction in the
numbers of fluorescing cells in comparison to the t¢send4 ATG injection only group
(Fig. 4d and e; 173.9 =+ 7.8; P = 0.0005); however, the number of fluorescing cells in
this group was still significantly greater than that of both control groups (P<0.0001).
Therefore, this result further confirms that human TSEN54 is capable of partially
rescuing the brain phenotype associated with tsens/ knockdown.

A homozygous premature stop-codon mutation within tsend4
causes early lethality in zebrafish

Antisense MO oligonucleotides allow a highly efficient means of knocking down gene
function during early embryonic development; however, the effects diminish after a few
days post-fertilization (dpf) [12]. Therefore, we generated a stable zebrafish model that
harboured a mutation within the tsen54 gene in order to study the survival rates. We
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Figure 4. tsenb/ knockdown is associated with increased cell death in the brain. (a-d) Lateral view
of brains of live zebrafish embryos (24 hpf) incubated with acridine orange in (a) WT un-injected,
(b) human TSEN5/ mRNA alone, (c) tsenb54 ATG MO and (d) tsen54 ATG MO co-injected with
human TSEN54 mRNA rescue groups. Scale bar = 200pm. (e) Quantification of fluorescing cells
from each group (n = 10-20). Dead cells were counted from the tip of the forebrain to the ear,
excluding the eye. Injection of tsend/ ATG MO resulted in a significant increase in the number of
dead cells within the brain. Co-injection of the ATG MO with human TSEN5/ mRNA resulted in
a significant decrease in cell death (*** P<0.0005).

screened the zebrafish ENU mutagenesis DNA archive at the Hubrecht Laboratories,
Utrecht [22], and identified a heterozygous C>T substitution in exon 8 of the tsend
gene (¢.682C>T; Fig. 5a). The position of this mutation translates as the conversion of
an arginine to a premature stop codon at amino acid position 228 (p.R228X).
Heterozygotes from the F2 progeny were identified by genotyping and the mutation was
backcrossed onto a WT AB background for five generations to reduce the number of
potentially confounding ENU mutations [23]. All mutants from this breeding
programme were subsequently referred to as tsend/f**X. As PCH is an autosomal
recessive disease, we next performed an in-cross between heterozygous mutants to test
for homozygosity. Embryos resulting from the in-cross were genotyped at 1, 2 and 3
weeks post-fertilization. All three genotypes were present after 1 week; however, at 2
weeks post-fertilization, tsen54%X/-  animals were absent, suggesting that
homozygosity was lethal during the larval stages (data not shown). To determine the
precise time point at which the lethality of tsen54822%/- larvae occurred, we performed
a survival analysis. As shown in Fig. 5b, larvae obtained from a control WT TL in-cross
showed 72% survival after 3 weeks, whereas only 45% of the tsens/"??X+/* embryos
survived to 21 dpf, probably due to the retention of an ENU mutation on the
tsendR2XH/+ hackground. Of the tsens/R?28X+/- heterozygous embryos, 62% survived to
21 dpf. Confirming our observations on the lethality of homozygosity for the mutation,
all tsen5/%?2%%/- larvae had died by 9 dpf (Fig. 5b).



Figure 5. A homozygous premature stop-codon mutation within tsenj causes early lethality in
zebrafish larvae. (a) Sequence trace obtained from the individual heterozygous ¢.682C>T tsend4
mutant (hu5985). Translation of this base pair substitution leads to the p.R228X mutation. The
mutation was subsequently backcrossed onto a WT background for five generations. (b) Progeny
from a tsen5j "Xt/ in-cross were observed for 3 weeks post-fertilization to test for
homozygosity. Survival was plotted using the Kaplan-Meier curves. By 9 dpf, 100% of the
tsen54"22%/- (grey dotted line) larvae had died. In comparison, 45% and 62% of the tsens/R?2sX+/+
(black line) and tsend/R??*X*/- (black dotted line) survived to the 3 weeks post-fertilization time
point, respectively. As a comparison to general ENU mutant survival, 72% WT TL larvae (grey
line) were observed to survive to the 21 dpf stage. For colour figure see page 172.

Disruption of the rars2 gene results in a brain phenotype
comparable with tsend4 morphants

Mutations in the nuclear-encoded RARS2 gene are found in PCH1 and PCH6 [1,4,13].
RARS2 plays a role in the aminoacylation of mitochondrial tRNA-Arg [4]. Thus, a
common disease mechanism related to tRNA processing may account for different PCH
subtypes caused by mutations in TSENS4 or RARS2. Similar to tsendj, rars2 is
expressed ubiquitously at 24 hpf but strong within the head and brain [24].

To test the effects of rars2 inhibition, we injected zebrafish embryos with MOs
designed to target the rars2 ATG start site and the exon 6 splice donor site. As shown
in Figure 6¢ and d, knockdown of rars2 with both MOs results in brain hypoplasia and
loss of structural definition within the brain in comparison to control embryos (Fig.
6a,b). RT-PCR reveals that abnormal splicing of rars2 occurred in the splice-site
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morphants (Fig. 6g). Co-injection of human RARS2 mRNA with the rars2 ATG MO
resulted in partial recovery of the brain phenotype, thus confirming specific targeting of
gene knockdown (Fig. 6e,f and h). Whole-mount in situ hybridization using fgf8 (Suppl.
Fig. 3a-f) and otz2 (Suppl. Fig. 3g-l) RNA probes further illustrates the brain
hypoplasia phenotype observed in rars2 morphants. Similar to tsend4 knockdown,
developmental patterning of the MHB and the fore-midbrain regions was not affected.
Furthermore, rars2 knockdown was associated with a significant increase in cell death
within the brains of morphant embryos (Suppl. Fig. 4c and e) when compared with
both control groups (P<0.0001; Suppl. Fig. 4a,b and e). The number of dead cells was
significantly reduced when human RARS2 mRNA was co-injected with the rars2 ATG
MO (P = 0.0005; Suppl. Fig. 4d,e). Taken together, these observations reveal
phenotypic comparisons between rars2 and tsen5j morphants, suggesting a common
disease pathway may exist between two separate genes in the pathogenesis of distinct
subtypes of PCH.

Discussion

In this study, we show that the inhibition of ¢sen5/ in zebrafish leads to neurological
abnormalities and is lethal, thus bearing similarities to the disease characteristics
associated with PCH. In addition, these data strongly support the hypothesis that
TSEN54 mutations cause the disease through a loss of function mechanism. A strong
and specific expression pattern for TSENS4 in developing human cerebellar neurons at
gestation week 23 has been reported previously [2]. Here, we show that TSEN54 mRNA
is ubiquitously expressed in the brain at 8 weeks of development with strong expression
observed within the developing metencephalon and telencephalon. The metencephalonic
region of the developing brain eventually forms the pons and cerebellum [25].
Abnormalities in both of these regions are the hallmark features of PCH pathology as
all six subtypes of PCH are characterised by hypoplasia and variable atrophy of the
cerebellum and pons [1-6]. The telencephalon gives rise to the cerebral cortex and basal
ganglia within the cerebral hemispheres [26]. Cerebral cortical atrophy has been
reported in 40% of TSENS5/-related PCH patients, a feature that correlates with
increasing age, suggesting all patients would display such a phenotype if survival rates
were higher [1]. Cerebral immaturity is also a key feature for PCH4 diagnosis [1]. Also,
although less common, microglial and astrocytic pathology have also been reported in
the basal ganglia in PCH2 [17]. Therefore, strong TSEN54 expression is apparent in
those brain regions affected in PCH during the earlier stages of neurodevelopment. In
zebrafish, we observed a ubiquitous expression pattern of tsend/; however, strongest
expression was detected within the brain at 24 hpf, in particular the telencephalon and
MHB. Ubiquitous tsendj expression observed as early as the 8-cell stage is compatible
with an essential function of this gene during development. Our data confirm results
from previous studies in zebrafish embryos using tsen5/ RNA probes [24]. Importantly,



Figure 6. Disruption of rars2 gene results in brain phenotype comparable with ¢sen5j knockdown.
(a-f) Head and brain regions of rars2 MO and human RARS2 mRNA-injected zebrafish embryos
at 24 hpf. Asterisks denote the MHB. (a) WT un-injected embryo; (b) CoMO-injected embryo; (c)
rars2 ATG MO-injected embryo; (d) rars2 exon 6 splice donor site MO-injected embryo; (e)
human RARS2 mRNA-injected embryo; (f) rescued embryo co-injected with rars2 ATG MO and
human RARS2 mRNA. Scale bar = 200pm. (g) RT-PCR using primers located in exons 3 and 6
in rars2 cDNA synthesised from RNA extractions from WT un-injected embryos, CoMO-injected
embryos and rars2 exon 6 splice donor site MO-injected embryos. RT-PCR, using samples from
control embryos produced a band of 246bp in length. Larger products observed in splice MO-
injected embryos indicate abnormal splicing of the rars2 gene. (h) Quantification of phenotypes
observed in WT un-injected embryos, human RARS2 mRNA-injected embryos, rars2 ATG MO-
injected embryos and rescued embryos co-injected with ATG MO and human mRNA. For each
group, 50-100 embryos were analysed. Embryos were classified as displaying normal (white), mild
(grey) or severe (black) phenotypes. There is a shift from a predominantly mild-severe phenotype
in the rars2 ATG MO group to a predominantly normal phenotype in ATG MO and human
RARS2 mRNA co-injection group, thus illustrating the partial rescue of the brain phenotype
associated with the loss of rars2. For colour figure see page 173.
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a comparable TSENSH/ expression pattern is observed in humans and zebrafish during
early neurodevelopmental stages.

Although obvious anatomical differences exist between the species, comparisons can
be made between the brain phenotypes observed in tsend4 morphant zebrafish embryos
and TSENS4-related PCH. The presence of progressive microcephaly and cortical
shrinkage is a distinctive pathology associated with a PCH2 phenotype [1]. Therefore,
the observation of brain hypoplasia in zebrafish embryos following tsens4 knockdown is
an expected phenotype. A general neurodevelopmental delay and immaturation of the
brain is also associated with the disease [1]. PCH is considered a neurodevelopmental,
neurodegenerative disorder, however, in contrast to other neurodevelopmental disorders
such as lissencephaly [27], a brain patterning defect is not associated with PCH. Here,
we tested for neurodevelopmental abnormalities in our tsend4 MO knockdown model by
monitoring the expression of fgf8 and otz2. Expression of these genes was observed
within the appropriate regions for this developmental stage thus indicating that a brain
patterning deficiency was not associated with a loss of tsend4. Low levels of cell death
within the pons have been reported in few PCH patients [5]. However, as PCH is a
neurodegenerative disorder occurring during early brain development, it is likely that
high levels of cell death occur during earlier time points of the disease, rendering these
cells unavailable for post-mortem analysis. Indeed, a significant increase in the number
of acridine orange fluorescing cells was evident in the brains of tsens/ morphants.
Therefore, these data suggest that the brain phenotype caused by the loss of tsenb4
function is due to an increased activation of processes leading to cell death and
neurodegeneration. It should be noted that not all tissues with high expression of
TSEN5 are affected in PCH patients. Since we show here that PCH is in fact a
neurodegenerative disease and not a developmental defect per se, other factors must
determine the tissue-specific defect. A possible explanation could be a large demand for
specific tRNAs for protein synthesis during a specific time in development. As discussed
in more detail below, if this demand is not met, cells may degenerate.

The majority of TSEN5/-related PCH patients die within the first decade of life [1].
In the most severe cases, a TSENS5/ null allele occurring compound heterozygous with
the common p.A307S mutation can lead to early post-natal death [1,2]. We identified
the tsend/R??®X ENU mutation and as expected heterozygous mutants were viable. It is
likely that possessing two copies of a premature stop-codon mutation leads to a non-
functional or absent protein; thus, we predicted that the loss of tsend4 would be lethal.
To date, no patients have been identified that harbour homozygous premature stop-
codon mutations in TSENS4. Due to the potential severity of this type of mutation, it
is possible that these patients never survive through prenatal stages. A tsens/R?28X+/-
in-cross produced the expected mendelian ratios (observed following genotyping at 5
dpf), however by 9 dpf, all tsen548228%/- Jarvae had died. In comparison, 45% of
tsend 82X+ and 62% of tsen54%**X+/ survived beyond the 21 dpf time-point. These
data therefore strongly suggest that homozygosity of the tsend4 premature stop-codon



mutation is larval lethal in this model. The absence of a brain phenotype (data not
shown) and the survival up to 9 dpf in the tsen5/*?***/- mutants may be explained by
the persistence of maternal tsen54 protein during embryogenesis [28]. Extensive
characterisation of the tsens/"??**/- mutant line is necessary to fully establish this
model as a tool to study the disease mechanisms underlying TSEN5/-related PCH.

In both human and zebrafish, the loss of TSEN5//tsens/ function results in a severe
region-specific neurological phenotype. Due to the primary function of the TSEN
complex, these observations therefore suggest that a high level of tRNA splicing activity
is required within these brain regions during development. Demand for such activity
suggests that there is a larger proportion of intron-containing tRNA genes expressed
within these regions. Intron-containing tRNA genes are rare in vertebrates (only 6.2%
in humans); therefore, tRNA splicing activity is only required for a small proportion of
tRNA genes. However, reduced tRNA splicing activity may still lead to a reduction in
the availability of specific tRNAs, e.g. tRNA Tyrosine, where 13 of the 14 tRNA-Tyr
(GTA) genes contain an intron. In zebrafish, there is ~20-fold more tRNA genes present
in comparison to human; however, intron-containing tRNA genes still only represent
6.6% of the total (http://lowelab.ucsc.edu/GtRNAdb/). As in humans, the vast
majority of zebrafish tRNA-Tyr (GTA) genes contain an intron (225 out of 236).
Hypothetically, therefore, it is reasonable to suggest that in both species, the loss of
tRNA splicing function could lead to a reduction in the availability of tRNA-Tyr. If the
expression levels of intron-containing tRNA genes are higher in specific brain
structures, then a depletion of tyrosine and/or other amino acids could explain the
brain-specific degeneration observed in TSENS5j-related PCH and the zebrafish tsendj
knockdown model. Due to extensive secondary and tertiary structures, little is known
about the spatio-temporal expression levels of different tRNA genes. However, one
study has revealed that the expression levels of different human tRNA genes vary
greatly between tissues that may reflect translational control based on the availability
of certain tRNAs [29]. Future experiments may benefit from examining the levels of
intron-containing tRNA genes within the cerebellum and pons in comparison to other
tissues. An alternative suggestion for specific susceptibility of the cerebellum and pons
in the pathogenesis of PCH may relate to an alternative function of TSEN. For
example, the human TSEN complex has been shown to associate with factors involved
with preemRNA 3' end formation [7]. Therefore, it is feasible that this and/or other
currently unknown functions relating to RNA processing may exist for TSEN.

As the RARS2 gene plays a role in the aminoacylation of mitochondrial tRNA-Arg
[4] and mutations in this gene are found in PCHI1 and PCH6 [1,4,13], we tested whether
the knockdown of rars2 in zebrafish resulted in a similar phenotype to tsends
inhibition. Comparable phenotypes were observed between the rars2 and tsend/ groups.
The obvious functional link between TSEN54 and RARS2 is an involvement with tRNA
processing. Although specific phenotypical differences exist between TSEN5/- and
RARS2related PCH, all patients display hypoplasia and variable atrophy of the
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cerebellum and pons. The comparable brain phenotype observed following tsends and
rars2 knockdown therefore provides evidence in a model system that a common disease
pathway may exist between PCH subtypes. As for TSEN54, aminoacyl tRNA
synthetases (ARSs) are also expressed ubiquitously in humans [30]. In zebrafish at 24
hpf, rars2 is ubiquitously expressed; however, strongest expression is observed within
the brain [24]. Mutations in various cytoplasmic and mitochondrial ARS genes have
been identified in leukoencephalopathy (DARS2) [31] and different subtypes of Charcot-
Marie-Tooth disease (GARS [32], YARS [33], KARS [34]). Recently, mutations in
SEPSECS, a protein involved with the synthesis of the amino acid selenocysteine, have
been reported to cause progressive cerebello-cerebral atrophy, a neurodevelopmental
disorder with comparable phenotypic features to PCH [35]. Taken together with our
data, these studies suggest different neuronal populations at different stages of life are
susceptible to disruption of specific amino acid availability. Defects in tRNA splicing
and tRNA aminoacylation caused by the loss of TSEN54 and RARS2 function,
respectively, may ultimately reduce the availability of functionally charged tRNA.
Therefore, a common disease pathway involving TSEN54 and RARS2 may relate to the
abnormal processing of cytoplasmic and mitochondrial tRNAs within the brain. We
cannot yet, however, rule out the potential for alternative functions of these genes in
the pathogenesis of PCH. Nevertheless, the identification of a mutation in MEDI17 [36],
encoding a subunit of the mediator complex involved with transcription pre-initiation,
in patients with cerebral and cerebellar atrophy (CCA) supports the hypothesis that an
unmet demand for protein synthesis at a specific moment in development is the
underlying cause of cerebellar atrophy or hypoplasia in CCA and PCH.

Materials and methods

Zebrafish stocks and maintenance

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 was performed as described
by others [37]. WT TL zebrafish strains were crossed to generate embryos for MO and
RNA injections, as well as in situ hybridizations. ENU mutant zebrafish lines were
maintained on a mixed AB/TL background. Fertilized embryos were collected and
staged according to the standard guidelines [38].

In situ hybridization using LNA /20ME-modified oligonucleotides
to detect TSENS4 expression in human foetal sections

Human embryonic tissue was collected and prepared for histological analyses as
described [39]. Use of the human embryos for research was approved by the Ethical



Committee of the University of Amsterdam, the Netherlands. Pre-hybridization
conditioning and hybridization using a human TSENS/ specific, fluorescein-labelled
LNA/20ME probe (5- TecuTucTcuTgeCauCucC -3’; where LNA residues are given in
capital letters and 20ME in lower case) was performed as described previously [2].
Probes were synthesised by Ribotask ApS, Odense, Denmark. Hybridization signal was
detected by incubating the sections in blocking buffer containing anti-fluorescein-
Alkaline phosphatase (AP) Fab fragments (1:1000; Roche, Lewes, UK) for 1 h at room
temperature. AP signal was detected by using VECTOR Blue AP Substrate Kit
(Vector, Burlingame, CA, USA).

Zebrafish whole-mount in situ hybridization using LNA /20ME
probes

Embryos were dechorionated, fixed in 4% paraformaldehyde (PFA) in 0.1% phosphate
buffered saline-Tween (PBST) and stored in methanol at -20°C till further use. Pre-
hybridization conditioning and hybridization using a zebrafish tsend/ specific,
fluorescein-labelled LNA/20ME probe (5-TauCugTccCgcTecCucT-3’; Ribotask ApS)
was performed on whole embryos as described by others [40]. Hybridization signal was
detected by incubating the embryos in blocking buffer containing anti-fluorescein-AP
Fab fragments (1:2000; Roche) with agitation overnight at 4°C. AP staining was
performed using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium substrate.

MO injections

MOs (Gene-tools, LLC, Philomath, OR, USA) were designed around the start codon
(ATG) and the exon 8 splice donor site of the zebrafish tsen54 gene (ATG: 5-
CTTGCCTCTTTCTGAAAAACCCATC-3’;  Ex8splice: 5-TAGTGTAAAGTACAT
CTTACGGTGT-3’). For the zebrafish rars2 gene, MOs were designed against the ATG
and the exon 6 splice donor sequence (ATG: 5-CACTCCTCCTGAAAAAACAC
GCCAT-3’; Ex6splice: 5- CACACACACAGTAAACTGACCTGAA -3%). Standard
CoMOs 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 2.5ng ATG MO, 3.2ng splice MO or 6.6ng CoMO.
Embryos were allowed to recover in E3 medium stored at 28°C before fixation at
various time points.

Human mRNA ¢n vitro transcription and injections

Human TSEN54 ¢cDNA cloned into the pCMV-SPORT6 vector (NIH_MGC_71) and
human RARS2 ¢cDNA cloned into the pOTB7 vector (NIH_MGC__44) were obtained
from the Mammalian Gene Collection (NIH, Bethesda, USA). The TSENS5/ insert was
excised using Xhol and FEcoRI; the RARS2 insert was excised using BamHI and Xhol.
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Both ¢DNA sequences were ligated into separate pCS2+ vectors. The TSENS5/ and
RARS2 constructs were linearized with Asp718 and Notl, respectively, and in wvitro
transcription was performed using the SP6 mMESSAGE mMACHINE kit (Ambion,
Warrington, UK). For injections, 233 or 555pg of TSEN5/ and RARS2 mRNA,
respectively, was injected per embryo either alone as a control or in combination with
the ATG MO. For each group, 50-100 embryos at 24 hpf were classified and counted as
displaying phenotypes described as either normal (appeared as WT), mild (slightly
smaller head, slightly reduced brain structure definition) or severe (small head,
complete loss of brain structural definition).

RT-PCR

To confirm specific targeting of the splice MO, total RNA was extracted from 50
injected embryos using TRIzol (Invitrogen, Germany) and chloroform for phase
separation and isopropanol precipitation. For the reverse transcription reaction, 1pg of
RNA was mixed with 125pmol/pl OligodT -VN and denatured for 10 min at 72°C.
First-strand ¢DNA was synthesised using Superscriptll enzyme (Invitrogen) and
incubating at 42°C for 1 h. For tsendj ex8 splice MO, a region of 696bp spanning exons
7 and 10 was amplified using the following primers: 5-CAGCATCGGACAA
ACAGAAG-3 and 5-ACTGGTCTGACGGGGACA-3’ (Sigma-Aldrich). For rars2 ex6
splice MO, a region of 246bp spanning exons 3 and 6 was amplified using the following
primers: 5-GAGACCTGCAGAACACCACA-3° and 5-AACTTCTTGGCGATGT
TTGG-3 (Sigma-Aldrich).

Whole-mount in situ hybridization using DIG-labelled RNA probes

Fgf8 [18] and otz2 [20] were linearized with FEcoRV and FEcoRI, respectively, and
digoxigenin (DIG)-RNA probes were synthesised using the SP6/T7 polymerase RNA
labelling kit (Roche). Zebrafish embryos (24-30 hpf) were dechorionated, fixed
overnight at 4°C in 4% PFA in 0.1% PBST and stored in methanol at -20°C till further
use. Whole-mount in situ hybridization was performed as described by others [41].

In vivo cell death assay

Live embryos were incubated for 30 min in the dark at 28°C in water containing 2pg/ml
acridine orange (Sigma-Aldrich). Embryos were washed five times in water prior to
imaging. The numbers of fluorescing cells in focus were counted within the brain in a
region encapsulating the tip of the forebrain to the ear. Dying cells within the eye were
omitted from the analysis. Fluorescing cells were counted in 10-20 embryos/larvae per
condition. The mean number of fluorescing cells + standard error was plotted. One-way
ANOVA with the Newman-Keuls multiple comparisons test was performed for
statistical analysis.



ENU mutagenesis screen

ENU mutation screening was performed using a TILLING (targeting induced local
lesions IN genomics) approach with a frozen archive of genomic DNA derived from
mutagenized F1 zebrafish at the Hubrecht Institute, Utrecht, the Netherlands, as
described previously [42]. Exon 8 of the tsen5/ gene was amplified using the following
nested PCR primers (Primer 1: 5-GGGACTTCAGCAGCATTAG-3’; Primer 2: 5'-
AGGAGATCTGAGCGTTTGG-3’; Primer 3: 5-CCAGTCTTTACCCAGTCACC-3%;
Primer 4: 5-CTTCCAACAATCTTTCTTTCC-3’; Sigma-Aldrich). The first PCR was
performed using primers 1 and 4. The second PCR was performed using primers 2 and
3, which contained universal M13 forward (M13F) and M13 reverse (M13R) adaptor
sequences at their 5’ ends, respectively. Mutation detection and verification was
therefore performed by sequencing the internal nested PCR product using M13F (5-
TGTAAAACGACGGCCAGT-3’; Sigma-Aldrich) and MI13R primers (5-AGGAAA
CAGCTATGACCAT-3’; Sigma-Aldrich). PCR products were sequenced as described
previously [1].

Tagman genotyping

Following identification of the individual heterozygous ¢.682C>T tsen54 mutant
(hu5985) in the live F1 library, the mutation was backcrossed onto a WT AB
background for five generations to reduce the number of potentially confounding ENU
mutations. For each subsequent generation, genotyping was performed using a Tagman
single nucleotide polymorphism (SNP) genotyping approach (Applied Biosystems,
Warrington, UK). Briefly, fish were anaesthetized in 250mg/1 tricaine (MS-222; Sigma-
Aldrich), and a small portion of the caudal fin was removed with a scalpel. Fin clips
were digested with lysis buffer containing 0.1mg/ml of proteinase K at 60°C for 1 h.
Following DNA quantification, 10ng of DNA was added to 1x5pul of Roche Fast-Start
universal probe mix (Roche) containing 40x Tagman SNP assay probe (designed and
generated by Applied Biosystems; FAM and VIC dye-labelled). Real-time PCR was
then performed using a Roche LightCycler 480 for 40 cycles (denatured at 95°C for 15
s, annealed/amplified at 60°C for 1 min). Allelic discrimination was analysed using the
Roche LightCycler software version 1.5.

Survival analysis in tsen54%?*X mutant zebrafish

Progenies from an in-cross mating of tsend4%***X+/- adults were raised for 3 weeks. Dead
larvae were removed from the tank twice daily and DNA was extracted immediately
before freezing. At 21 dpf, all surviving larvae were humanely sacrificed and DNA was
extracted. All dead and surviving embryos were genotyped as described above. Survival
of tsen54"??X/ larvae was examined using the Kaplan-Meier analysis (Graphpad Prism,
version 5) to produce survival curves for each genotype. Similarly, progenies from an in-
cross mating of WT TL adults were raised for 3 weeks and dead larvae were counted on
a daily basis for survival analysis.
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Supplementary figures

Supplementary Figure 1. TSEN54 expression within other human foetal tissues. Relatively high
TSEN54 expression was observed in human foetal spinal cord and liver, whereas comparatively
low expression levels were observed in other tissues. SC = spinal cord; L = liver; Oe =
oesophagus; M = muscle; LL = left lung; RL = right lung; LA = left atrium; LV = left ventricle;
RA = right arm. Scale bar = 500pm. For colour figure see page 174.

Supplementary Figure 2. tsen’j expression is ubiquitous during early embryogenesis in the
zebrafish. Ubiquitous tsend4 mRNA expression pattern is observed in zebrafish embryos from the
8-cell stage to the somite stages. Scale bar = 200pm. For colour figure see page 174.
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Supplementary Figure 3. Disruption of rars2 gene results in brain phenotype comparable to
tsend4 knockdown. Whole mount in situ hybridization using fgf8 (a-f) and otz2 (g-1) DIG RNA
probes in 24hpf embryos injected with human RARS2 mRNA alone (a,d,g.j), rars2 ATG MO
(be,hk) and rars2 ATG MO with human RARS2 mRNA rescue (c,fil). Lateral views are
presented in (a-c) for fgf8 staining and (g-i) for otz2 staining (scale bar = 200pm). Dorsal views
are presented in (d-f) for fgf8 staining (scale bar = 30pm) and (j-1) for otz2 staining (scale bar =
50pm). Results reveal brain hypoplasia is evident in rars2 morphants, as indicated by loss of the
faf8 ‘horse-shoe peak’ expression pattern (arrows) however, developmental patterning of the mid-
hindbrain boundary (fgf8) and fore-midbrain (otz2) are normal. Co-injection of the ATG MO with
RARS2 human mRNA is capable of partially rescuing the brain hypoplasia phenotype, thus
confirming specific targeting of the MO. For colour figure see page 175.



Supplementary Figure 4. Disruption of rars2 gene results in brain phenotype comparable to
tsend4 knockdown. (a-d) Lateral view of brains of live zebrafish embryos (24 hpf) incubated with
acridine orange in (a) WT un-injected, (b) human RARS2 mRNA alone, (¢) rars2 ATG MO and
(d) rars2 ATG MO plus human RARS2 mRNA rescue groups. Scale bar = 200pm. (e)
Quantification of fluorescing cells from each group (n = 10-20). Dead cells were counted from the
tip of the forebrain to the ear, excluding the eye. Injection of rars2 ATG MO resulted in a
significant increase in the number of dead cells within the brain. Co-injection with human RARS2
mRNA resulted in a significant decrease in cell death (*** = P<0.0005).
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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 mnonsense 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 wvitro 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.



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;
PCHI, 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 TSENS4, 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 T'SEN54 [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 tsensj 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 TSENS54. Moreover zebrafish
homozygous for a nonsense mutation (¢.682C>T, p.R228X) in tsend/ are lethal 9 days
post fertilization [5]. How T'SEN5/ 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 ¢.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 wvitro activity of the tRNA splicing endonuclease in T'SEN54 mutated fibroblasts
and compare this with wild-type fibroblasts, an in wvitro tRNA splicing assay was
performed. Here we show that tRNA splicing activity is reduced in TSENS54 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 TSENZ2 in HEK293 cells resulted in extended
sequences downstream of the cleavage and polyadenylation sequence of the GAPDH
(glyceraldehyde-3-phosphate  dehydrogenase) and FEFI1A (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 (Aex7) were described [9]. The
composition of the TSEN complex containing TSEN2 Aex7 is different compared to
wild-type TSEN with reduced levels of TSEN15 and TSEN34 being observed in the
TSEN2 Aex7 associated complex. This TSEN2 Aex7-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 Aex7 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 Aex7 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 wvivo
whether tsenb4 or tsen2 function is involved in mRNA 3’end formation we down-
regulated tsend/ and tsen?2 by morpholino injections in zebrafish embryos and measured
efficiency of mRNA 3’ends formation. Downregulation of tsen2 and not tsensj 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 (CLPI1), 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.



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,, 10mM KCl, ImM 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 pHS.0,
L5mM MgCl,, 25% glycerol, 420mM NaCl, 0.2mM EDTA, 1mM DTT and 0.1lmM
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 KCI, 5mM MgCl,, 10% glycerol,
ImM DTT and 0.1mM AEBSF) for 1 hour at 4°C. At least 2.5pl 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. @-*P-Guanine-TP (GTP) was included in the in witro
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 1pM.

0.5ul of 1pM pre-tRNA was denatured at 100°C for 1 minute and cooled down again
to room temperature. 2.5nl of the nuclear extract, 2ul Buffer D (100mM KCl, 5.75mM
MgCl12, 2.5mM DTT, 5mM ATP pH 8.0, 6.1mM Spermidine-HCl pH8.0) and 0.5ul of
1pM pre-tRNA were mixed and incubated at 30°C for 15, 30 or 45 minutes. The
reaction was stopped in 150l of proteinase K buffer (140ul of 200mM Tris-HCI pH7.5,
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25mM EDTA pHS.0, 300mM NaCl and 2% SDS plus 6.86ml of 100mg Proteinase K in
7.14ml Proteinase K storage buffer (50mM Tris-HCI 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 5pg of
RNA with  0.125 U random hexamer primers (pdN6) (Roche Applied Science,
Penzberg, Upper Bavaria, Germany) in a 15ul reaction. For purification purposes cDNA
was precipitated with 3 volumes of 100% ethanol and dissolved in 15ul H20. 1l ¢cDNA
was used in a 10pul 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. Tsend4 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.



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 5ug of RNA as described above.
1pl ¢cDNA was used in a 10pl 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  hprtl  (hypoxanthine
phosphoribosyltransferase). One primer pair for hprt! and actin targeting its UTR
(hprt1  forward: 5- GTGTGATTAGTGACAGTGGGAAA-3’, hprtl reverse: 5-
CATTCAGATGCTCATGTTCCA-3’, actin forward: 5- TCCATCCTGGCTTCTCT
GTC -3, actin reverse: 5- AAGCACTTCCTGTGGACGAT-3’) and one pair
overlapping the polyadenylation signal (hprt! forward: 5- GCAACCAATGTTGCCA
AGAA-3’, hprtl 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 TSENZ 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 1pg
of RNA with oligodT ,-VN primers in a 15l reaction. cDNA samples were 1:10 diluted
and 1pl was used in a 10pl 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 & 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 CLPI1, TRPT1 and HSPC117 were sequenced. If DNA levels were not



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 HSPC'117 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 TSEN5/ (c.919G>T, p.A307S),
Patient 2 was compound heterozygous for the common missense mutation in TSENS54
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 ¢.919G>T (p.A307S) TSEN5/ 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 ¢.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 VRKI) 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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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).

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 tsendj in zebrafish embryos and compared gapdh, hprtl and



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 hprt! and actin (Fig. 4b.c).

TSENZ2 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 TSENZ2 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’

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.
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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 tsens 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 Aprt/ mRNA 3’ends normalized to its own transcript.
No significant effects in mRNA 3’end regions could be detected between tsen2 and tsends
downregulated zebrafish embryos and controls (control morpholino injected fish and wild-type
uninjected fish) in hprtl. (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
tsend/ 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 CLPI,
TRPTI1 and HSPC117 in these cases.



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 TSENJ5. Patient 1, 3, 4 and 5 were all
homozygous for the ¢.919G>T (p.A307S) mutation in TSEN5/ 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 PCHI1 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 TSEN mutation 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 EFla
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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 TSEN5/ 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 wivo experiments in
zebrafish confirmed this result, as no accumulation of mRNA 3’ends in tsend/ 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 wvitro
knockdown of TSEN2 in HEK293 cells. It is unclear why the actin and hprt!
transcripts did not show this effect. Perhaps the effect observed in gapdh is due to
variation and not due to tsen?2 knockdown. Another explanation could be that the
regulation of 3’end processing of hprtl 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 Aex7 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 TSENS5 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 Aex7 transcript. Interestingly, the only two published T'SEN2 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 Aex7 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



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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Summary and discussion

Pontocerebellar Hypoplasia (PCH) is a group (PCH1-7) of neurodegenerative disorders
with early onset of stunted brain growth with progressive atrophy affecting cerebellum,
pons, olivary nuclei and, to a lesser degree, the cerebral cortex. Clinically, patients from
all subtypes have disturbed motor coordination, progressive microcephaly, mental
retardation and seizures. Life expectancy ranges from neonatal death to death in
adulthood in rare occasions. Most patients die during infancy. Prior to the identification
of genes in PCH, a subdivision of five PCH subtypes was made, PCH1 to PCH5 [1-3].

PCH1 has been characterised as morphologically similar to spinal muscular atrophy
type 1, but with hypoplasia of cerebellum and variable involvement of pons and
cerebrum. There is hypotonia, due to spinal cord involvement [4]. PCH2 is the most
common subtype of PCH and has been associated with movement disturbances like
chorea and extrapyramidal dyskinesias [5]. PCH3 has been described in three families
only and presents with cerebellar atrophy, short stature, hypotonia and primary optic
atrophy [6]. PCH4 and PCH5 have been characterised with a prenatal onset of
symptoms  like  polyhydramnios, contractures and severe neonatal clonus.
Neuropathologically, the olivary nuclei are C-shaped and the ventral pons and
cerebellum are more severely affected than in the other subtypes [7]. Since 2007 two
more subtypes were added, meaning that the term PCH now denotes a group of seven
disorders with hypoplasia of pons and cerebellum. In 2007, PCH6 has been described as
a disorder with severe encephalopathy with mild respiratory chain abnormalities and
elevated cerebrospinal fluid (CSF) lactate, moreover the first PCH associated gene was
identified. PCHG6 is caused by mutations in the nuclear encoded mitochondrial arginyl-
tRNA synthetase gene (RARS2) [8]. PCHT has recently been described in one case with
PCH and additional genital abnormalities [9)].

In 2008, we identified the molecular basis of PCH2 by linkage analysis in a large
family with PCH2. This family was part of a genetic Dutch isolate in which PCH was
previously described [5]. All 10 affected family members were homozygous carriers of
the ¢.919G>T (p.A307S) mutation in the tRNA splicing endonuclease subunit 54 gene
(TSEN5/). TSEN5/ mutations were also found in 37 of the other PCH2 cases. Analysis
of the other tRNA splicing endonuclease subunit genes in the remaining PCH2 cases
(without TSEN5/ mutations) revealed missense mutations in TSEN2 and TSEN3/.
This strongly suggested that TSEN mutations are responsible for PCH2.

Analysis of PCH1 and PCH4 cases revealed that TSEN54 mutations were also found
in PCH4 cases. These mutations were more severe than the mutations seen in PCH2;
two PCH4 cases were compound heterozygous for a nonsense mutation plus a missense
mutation and one PCH4 case carried three missense mutations in TSENSH4.
Neuropathological comparison of PCH2 and PCH4 showed that in PCH4 cerebellar
folia are virtually absent, whereas the PCH2 cerebellum only showed diminished folia.



The truncating mutations seen in PCH4 in combination with a more severe phenotype
of perinatal complications like polyhydramnios and contractures imply that loss of
TSEN function is most likely the underlying disease mechanism in PCH2 and PCH4.
High expression of TSENS54 was noted in neurons of pons, cerebellar dentate nucleus
and olivary nuclei during the second trimester of the pregnancy.

The tRNA splicing endonuclease complex is involved in splicing of intron-containing
tRNAs. Only a small minority (6%) of tRNAs requires intron removal by the
endonuclease. Another function of the TSEN complex is thought to involve mRNA
3’end processing, as in wvitro knockdown of TSEN2 resulted in an accumulation of
3’ends in two different transcripts [10].

Northern blot analysis of tRNA-Tyr in fibroblast samples of PCH2 cases with a
TSENS54 mutation, failed to show a defect in maturation, suggesting that under the
conditions of in wvitro culture of fibroblasts the TSEN5/ mutations did not abolish
tRNA maturation. A complete block in tRNA-Tyr maturation was not expected since a
completely non-functional TSEN complex is not likely to be compatible with life.

RARS2, mutated in PCH6, is also involved in tRNA processing. RARS?2 is involved
in charging arginine (Arg) to its mitochondrial (mt)-tRNA-Arg. In RARS2 mutated
fibroblasts, a reduction in the amount of the mt-tRNA-Arg was observed. Nevertheless
the residual mt-tRNA-Arg transcript was almost completely charged, suggesting that
uncharged mt-tRNA-Arg is unstable [8].

Following the identification of genes in PCH2, PCH4 and PCH6 an extensive
genotype-phenotype study has been performed in all cases (169 patients) that were
referred to our laboratory for PCH diagnostics in order to capture the complete
spectrum of the disease. In these cases we screened the TSEN genes (TSEN54, 2, 34,
15), the RARS2 gene and the Vaccinia Related Kinase 1 gene (VRKTI), the latter
associated with an atypical presentation of PCH1 [8,11]. Analysis of patients for which
clinical information and Magnetic Resonance Imaging (MRI) were available, confirmed
that the common TSENS54 mutation was associated with extrapyramidal dyskinesias
and/or spasticity and progressive microcephaly, as was previously described as PCH2
[1]. Moreover the ¢.919G>T (p.A307S) mutation was associated with flat dragonfly-like
cerebellar hemispheres. Cases with more severe mutations in TSEN5/ (nonsense or
splice site) in combination with a missense mutation have a PCH4 phenotype. Analysis
of this large cohort allowed us to conclude that in the PCH4 cases more supratentorial
involvement was present; a severe delay in the maturation of neocortex was found in
combination with craniocerebral dysproportion presumably due to prenatal onset of
diminished brain growth. In a minority of the PCH cases mutations were found in
RARS2 and TSEN2. In a large group of 63 cases no mutations were found, however
only in 13 of them sufficient clinical information was available to state that these cases
fulfill our criteria for PCH, thus, mutations in other genes or in non-coding regions of
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TSEN genes could underlie PCH in these patients.

Identification of the genes for PCH2 and PCH4 allowed us to screen PCH5 too. In
2006, PCH5 was described in a single family as a separate PCH subtype with intra-
uterine seizures and marked degeneration of the cerebellar vermis as distinguishing
features. However after closer examination of our large series of PCH4 patients, we
noted that some PCH4 cases also had severe vermal involvement and the neonatal
clonus was similar to the seizure-like activity observed in PCH5. Genetic analysis of this
PCH5 family showed that the mutational spectrum was similar to PCH4. The proband
of the PCH5 family was compound heterozygous for a splice site mutation and the
common mutation in TSEN5/. Thus PCH5 and PCH4 are identical disorders.

In order to study the disease mechanism leading to PCH we developed a zebrafish
model for PCH. Zebrafish embryos 24 hours post fertilization showed strong tsend4
expression in brain, mostly in telencephalon and mid-hindbrain, comparable with high
expression of TSENS4 in telencephalon and metencephalon in an 8 week old human
embryo. Downregulation of either t¢send/ or rars2 with antisense oligonucleotides
resulted in brain hypoplasia with loss of structural definition of the mid-hindbrain
boundary and increased cell death. This phenotype could be partially rescued by co-
injecting human TSEN5/ and RARS2 mRNA respectively. Analysis of the expression of
specific neurodevelopmental markers including fibroblast growth factor (fgf8) and
orthodenticle homeobox 2 (otz2) revealed that the brain structures had developed
normally in the morphant embyros. In addition, increased cell death was observed
within the brains of the tsendj and rars2 morphants. Taken together, these data agree
with the suggestion that PCH 1is a neurodegencrative disease rather than a
developmental migration disorder. Germline knockout fish were isolated from a N-
methyl- N-nitrosourea (ENU) mutant zebrafish library. Zebrafish homozygous for a
tsend/ premature stop-codon mutation did not show overt defects in brain development
but die 9 days post fertilization, confirming that TSEN54 is essential for survival. We
assume that stable ¢sendj knockout fish survive the first week on maternal TSENS/
mRNA and/or tRNAs derived from the oocyte.

The TSEN complex is not only involved in tRNA splicing, it has also been
implicated in mRNA 3’end formation [10]. Therefore either impaired tRNA splicing or
impaired mRNA 3’end formation could be responsible for PCH, or both. 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
processing. 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 in PCH, in vitro and in vivo.

In summary, we have shown that mutations in TSENS5/, TSEN2 and TSEN3j can



result in PCH2, PCH4 and PCH5. We also show that loss of TSENb54 function is
responsible for a phenotype of neurodegeneration, probably due to reduced tRNA
splicing metabolism.

Implications

In this thesis we tried to identify genes responsible for PCH and to understand the
pathogenesis of the disease. Identification of genes involved in PCH provided new
insight into the clinical spectrum of the disease which resulted in some discussion about
the nomenclature of the PCH subtypes. Should we adhere to the clinical classification
or move to a genetic classification? There is a certain variation in the clinical spectrum
of PCH caused by the same mutation, but the differences are not that large.

PCH classification and nomenclature

The identification of genes in PCH showed that there was considerable overlap of the
clinical phenotype with the genetic classification. RARS2 mutations have been found in
PCH1 and PCH6, but are still very rare compared to TSEN mutations. Patients with
RARS?2 mutations have elevated CSF lactate levels and mild mitochondrial chain
abnormalities, accompanied with the PCH phenotype. Almost all PCH2 cases with
identified mutations have TSEN5/ mutations [7,12]. PCH4 and PCH5 are also caused
by TSEN5/ mutations [7,13]. In one PCHI1 family TSENS54 mutations were identified
too [14]. Mutations in two other tRNA splicing endonuclease subunit genes (TSEN2
and TSEN34) were found to be responsible for PCH2 in rare occasions [12]. Therefore
we propose a new classification for disorders caused by TSEN mutations; the
TSENopathies. Valayannopoulus et al. show that CASK mutations can give a cerebellar
dragonfly-like phenotype similar to the dragonfly-phenotype observed in TSENS4
mutated patients [15]. However, CASK mutations can lead to a spectrum of disorders,
ranging from FG syndrome with relative macrocephaly and behavioural disturbances to
an X-linked disorder with microcephaly and hypoplasia of pons and cerebellum [16,17].
This shows that the presence of cerebellar hypoplasia (with or without pontine
involvement) is not exclusive for the diagnosis PCH. It is important to keep in mind
that hypoplasia of pons and cerebellum can be a symptom of several genetic and non-
genetic disorders. It seems that we are moving into a new era of PCH classification, in
which the current non-genetic classification does not necessarily fit as neatly. Indeed, as
it is likely that more mutations will be identified in TSEN54, TSEN2, TSEN34, RARS2
or CASK, the appearance of several different clinical presentations will add further
complexity to the categorization on a non-genetic basis. Furthermore the genetic basis
in PCH3, PCH7 and the majority of the PCH1 cases has not been discovered yet.
Hopefully genes responsible for these subtypes will be found soon, adding to the fast
growing list of genes responsible for various types of disorders with hypoplasia of pons
and cerebellum. With careful clinical practice, meticulous neurological and radiological
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examination and testing of candidate genes it will be hopefully possible to make a
molecular diagnosis in most cases with pontocerebellar hypoplasia.

Pathomechanism

It is not yet clear how mutations in the TSEN and RARS2 genes lead to a specific
neurodegenerative disorder. It is tempting to point in the direction of impaired protein
synthesis and impaired tRNA processing in PCH. Even though protein synthesis is the
one thing that the TSEN complex and RARS2 have in common and although tRNA
splicing (necessary for translation) is reduced in PCH, it does not explain everything.
There are several different diseases known with mutations in protein synthesis genes,
leading to other diseases than PCH. For example the white matter disease
leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation
(LBSL) is caused by mutations in the mitochondrial aspartyl-tRNA synthetase
(DARS?2) [18]. Not all disorders with tRNA synthetase mutations have a neuronal
phenotype as mutations in the mitochondrial seryl-tRNA synthetase gene (SARS2)
result in a non-neurological multisystem disease with Hyperuricemia, Pulmonary
Hypertension, Renal Failure and Alkalosis (HUPRA-syndrome) [19]. This suggests that
tRNA synthetases can also have alternative functions [20].

Even if impaired protein synthesis is indeed the reason why patients develop PCH,
it is not understood how and why the brain is specifically affected. Electron Microscopy
of a biopsy taken from the cortex of a PCH2 case at the age of 16 months (homozygous
for the common mutation in TSEN5/) showed highly dense (opaque) Endoplasmic
Reticulum (ER) and studded ribosomes accumulating at the ER membrane.
Mitochondria and Golgi-complex showed normal morphology [5]. Perhaps the impaired
supply of mature tRNAs will lead to an accumulation of ribosomes at mRNA
transcripts. As a disease mechanism for TSEN mediated PCH we propose that impaired
tRNA splicing potentially leads to impaired tRNA formation which could delay protein
synthesis significantly, specifically in those cases in which there is a high demand.

Future directions

The big question is why only the brain is affected by tRNA splicing endonuclease
mutations. Defects in protein synthesis in cases in which there is a high demand, is a
likely explanation. However we cannot exclude that there is a brain specific alternative
function for the TSEN complex. The TSEN complex might be involved in splicing or
cleavage of other (brain-specific) RNA species. High-throughput sequencing of RNA
isolated by crosslinking immunoprecipitation (HITS-CLIP) might identify novel RNA
species processed by the TSEN complex [21]. To distinguish between these options one
should study tRNA splicing in neuronal tissue. Zebrafish neurons homozygous for
tsenb mutations are suitable or induced pluripotent stem cell (iPS) technology might
be a good tool to convert patient fibroblasts to neuronal cells.



If reduced tRNA splicing is indeed the limiting factor, it should be possible to
rescue the lethality associated with the homozygous p.R228X tsend4 mutant zebrafish
by the expression of a transgene containing mature tRNA genes which do not require
intronic splicing [22,23]. If it is possible to promote survival in these fish using this
approach, it is very likely that impaired tRNA splicing is indeed disease causing in
PCH.

Even then it is not wunderstood how impaired tRNA splicing leads to
neurodegeneration. Metabolic labelling experiments should provide more insight into
the amount of protein synthesis and amino acid turnover in the brain. Maybe higher
protein metabolism is required in developing brain tissue. Once we have a greater
understanding for the cause of PCH, a search for intervention mechanisms in PCH can
be started.
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Nederlandse samenvatting

Pontocerebellar Hypoplasie (PCH) is een groep van zeven (PCH1-7) neurodegeneratieve
aandoeningen die al start voor de geboorte en zich uit in hypoplasie en atrofie van de
hersenen, met nadruk op het cerebellum, de pons, de olijfkernen en in mindere mate
ook de cerebrale cortex. Patiénten uit alle subtypes hebben centrale motorische
stoornissen, progressieve microcefalie, cognitieve defecten en epilepsie. De
levensverwachting varieert van sterfte in de neonatale periode tot in de volwassen
periode. De meeste patiénten sterven echter tijdens de kinderjaren. Voorafgaand aan de
identificatie van de genen verantwoordelijk voor PCH bestond er al een onderverdeling
in vijf subtypes, namelijk PCHI-5 [1-3], gebaseerd op voor elk subtype unieke
verschijnselen.

PCH1 heeft naast de gemeenschappelijke kenmerken van de PCH groep, degeneratie
van de spinale motorische voorhoorncellen welke histologisch sterk lijkt op de Spinale
Musculaire Atrofie groep, overigens zonder de moleculair-genetische afwijkingen van
deze groep van aandoeningen. De hypotonie en spierzwakte die gezien wordt bij PCH1
berust op deze degeneratie [4].

PCH2 is het meest voorkomende PCH subtype en uit zich in motorische stoornissen,
zoals chorea en extrapiramidale dyskinesieén, naast wisselende spasticiteit [5]. PCH3 is
slechts beschreven in drie families en kenmerkt zich door cerebellaire atrofie, een korte
gestalte, hypotonie en primaire opticus atrofie [6]. PCH4 en PCH5 worden getypeerd
door een prenatale aanvang van de symptomen, zoals polyhydramnions, contracturen en
een ernstige neonatale clonus. De olijtkernen hebben een immature C-vorm zonder
undulaties en de ventrale pons en het cerebellum zijn zwaarder getroffen dan bij de
andere subtypen [7]. Sinds 2007 zijn er twee subtypen bijgekomen. In 2007 werd PCH6
voor het eerst beschreven als een encefalopathie, met ademhalingsketen defecten en een
verhoogd lactaatgehalte in de liquor cerebrospinalis. [8]. PCH7 werd onlangs beschreven
in een patiént met PCH met daarnaast bestaande genitale afwijkingen, leidend tot
progressieve involutie van de mannelijke genitalia [9].

Met behulp van koppelingsonderzoek hebben wij in 2008 de genetische basis in een
grote familie met PCH2 kunnen vinden. Deze Nederlandse familie was onderdeel van
een genetisch gesloten gemeenschap waar PCH al eerder was beschreven [1]. Alle tien
getroffen familieleden waren homozygote dragers van de ¢.919G>T (p.A307S) mutatie
in het tRNA splicing endonuclease subunit 54 gen (TSEN5/). TSEN5/ mutaties werden
ook gevonden in 37 andere PCH2 patiénten. Twee andere PCH2 patiénten (zonder
TSEN5/ mutaties) bleken mutaties in twee andere tRNA splicing endonuclease subunit
genen te hebben, namelijk in TSEN2 en TSEN34. Na sequentie analyse van deze genen
in PCH1 en PCH4 patiénten, bleek dat TSEN54 mutaties ook werden gevonden in
PCHA4.



Deze PCH4 mutaties zijn ernstiger dan de mutaties die bij PCH2 patiénten waren
gevonden; twee PCH4 patiénten waren compound heterozygoot voor een nonsense
mutatie (een mutatie die resulteert in een stop-codon) plus een aminozuursubstitutie en
bij één PCH4 patiént werden drie aminozuursubstituties in TSEN54 gevonden. Ook
fenotypische verschillen tussen PCH2 en PCH4 zijn gradueel, met de ernstiger vormen
bij PCH4. Zo blijkt bij neuropathologische vergelijking van PCH2 en PCH4 dat de
cerebellaire folia nagenoeg afwezig zijn bij PCH4, terwijl bij PCH2 het cerebellum
minder folia heeft dan normaal, maar meer dan bij PCH4 worden gevonden. De
ernstigere mutaties bij PCH4 patiénten in combinatie met een ernstiger fenotype met
perinatale complicaties, zoals polyhydramnions en contracturen, ondersteunen de
hypothese dat het verlies van TSEN functie het onderliggende ziektemechanisme is in
PCH2 en PCH4. In situ hybridisatie toonde hoge expressie van TSEN5/ mRNA in
neuronen van de pons, de nucleus dentatus en de olijfkeren tijdens het tweede trimester
van de zwangerschap.

Het tRNA splicing endonuclease complex is betrokken bij de splicing van intron-
bevattende tRNAs. Slechts een kleine minderheid (6%) van de tRNA’s hebben een
intron. Bij een andere studie resulteerde in wvitro knockdown van TSENZ2 in een
accumulatie van mRNA 3'uiteindes van twee verschillende transcripten; daarom wordt
gedacht dat het TSEN complex tevens betrokken is bij mRNA 3’eindformatie [10].
Northern blot analyse van tRNA-Tyrosine (Tyr) in fibroblasten van PCH2 patiénten
met een TSEN5/ mutatie laten geen maturatie defect zien. Dit suggereert dat TSENS/
mutaties in witro niet tot een tRNA maturatie probleem leiden, tenminste niet in
fibroblasten. Een compleet maturatie defect in tRNA-Tyr werd niet verwacht, omdat
een volledig niet-functionerend TSEN complex waarschijnlijk niet verenigbaar is met
het leven. De vraag naar het mechanisme dat in vivo leidt tot de ziekteverschijnselen bij
TSENS54 mutaties is dus nog niet éénduidig beantwoord.

Mutaties in het gen dat codeert voor het mitochondriale arginine-tRNA synthetase
(RARS2) liggen ten grondslag aan PCH6. RARS2, is ook betrokken bij het verwerken
van tRNAs. RARS2 speelt een rol bij de aminoacylatie van Arginine (Arg) aan het
mitochondriale-tRNA-Arg. In RARS2 gemuteerde fibroblasten, werd een reductie van
mt-tRNA-Arg waargenomen. Toch was deze residuele mt-tRNA-Arg bijna volledig
geaminoacyleerd, wat suggereert dat het niet-geaminoacyleerde mt-tRNA-Arg instabiel
is [8].

Na identificatic van de genen in PCH2, PCH4 en PCH6 werd door ons een
uitgebreide studie verricht naar de correlatie tussen genotype en fenotype bij alle 169
patienten. Dit materiaal werd in ons laboratorium onderzocht op PCH genen. In deze
169 patiénten hebben wij de TSEN genen (TSEN5/, 2, 34, 15), het RARS2 gen, en het
Vaccinia Related Kinase 1 gen (VRKI) gescreend op mutaties [8]. Mutaties in VRK1
zijn geassocieerd met een atypische variant van PCH1 [11]. Analyse van die patiénten
waarvan ook klinische informatie en Magnetic Resonance Imaging (MRI) beschikbaar
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was, bevestigde dat de ¢.919G>T (p.A307S) TSEN5/ mutatie sterk geassocieerd is met
extrapiramidale dyskinesieén en/of spasticiteit en progressieve microcefalie, zoals eerder
was beschreven bij PCH2 [1]. Bovendien is de ¢.919G>T (p.A307S) mutatie
geassocieerd met een platte libelachtige vorm van de cerebellaire hemisferen met
relatieve sparing van de vermis. Patiénten met de meer ernstige mutaties in TSENS/
(nonsense of splice site mutaties) in combinatie met een aminozuursubstitutie hebben
een PCH4 fenotype. Deze grote patiéntengroep maakte het mogelijk te concluderen dat
er bij PCH4 sprake is van meer supratentoriéle betrokkenheid met daarbij een ernstige
vertraging in de maturatie van de neocortex, in combinatie met een relatief verhoogde
hoeveelheid liquor. In een minderheid van de PCH patiénten werden mutaties gevonden
in RARS2 en TSEN2. In 63 patiénten werden geen mutaties gevonden; maar in deze
restgroep was van slechts 13 patiénten voldoende klinische informatie beschikbaar om
de klinische diagnose PCH te ondersteunen. Ergo kunnen mutaties in andere genen of in
niet-coderende regio’s van TSEN genen ten grondslag liggen aan PCH bij deze
patiénten.

Identificatie van de genen voor PCH2 en PCH4 stelde ons ook in staat om PCH5 te
bestuderen. In 2006 werd PCH5 beschreven in één familie als een apart subtype van
PCH met intra-uteriene convulsies en degeneratie van de cerebellaire vermis als
onderscheidend kenmerk. Na bestudering van onze grote groep PCH4 patiénten stelden
we vast dat sommige PCH4 patiénten, net als de PCH5 patiénten, deze ernstige
betrokkenheid van de vermis hebben en dat de neonatale clonus die bij PCH4 gezien
werd vergelijkbaar is met de intra-uteriene convulsies die PCH5 patiénten hebben. DNA
analyse van deze PCHH familie toonde aan dat het mutatie-profiel ook vergelijkbaar is
met het mutatie-profiel bij PCH4. De proband van de PCH5 familie was compound
heterozygoot voor een splice site mutatie en de ¢.919G>T (p.A307S) mutatie in
TSENS54. PCH5 en PCHA4 zijn dus identieke aandoeningen.

Met het oog op het ziektemechanisme dat tot PCH leidt, hebben wij een
zebravismodel voor PCH ontwikkeld. Zebravisembryo’s lieten 24 uur na de bevruchting
een sterke tsend/ expressie zien in de hersenen, voornamelijk in het telencephalon en de
“mid-hindbrain boundary”, vergelijkbaar met hoge expressie van TSENS54 in het
telencephalon en metencephalon in een humaan embryo van 8 weken. Downregulatie
van of tsend4 of rars2 met antisense oligonucleotiden resulteerde in hersenhypoplasie
met het verlies van de “mid-hindbrain boundary” en een verhoogde celdood. Dit
fenotype kon gedeeltelijk worden gered door het co-injecteren van respectievelijk het
humane TSENS54 en RARS2 mRNA. De expressie van ontwikkelingsmarkers zoals
fibroblast growthfactor (fgf8) en orthodenticle homeobox 2 (o0tz2) toonde expressie in de
juiste regio's in de antisense-behandelde vis. Het mnormale patroon van deze
ontwikkelingsmarkers en de verhoogde celdood suggereren dat PCH een
neurodegeneratieve ziekte is en geen migratiestoornis. Kiembaan-knockout-vissen waren
geisoleerd uit een  N-methyl-N-nitrosourea (ENU) mutant zebravis-database.
Zebravissen, homozygoot voor een tsend4 nonsense mutatie, vertoonden vroeg in de



ontwikkeling geen duidelijke stoornissen in de ontwikkeling van de hersenen, maar
stierven 9 dagen na de bevruchting, waaruit blijkt dat TSEN54 essentieel is om te
overleven. We gaan ervan uit dat stabiele tsend4 knockout-vissen in de eerste week
overleven dankzij de aanwezigheid van het maternale TSEN5/ mRNA en/of tRNA's
afkomstig van de eicel.

Wij hebben ook bekeken of het TSEN complex betrokken is bij mRNA
3'eindformatie [10]. Dus ofwel een verminderde tRNA splicing, ofwel een verminderde
mRNA 3'eindformatie zou verantwoordelijk kunnen zijn voor de ontwikkeling van PCH,
of beide. Om onderscheid te kunnen maken tussen deze mogelijkheden analyseerden we
de tRNA splicing activiteit van PCH2 fibroblasten in een in witro assay. Nucleaire
extracten van PCH2 en PCH4 patiénten vertoonden verminderde tRNA splicing. PCH4
extracten bleken minder activiteit dan PCH2 extracten te vertonen. Dit is in
overeenstemming met de mutaties in deze aandoeningen; aminozuursubstituties en
nonsense mutaties versus homozygote aminozuursubstituties. We hebben echter geen
bewijs kunnen vinden voor verminderde mRNA 3'-eindformatie in PCH in vitro en in

VIV0.

Samengevat kon door ons worden aangetoond dat mutaties in TSENS54, TSEN2 en
TSENS34 kunnen resulteren in PCH2, PCH4 en PCH5. Ook toonden we aan dat het
verlies van TSEN54 functie verantwoordelijk is voor een fenotype van neurodegeneratie,
waarschijnlijk ten gevolge van een verminderd tRNA splicing metabolisme.
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Chapter 2

Figure 3. Model of human tRNA-splicing endonuclease (adapted from [18] and [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 (blue) and
anticodon loop (orange). 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 (purple) is
preformed by other enzymes (see ref. [19] for details).



Figure 4. TSEN5/ 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, 500pm. (b) Higher magnification of (a) showing positive staining in
individual neurons and surrounding dendrites. Scale bar, 25pm. (c,d) Cerebellar dentate nucleus
at gestational age 23 weeks. (¢) The upper half of the developing nucleus has the mature
undulated form, while the lower half has the transitional compact form. Scale bar, 500pm. (d)
Higher magnification of (c¢) showing positive staining in cytoplasma of individual neurons and
surrounding dendrites. Scale bar, 50pm. (e,f) Ventral pons at gestational age, 21 weeks. (e)
Groups of immature small neurons separated by bundles of nerve fibers. Scale bar, 100pm. (f)
Higher magnification of (e) showing small neurons with positive staining of cytoplasm and
dendrites. Scale bar, 25um.
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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 Aml family who died at 3 yr, 7Tm. (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 lmm. 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 (¢). 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.



Chapter 5

Figure 1. TSEN5/ expression is ubiquitous but strong in the brain in human and zebrafish early
stages of neurodevelopment. (a) TSEN54 in situ hybridization within transverse section of a
human foetal brain at 8 weeks prenatal age. TSEN5/ mRNA is widely expressed throughout brain
and head tissue, but strongly expressed in the developing metancephalon (m) and telencephalon
(t). Scale bar = Imm. (b) Lateral view of tsen5/ whole-mount in situ hybridization in zebrafish
embryo. Ubiquitous tsend4 mRNA expression pattern is observed at 24 hpf in zebrafish embryos,
with the strongest expression observed within the brain, especially the telencephalon (t) and mid-
hindbrain boundary (mhb). Scale bar = 200pm.
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Figure 2. Disruption of tsend4 translation causes brain hypoplasia and loss of structural definition
in the MHB in zebrafish embryos. (a-f) Lateral views of head and brain regions of tsen54 MO and
human TSEN54 mRNA-injected zebrafish embryos at 24 hpf. Asterisks denote the MHB. (a) WT
un-injected embryo; (b) CoMO-injected embryo; (¢) tsend4 ATG MO-injected embryo; (d) tsend/
exon 8 splice donor site MO-injected embryo; (e) human TSEN5/ mRNA-injected embryo; (f)
rescued embryo co-injected with tsen54 ATG MO and human TSEN5/ mRNA. Scale bar =
200pm. (g) RT-PCR using primers located in exons 7 and 10 in tsend/ ¢cDNA synthesised from
RNA extractions from WT un-injected embryos, CoMO-injected embryos and tsend4 exon 8 splice
donor site MO-injected embryos. RT-PCR using samples from control embryos produced a band
of 696bp in length. Shorter products observed in splice MO-injected embryos indicate abnormal
splicing of the tsend4 gene. (h) Quantification of phenotypes observed in WT un-injected embryos,
human TSEN5/ mRNA-injected embryos, tsend4 ATG MO-injected embryos and rescued embryos
co-injected with ATG MO and human mRNA. For each group, 50-100 embryos were analysed.
Embryos were classified as displaying normal (white), mild (grey) or severe (black) phenotypes.
There is a shift from a predominantly severe phenotype in the tsen5j ATG MO group to a
predominantly mild phenotype in ATG MO and human TSEN54 mRNA co-injection group, thus
illustrating the partial rescue of the brain phenotype associated with the loss of tsen54.



Figure 3. Knockdown of zebrafish tsend4 results in a brain defect that is not associated with
abnormal developmental patterning. Whole-mount in situ hybridization using fgf8 (a-f) and otz2
(g-1) DIG RNA probes in 24 hpf embryos injected with human TSEN5/ mRNA alone (a,d,g,j),
tsen5/ ATG MO (b,e,hk) and tsendj ATG MO with human TSEN5/ mRNA rescue (c,fil).
Lateral views are presented in (a-c) for fgf8 staining and (g-i) for otz2 staining (scale bar =
200pm). Dorsal views are presented in (d-f) for fgf8 staining (scale bar = 30pm) and (j-1) for otz2
staining (scale bar = 50pm). Results reveal brain hypoplasia is evident in ¢send4 morphants, as
indicated by the loss of the fgf8 ‘horseshoe peak’ expression pattern (arrows) however,
developmental patterning of the MHB (fgf8) and fore-midbrain (otz2) are normal. Co-injection of
the ATG MO with TSEN5/ human mRNA is capable of partially rescuing the brain hypoplasia
phenotype, thus confirming specific targeting of the MO.
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Figure 5. A homozygous premature stop-codon mutation within tsend4 causes early lethality in
zebrafish larvae. (a) Sequence trace obtained from the individual heterozygous ¢.682C>T tsens/
mutant (hu5985). Translation of this base pair substitution leads to the p.R228X mutation. The
mutation was subsequently backcrossed onto a WT background for five generations. (b) Progeny
from a tsend{R??X+/- in-cross were observed for 3 weeks post-fertilization to test for homozygosity.
Survival was plotted using the Kaplan-Meier curves. By 9 dpf, 100% of the tsens/R2*%/- (yellow
line) larvae had died. In comparison, 45% and 62% of the tsen5/R?*X*/* (red line) and
tsen54"22X+/ (blue line) survived to the 3 weeks post-fertilization time point, respectively. As a
comparison to general ENU mutant survival, 72% WT TL larvae (black line) were observed to
survive to the 21 dpf stage.



Figure 6. Disruption of rars2 gene results in brain phenotype comparable with tsend4 knockdown.
(a-f) Head and brain regions of rars2 MO and human RARS2 mRNA-injected zebrafish embryos
at 24 hpf. Asterisks denote the MHB. (a) WT un-injected embryo; (b) CoMO-injected embryo; (c)
rars2 ATG MO-injected embryo; (d) rars2 exon 6 splice donor site MO-injected embryo; (e)
human RARS2 mRNA-injected embryo; (f) rescued embryo co-injected with rars2 ATG MO and
human RARS2 mRNA. Scale bar = 200pm. (g) RT-PCR using primers located in exons 3 and 6
in rars2 cDNA synthesised from RNA extractions from WT un-injected embryos, CoMO-injected
embryos and rars2 exon 6 splice donor site MO-injected embryos. RT-PCR using samples from
control embryos produced a band of 246bp in length. Larger products observed in splice MO-
injected embryos indicate abnormal splicing of the rars2 gene. (h) Quantification of phenotypes
observed in WT un-injected embryos, human RARS2 mRNA-injected embryos, rars2 ATG MO-
injected embryos and rescued embryos co-injected with ATG MO and human mRNA. For each
group, 50-100 embryos were analysed. Embryos were classified as displaying normal (white), mild
(grey) or severe (black) phenotypes. There is a shift from a predominantly mild-severe phenotype
in the rars2 ATG MO group to a predominantly normal phenotype in ATG MO and human
RARS2 mRNA co-injection group, thus illustrating the partial rescue of the brain phenotype
associated with the loss of rars2.
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Supplementary Figure 1. TSEN54 expression within other human foetal tissues. Relatively high
TSEN5/ expression was observed in human foetal spinal cord and liver, whereas comparatively
low expression levels were observed in other tissues. SC = spinal cord; L = liver; Oe =
oesophagus; M = muscle; LL = left lung; RL = right lung; LA = left atrium; LV = left ventricle;
RA = right arm. Scale bar = 500pm.

Supplementary Figure 2. Tsendj expression is ubiquitous during early embryogenesis in the
zebrafish. Ubiquitous tsen54 mRNA expression pattern is observed in zebrafish embryos from the
8-cell stage to the somite stages. Scale bar = 200pm.
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Supplementary Figure 3. Disruption of rars2 gene results in brain phenotype comparable to
tsend4 knockdown. Whole mount in-situ hybridization using fgf8 (a-f) and otz2 (g-1) DIG RNA
probes in 24 hpf embryos injected with human RARS2 mRNA alone (a,d,g.j), rars2 ATG MO
(be,hk) and rars2 ATG MO with human RARS2 mRNA rescue (c,f,il). Lateral views are
presented in (a-c) for fgf8 staining and (g-i) for otz2 staining (scale bar = 200pm). Dorsal views
are presented in (d-f) for fgf8 staining (scale bar = 30pm) and (j-1) for otz2 staining (scale bar =
50pm). Results reveal brain hypoplasia is evident in rars2 morphants, as indicated by loss of the
faf8 ‘horse-shoe peak’ expression pattern (arrows) however, developmental patterning of the mid-
hindbrain boundary (fgf8) and fore-midbrain (otz2) are normal. Co-injection of the ATG MO with
RARS2 human mRNA is capable of partially rescuing the brain hypoplasia phenotype, thus
confirming specific targeting of the MO.
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