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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) .
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Figure 4. TSEN54 expression in human foetal brain. (a,b) Inferior olivary nucleus at gestational
age 23 weeks. The undulated structure can be seen in (a) including that in the medial accessory
olivary nucleus. Scale bar, 500µm. (b) Higher magnification of (a) showing positive staining in
individual neurons and surrounding dendrites. Scale bar, 25µm. (c,d) Cerebellar dentate nucleus
at gestational age 23 weeks. (c) The upper half of the developing nucleus has the mature
undulated form, while the lower half has the transitional compact form. Scale bar, 500µm. (d)
Higher magnification of (c) showing positive staining in cytoplasma of individual neurons and
surrounding dendrites. Scale bar, 50µm. (e,f) Ventral pons at gestational age, 21 weeks. (e)
Groups of immature small neurons separated by bundles of nerve fibers. Scale bar, 100µm. (f)
Higher magnification of (e) showing small neurons with positive staining of cytoplasm and
dendrites. Scale bar, 25µm.
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Supplementary Figure 5. Cerebellar cortex in PCH2 and PCH4 (OPCH). (a,b) Control male of 8
yr with accidental death. (c,d) Patient with PCH2 from Am1 family who died at 3 yr, 7m. (e,f)
Patient with PCH4 from Ut4 family who died two days old. All paraffin sections are stained for
synaptophysin. Rectangles on the left side are magnified on the right side. Magnification bars
represent 1mm. In control (a,b) a single folium within the rectangle has about 10 branchlets. In
the PCH2 patient (c,d) folia are stunted and have few or no branchlets. Notice the loss of cortex
between folia in (c) . In the PCH4 patient (e,f) folia are rudimentary and denuded with complete
loss of cortex except the nodulus (n) and flocculus (f) . Adapted from Barth et al. [6] , with
permission.
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Chapter 5

Figure 1. TSEN54 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. TSEN54 mRNA is widely expressed throughout brain
and head tissue, but strongly expressed in the developing metancephalon (m) and telencephalon
(t) . Scale bar = 1mm. (b) Lateral view of tsen54 whole-mount in situ hybridization in zebrafish
embryo. Ubiquitous tsen54 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 = 200µm.
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Figure 2. Disruption of tsen54 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) tsen54 ATG MO-injected embryo; (d) tsen54
exon 8 splice donor site MO-injected embryo; (e) human TSEN54 mRNA-injected embryo; (f)
rescued embryo co-injected with tsen54 ATG MO and human TSEN54 mRNA. Scale bar =
200µm. (g) RT-PCR using primers located in exons 7 and 10 in tsen54 cDNA synthesised from
RNA extractions from WT un-injected embryos, CoMO-injected embryos and tsen54 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 tsen54 gene. (h) Quantification of phenotypes observed in WT un-injected embryos,
human TSEN54 mRNA-injected embryos, tsen54 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 tsen54 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.
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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 otx2
(g-l) DIG RNA probes in 24 hpf embryos injected with human TSEN54 mRNA alone (a,d,g,j ) ,
tsen54 ATG MO (b,e,h,k) and tsen54 ATG MO with human TSEN54 mRNA rescue (c,f,i, l) .
Lateral views are presented in (a-c) for fgf8 staining and (g-i) for otx2 staining (scale bar =
200µm) . Dorsal views are presented in (d-f) for fgf8 staining (scale bar = 30µm) and (j -l) for otx2
staining (scale bar = 50µm). Results reveal brain hypoplasia is evident in tsen54 morphants, as
indicated by the loss of the fgf8 ‘horseshoe peak’ expression pattern (arrows) however,
developmental patterning of the MHB (fgf8) and fore-midbrain (otx2) are normal. Co-injection of
the ATG MO with TSEN54 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 tsen54 causes early lethality in
zebrafish larvae. (a) Sequence trace obtained from the individual heterozygous c.682C>T tsen54

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 tsen54R228X+/- 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 tsen54R228X-/- (yellow
line) larvae had died. In comparison, 45% and 62% of the tsen54R228X+/+ (red line) and
tsen54R228X+/- (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.
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Figure 6. Disruption of rars2 gene results in brain phenotype comparable with tsen54 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 = 200µm. (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
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 = 500µm.

Supplementary Figure 2. Tsen54 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 = 200µm.
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Supplementary Figure 3. Disruption of rars2 gene results in brain phenotype comparable to
tsen54 knockdown. Whole mount in-situ hybridization using fgf8 (a-f) and otx2 (g-l) DIG RNA
probes in 24 hpf embryos injected with human RARS2 mRNA alone (a,d,g,j ) , rars2 ATG MO
(b,e,h,k) and rars2 ATG MO with human RARS2 mRNA rescue (c,f,i, l) . Lateral views are
presented in (a-c) for fgf8 staining and (g-i) for otx2 staining (scale bar = 200µm) . Dorsal views
are presented in (d-f) for fgf8 staining (scale bar = 30µm) and (j -l) for otx2 staining (scale bar =
50µm). Results reveal brain hypoplasia is evident in rars2 morphants, as indicated by loss of the
fgf8 ‘horse-shoe peak’ expression pattern (arrows) however, developmental patterning of the mid-
hindbrain boundary (fgf8) and fore-midbrain (otx2) 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.




