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Analysis of U8 snoRNA Variants in Zebrafish Reveals
How Bi-allelic Variants Cause Leukoencephalopathy
with Calcifications and Cysts

Andrew P. Badrock,!* Carolina Uggenti,!23 Ludivine Wacheul,* Siobhan Crilly,> Emma M. Jenkinson,®
Gillian I. Rice,® Paul R. Kasher,> Denis L.J. Lafontaine,* Yanick J. Crow,%2.3 and Raymond T. O’Keefe®.*

How mutations in the non-coding U8 snoRNA cause the neurological disorder leukoencephalopathy with calcifications and cysts (LCC)
is poorly understood. Here, we report the generation of a mutant U8 animal model for interrogating LCC-associated pathology. Mutant
U8 zebrafish exhibit defective central nervous system development, a disturbance of ribosomal RNA (rRNA) biogenesis and tp53 activa-
tion, which monitors ribosome biogenesis. Further, we demonstrate that fibroblasts from individuals with LCC are defective in rRNA
processing. Human precursor-U8 (pre-U8) containing a 3’ extension rescued mutant U8 zebrafish, and this result indicates conserved
biological function. Analysis of LCC-associated U8 mutations in zebrafish revealed that one null and one functional allele contribute
to LCC. We show that mutations in three nucleotides at the 5’ end of pre-U8 alter the processing of the 3’ extension, and we identify
a previously unknown base-pairing interaction between the 5’ end and the 3’ extension of human pre-U8. Indeed, LCC-associated mu-
tations in any one of seven nucleotides in the 5’ end and 3’ extension alter the processing of pre-U8, and these mutations are present on a
single allele in almost all individuals with LCC identified to date. Given genetic data indicating that bi-allelic null U8 alleles are likely
incompatible with human development, and that LCC is not caused by haploinsufficiency, the identification of hypomorphic mispro-
cessing mutations that mediate viable embryogenesis furthers our understanding of LCC molecular pathology and cerebral vascular

homeostasis.
Introduction

Leukoencephalopathy with calcifications and cysts (LCC
[MIM: 614561]), also known as Labrune syndrome, is a
Mendelian neurological disorder of the cerebral small
blood vessels, and it is associated with increased morbidity
and early mortality, presenting at any age from early in-
fancy to late adulthood. Characterized by the radiological
triad of cerebral white matter disease, intracranial calcifica-
tions, and cysts, LCC was recently shown to be an auto-
somal recessive genetic disorder caused by bi-allelic muta-
tions in the gene SNORDI118 (MIM: 616663), which
encodes the box C/D U8 small nucleolar RNA (snoRNA).!

Ribosomes, the apparati of protein synthesis, consist of
288, 18S, 5.8S, and 5S ribosomal RNA (rRNA) and 80 core
ribosomal proteins distributed into 40S and 60S sub-
units.” SNoRNAs are an evolutionarily conserved group of
non-protein-coding RNAs required for the modification
and processing of rRNA. The U8 snoRNA, a vertebrate-spe-
cific factor, is essential for maturation of the 28S and 5.8S
rRNAs, components of the 60S large subunit.” U8 snoRNA
is required for removal of the 3’ external transcribed spacer
(3’-ETS) sequence, one of a series of cleavage steps required
to liberate the 28S, 5.8S, and 18S rRNA sequences from
the polycistronic precursor-TRNA (pre-rRNA).* Precursor-
U8 (pre-U8) snoRNA contains an m’G cap and a short 3’

extension. Hypermethylation of the m’G cap to m3;G
and removal of the 3’ extension, through a series of steps
that appear to involve nucleo-cytoplasmic shuttling and
concurrent ordered association and dissociation of multi-
ple protein components (including the LSm proteins,
see below), results in the production of mature US8
snoRNA.>® The box C/D motif of U8 is bound by four
core proteins: 15.5K, NOPS6, NOPSS8, and fibrillarin,
contributing to the formation of the U8 small nucleolar
ribonucleoprotein (U8 snoRNP) complex and its localiza-
tion to the nucleolus, the site of pre-rRNA processing.’
The role of U8 in rRNA maturation implicates LCC as a
recently discovered ribosomopathy. Ribosomopathies are
a group of disorders caused by ribosome biogenesis
dysfunction that manifest as a diverse set of highly stereo-
typed clinical syndromes. '’

Of 33 mutation-positive families identified by Jenkinson
et al.,' 31 probands with LCC were compound heterozy-
gotes for two different SNORD118 variants; this implies
the existence of one severe (null) and one milder (hypo-
morphic) mutation, with bi-allelic null mutations likely
incompatible with life. In total, Jenkinson et al., recorded
seven putatively causal mutations in the invariant box
C/D motif, three within the stem of a conserved hairpin
loop which would be predicted to decrease the stability
of this structure, three within the highly conserved
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GAUU motif of the LSm-binding site, and four mutations
in the short 3’ extension of the precursor. Promoter muta-
tions were also found that reduced expression levels of U8.
Presumably, LCC-associated variant combinations reduce
U8 function below a critical level while allowing for viable
embryogenesis, thus maintaining sufficient levels of pro-
duction of functional ribosomes. However, because U8 is
a non-coding RNA, in silico algorithms cannot be used to
predict the functional consequences of U8 variants and,
therefore, the precise molecular pathology of LCC remains
unknown.

Here, we report a vertebrate mutant model system for
studying U8 snoRNA function. Zebrafish U8 mutants
were found to exhibit defective TRNA biogenesis and acti-
vation of the tumor suppressor p53 (tpS3), which monitors
ribosome biogenesis dysfunction in a regulatory loop
known as “nucleolar stress surveillance.”''"'* Functional
assessment of LCC disease-associated U8 alleles confirmed
the importance of combinatorial null and functional mu-
tations. We show that the 3’ extension of U8 is critical
for U8 biological activity, an observation reflected in the
fact that mutations within the 3’ extension, or in nucleo-
tides predicted to base-pair with the 3’ extension, were re-
corded in 29 of 33 individuals. Assays using HeLa nuclear
cell extracts demonstrated that these mutations alter the
processing of pre-US; this result supports the proposed sec-
ondary structure of the human pre-U8 snoRNA. Impor-
tantly, fibroblasts from individuals with LCC also exhibit
rRNA processing defects, and human pre-U8 snoRNA was
found to rescue the zebrafish U8 mutant; this finding indi-
cates conserved biological function. Taken together, these
data support the characterization of LCC as a ribosomop-
athy whose effects are restricted to the cerebral vessels,
and of the utility of zebrafish to provide insight into the
pathology of human disease and U8 biology.

Material and Methods

Zebrafish Strains and Husbandry

Establishment and characterization of the tp5 and
Tg(kdrl:GFP)*®*® strains have been described elsewhere.'*!> Em-
bryos and adults were maintained under standard laboratory condi-
tions as described previously,'® and experiments were approved by
the University of Manchester Ethical Review Board and performed
according to UK Home Office regulations. No statistical method
was used to predetermine sample size for experimental groups.

3M2 14K/M214K

Real-Time Quantitative PCR

RNA was isolated from homogenized zebrafish embryos through
the use of TRIzol (Thermo Fisher Scientific), and genomic DNA
was removed using the TURBO DNA-free Kit (Thermo Fisher Scien-
tific). Reverse transcriptase was performed using the ProtoScript II
First Strand cDNA synthesis kit (New England BioLabs) using 1pg
of total RNA with random hexamer primers. QRT-PCR analysis was
performed with the primers described in Table S2 and using a 60°C
annealing temperature, primers with efficiencies from 95%-105%,
and the SensiFAST SYBR No-ROX kit (Bioline) and the Mx3000P
system (Stratagene).

Genome Editing

Capped nls-zCas9-nls, mKate2, or H2B-mCerulean3 mRNA was
synthesized using a mMESSAGE mMACHINE SP6 kit (Life Tech-
nologies) from a linearized pCS2 construct and purified using a
RNeasy mini kit (QIAGEN). Zebrafish guides were designed using
the CHOPCHOP program. Guide RNA (gRNA) incorporating this
target sequence was generated from a polymerase chain reaction
(PCR) amplification product (see Table S2 for primer sequences)
including the remaining sequence of S. pyogenes chimeric single
gRNA through in vitro transcription using a HiScribe T7 Quick
kit (New England Biolabs). The gRNA was then precipitated in a
1/10 volume of 3M sodium acetate and two volumes of 100%
ethanol by chilling the reaction at —20°C for 15 min, then spin-
ning in a microcentrifuge (Sigma) at 13K for 15 min, and finally
the RNA pellet was resuspended in 15 pL of RNase-free water.
Cas9 mRNA (250 pg) and gRNA (30 pg) and mKate2 (100 pg) or
H2B-Cerulean3 (100 pg) were injected into the yolks of one-cell-
stage embryos, and fluorescence was used to identify successfully
injected embryos. We identified working guides by PCR ampli-
fying the target region and running the PCR product on a 3%
agarose gel to identify INDEL events that produced visible shifts
or smearing of the amplification product.

Genotyping

Embryos or fin-clips were placed in PCR tubes with 50 pL of
50 mM NaOH and denatured for 20 min at 95°C. A volume of
20 pL of Tris-HCl pH 8 was added to each tube and 1 pL of the
genomic DNA used for PCR amplification.

PCR Conditions

PCR was performed in a 25-50 pL reaction mix containing DNA
template (0.1-100 ng DNA), sense and antisense primer 0.8 pm
each, 0.25 mM dNTPs (Bioline), 1X HF buffer (New England
Biolabs), 1U Phusion Taq polymerase (New England Biolabs),
0.5 mM MgCl, (New England Biolabs), and 1.5 pL. DMSO (New
England Biolabs) per 50 pL reaction. PCR was performed in a
Techne TC-PLUS or Alpha Thermal Cycler PCRM*X machine
with an initial denaturing step at 98°C for 3 min followed by 35
cycles of denaturing at 98°C for 10 s, annealing at 60°C for 30 s,
and amplification at 72°C for 45 s/1 kb. A final 5-10 min cycle
at 72°C was routinely performed to allow the complete extension
phase to occur.

Imaging and Embryo Measurement

Zebrafish embryos were anesthetized using MS-222 (Sigma-
Aldrich) and imaged on an M165FC fluorescent stereomicroscope
(Leica) with a DFC310 FX camera (Leica). For measuring the length
of embryos, images were taken at 2.5 X magnification, and embryo
length was quantified in the CorelDRAW graphic suite. For
confocal microscopy, images were taken from anesthetized em-
bryos through the use of a Leica TCS SP8 AOBS upright confocal
using a 20x 0.50 Plan Fluortar objective and processed using
LAS X (Leica version 3.5.2.18963).

Quantitation of 285:18S Ratios

Total RNA was run on a TapeStation 4200 (Agilent) according to
manufacturers’ instructions. Total RNA with integrity values in
excess of 9 were selected for 28S5:18S quantitation, and quantita-
tion was performed using the TapeStation Analysis Software
A.01.05 (SR1).
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ASO-Knockdown of U8 and rRNA Processing Assays in
Fibroblasts

Antisense oligonucleotide (ASO)-mediated depletion of U8 in con-
trol cells (HCT116, colon carcinoma) was performed as described
previously.'” RNA extraction and pre-rRNA processing analysis
of U8 depleted cells and fibroblasts derived from individuals
with LCC was performed as described previously.'”"'® The ATCC
fibroblast control PCS-201-012 (primary dermal fibroblasts from
a normal human adult) was used. The sequence of anti-U8
ASO used in depletion was mGmGmMAMUMmMUATCCCACCTG
mAmMCmGmAmU. N and mN are deoxynucleotide and 2/'-O-me-
thoxyethylribonucleotide, respectively. Phosphodiester backbones
are phosphorothioates.

In Vitro Transcription of U8 RNA Variants

U8 DNA templates containing a T7 consensus sequence were PCR
amplified from human or zebrafish genomic DNA (see Table S2 for
primer sequences) and, after agarose gel electrophoresis, were
purified using a QIAEX II kit (QIAGEN). Human and zebrafish
U8 snoRNAs were generated using 400-1,000 ng of template
DNA and a mMESSAGE mMACHINE T7 kit (Life Technologies) fol-
lowed by lithium chloride precipitation and quantitation using a
NanoDrop (Thermo Fisher Scientific).

Microinjection and Transgenesis

The yolks of fertilized one-cell-stage embryos were microinjected
with 2 nl of synthetic mRNA/snoRNA, or for transgenesis, with
40 pg of both DNA and tol2 transposase mRNA,'® through the
use of a PLI-90 pico-injector (Harvard Apparatus) and a Leica
MZ6 stereomicroscope.

Electrophoretic Mobility Shift Assays

For electrophoretic mobility shift assays (EMSAs), recombinant
His-15.5K was incubated with 50,000 dpm 3?P-end-labeled U8
snoRNA in EMSA buffer (20 mM HEPES-KOH, 150 mM KClI,
1.5 mM MgCl,, 0.2 mM EDTA, and 0.1% Triton X-100) for 30-
45 min on ice. Resulting RNA-protein complexes were resolved
on a native 7% acrylamide gel for 8.5 h at 4°C. Gels were dried
and exposed to X-ray film for approximately 8 h at —80°C in the
presence of an intensifying screen.

Bioinformatic Analyses of U8 Secondary Structures
Determination of the minimum free energy secondary structures
of human and zebrafish mature and precursor U8 sequences was
performed by uploading the sequences to the RNAfold webserver
using the default settings.

3’-Processing Assays

For 3'-processing assays, *’P-end-labeled U8 snoRNA was incu-
bated with HeLa nuclear extract (CIL Biotech) at 30°C in buffer
containing 0.25 mM ATP, 10 mM phosphocreatine, 3.2 mM
MgCl,, 20 mM HEPES KOH, pH 7.9, 2.6% polyvinyl alcohol,
and 240 U RNasin (Promega). At 0, 30, and 60 min, 10 pL of the
reaction was removed and added to a tube containing 4 pL of
stop solution (1 mg/mL proteinase K, 50 mM EDTA, and 1% so-
dium dodecyl sulfate). Reactions were then incubated at 37°C
for 15 min, phenol extracted, precipitated, and resolved on a 5%
acrylamide/7 M urea gel. Gels were dried and exposed to X-ray
film at —80°C in the presence of an intensifying screen.

Statistics and Reproducibility

All statistical analyses were performed using GraphPad Prism 8 or
Microsoft Excel software. Results are presented as mean = SD. For
all analyses, p < 0.05 was considered statistically significant. Statis-
tical methods were not used to predetermine sample size, which
varies between experiments. Experiments were not randomized.
The investigators were not blinded to allocation during experi-
ments and outcome assessment. For Figure 1B, significance was
determined using one-way ANOVA and post hoc Tukey’s
multiple comparisons test. For Figure S3, significance was deter-
mined using a Mantel-Cox test. For all other statistical analyses,
significance was determined using an unpaired t test. The number
of biological replicates upon which significance was determined is
specified in the figure legend. For oligonucleotides used in this
study, refer to Table S2.

Results

U8-3 Is the Predominantly Expressed Zebrafish U8
during Embryogenesis

Zebrafish contain five copies of U8 located on chromo-
some 10, four copies clustered within the intron of the
transcript BX324123, and the remaining copy located be-
tween the genes vamp2 and and3 (Figure 1A). Quantitative
RT-PCR analysis, exploiting the single-nucleotide poly-
morphisms present between the five copies of U8 for
specificity, identified minimal maternal deposition of U8
transcripts in zebrafish, and U8-5 was the most highly
deposited (Figure 1B; see Figure S1 for alignment of zebra-
fish U8 copies). At 24 h post-fertilization (hpf), U8-3 was
the sole U8 species identified in the zebrafish embryo,
with only weak expression of the clustered U8-1, US8-2,
U8-4, and U8-5 induced at 48 hpf (albeit increasing there-
after) (Figure 1B). These data provided a rationale for tar-
geted disruption of the U8-3 gene locus to interrogate U8
function during early embryogenesis.

CRISPR/Cas9 was employed to disrupt the U8-3 locus.
Creating insertion and/or deletion events in a non-cod-
ing RNA could lead to unpredictable consequences for
U8-3 function. Consequently, two guides were used to
excise U8-3 from the genome, producing a null allele,
herein referred to as AU8-3 (Figure S2). By 24 hpf, AUS-
3 mutants exhibited a less defined midbrain-hindbrain
boundary and reduced angiogenic sprouting from the
dorsal aorta (Figure 2A). By 48 hpf, AU8-3 mutants
demonstrated swelling of the fourth ventricle, consistent
with abnormal development of the central nervous sys-
tem (CNS), reduced melanocyte development, smaller
eye size, impaired yolk resorption, disturbed branching
of the trunk vasculature, and a reduction in embryo
length consistent with developmental delay (Figure 2A
and 2B). A time course analysis indicated that the AUS8-
3 mutant comes to a developmental standstill which is
reflected in a failure to resorb yolk and expand the
swim bladder (Figure S3). Death was observed from
6 days post fertilization (dpf), and 100% mortality was
recorded by 9 dpf (Figure S4). Quantitative RT-PCR
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Figure 1. U8-3 Is the Predominantly Ex-
pressed U8 snoRNA during Zebrafish
Embryogenesis

(A) Schematic depicting the five U8 zebra-
fish small nucleolar RNA (snoRNA) gene
copies located on chromosome 10. US-3
(blue) is located between the vamp2 and
and3 genes, whereas the other four copies
(gray) are clustered within the intron
(dashed line) of the non-coding transcript
BX324123. < or > indicates direction of
transcription.

(B) Quantitative RT-PCR to US-1, US-2, US-3,
U8-4, and US8-5 snoRNA transcripts at
the indicated developmental time points.
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hpf—h post-fertilization. Error bars indicate
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ments required for the function of
other genes. To confirm the specificity
of the AUS8-3 mutant phenotype, a
complementation test with an inde-
pendent U8-3 mutant allele was per-
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analysis confirmed that U8-3 expression is lost in AU8-3
mutants (Figure 2C).

U8 is required for removal of the 3'-ETS sequence, and
in particular for the biogenesis of 28S and 5.8S rRNAs.'”
2021 Quantification of 28S:18S ratios via TapeStation
assay found that AU8-3 mutants exhibit a preferential
reduction in 28S biogenesis compared to 18S
(Figure 2D). Significantly, Northern blotting with a probe
specific to the 3’-ETS region of the pre-rRNA demon-
strated that fibroblasts derived from individuals with
LCC, and control cells in which U8 had been knocked
down by antisense oligonucleotides, accumulated aber-
rant unprocessed 3’ extended rRNA precursors required
for 28S biogenesis, precursors which are also impaired
for removal of ITS2 (see Figure 2E and 2L for longform).
Further, these pre-rRNA processing defects alter the ratios
of 28S to 18S similarly to the AU8-3 mutant, preferen-
tially impairing biogenesis of 28S (Figure 2D and 2E).
Northern blotting analysis with a probe specific to U8
confirmed antisense oligonucleotide-mediated knock-
down of U8, and that fibroblasts from individuals with
LCC have reduced levels of total U8; this is most likely
due to reduced stability of one or both mutant alleles
(Figure S5).' Taken together, these data support the pos-
sibility of a conserved biological function for U8 in
rRNA processing and ribosome biogenesis, and these
data show that cells derived from individuals with LCC
expressing U8 mutations are indeed defective for ITS2
and 3’-ETS maturation.

A portion of the U8-3 promoter was deleted in the
AUS-3 allele, which potentially contains regulatory ele-

hpf
g the absence of a relevant protospacer

adjacent motif (PAM) sequence in
the other zebrafish U8 gene copies, was used to delete
54bp from the US8-3 gene locus, herein referred to as
A54U8-3 (see Figure S6A and S6B). A54U8-3 mutants
demonstrated morphology indistinguishable from that
of AU8-3 mutants, with both alleles displaying Mende-
lian autosomal recessive inheritance (Figure S6C). A fail-
ure of complementation (i.e., the production of 100%
wild-type progeny) was observed when a AU8-3 hetero-
zygote zebrafish was crossed to a A54U8-3 heterozygote
zebrafish, demonstrating that the two mutants are associ-
ated with loss of function (LoF) of the same gene
(Figure S6C).

Precursor Zebrafish U8-3 and Human U8 snoRNAs Are
Functionally Equivalent

Mutations that lie within the short 3’ extension of human
U8 in individuals with LCC imply that this region is of
functional significance.’ However, it has previously been
reported that exogenous mature U8 snoRNA, which lacks
the 3’ extension sequence, localizes to the nucleolus and
rescues endogenous U8 depletion in Xenopus oocytes.””
We first performed an EMSA with in vitro transcribed
mature zebrafish U8-3 and the highly conserved human
15.5K to confirm the ability of in vitro synthesized U8-3
to interact with a key U8 snoRNP factor. Addition of
15.5K was found to shift U8-3 migration, and also migra-
tion of zebrafish U8-1, 2, 4, and S5, demonstrating that
these zebrafish mature U8 species bind 15.5K (Figure S7).
Alignment of human SNORD118 and zebrafish US-3 gene
loci identified a putative 3’ extension and 3’ box in zebra-
fish U8 (Figure S8). A transient rescue assay was performed,
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Figure 2. U8-3 Is Required for Correct Devel-
opment of the Central Nervous System and
Vasculature in the Zebrafish and 28S Biogenesis
in Fish and LCC Individual-Derived Cells

(A) AUS8-3 mutants exhibit a less-defined
midbrain-hindbrain boundary (arrowheads)
and reduced angiogenic sprouting (numbered
in white, visualized with the kdrl:EGFP trans-
gene) from the dorsal aorta compared to wild-
type siblings at 24 hpf. By 48 hpf, AU8-3 mutant
embryos exhibit hindbrain swelling (arrow-
head), an underdeveloped yolk extension (red
arrowhead), reduced eye size, impaired melano-
cyte development, and disorganized trunk
vasculature compared to wild-type siblings.
hpf—h post-fertilization.

(B) Quantitation of embryo length of the indi-
cated genotype 48 hpf. n = 8 embryos per geno-
type. Error bars indicate SD from the mean.

(C) qRT-PCR of US8-3 small nucleolar RNA
(snoRNA) in the indicated genotype and devel-
opmental time point. n = 4 biological replicates
per genotype. Error bars indicate SD from the
mean.

(D) Tapestation analysis demonstrates AUS8-3
mutant embryos display a preferential reduction
in 28S biogenesis consistent with defective 3
external transcribed spacer (3'-ETS) processing.
n = 3 biological replicates per genotype. Error
bars indicate SD from the mean.

(E) Antisense oligonucleotide (ASO)-mediated
depletion of human U8 snoRNA results in accu-
mulation of 3’ extended forms of pre-ribosomal
RNA (1RNA) intermediates (identified by a 3'-
ETS specific probe, pink bar) which are required
for biogenesis of 28S rRNA. Likewise, these same
3’ extended intermediates accumulate in leu-
koencephalopathy with calcifications and cysts
(LCC) fibroblast cell lines F281, F309, F454,
and F691 when compared to wild-type fibro-
blasts (ATCC). SCR—non-targeting ASO control.
The mature 28S:18S ratio, established by densi-
tometry, is indicated.

jected into the yolk of one-cell-stage zebra-
fish AU8-3 mutants or wild-type siblings
with an mRNA encoding a fluorescent pro-
tein acting as a tracer, enabling ubiquitous
expression of the transcripts throughout
the embryo over the first two days of devel-
opment (Figure 3A). Mature U8-3 snoRNA
rescued the yolk extension and hindbrain
swelling of the AU8-3 mutant, but not
the effect on embryo length (Figure 3B
and 3C). The addition of 14 nucleotides
3’ to the mature sequence of U8-3 (consti-
tuting the pre-U8-3) resulted in a rescue of
the hindbrain swelling, yolk extension,
and embryo length of AU83 mutants,
thereby demonstrating the importance of

this 3’ extension sequence of U8 in generating functional
ribosomes (Figure 3).

The above rescue assay provided the means to investi-
gate whether human U8 snoRNA is functional in the
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Figure 3. The 3’ Extension of Precursor U8 Is Required for

Optimal U8 Biological Activity

(A) Schematic depicting the experimental design for transient
ubiquitous expression of U8 small nucleolar RNA (snoRNA) vari-
ants and mKate2 mRNA. Bolus size is monitored through the use
of a phenol red dye, and successful uptake of the microinjected so-
lution into the animal pole is traced using red fluorescence.

(B) Representative brightfield and fluorescent images of the geno-
type, exogenous snoRNA, and transgenic or fluorescent protein is
indicated, taken at 48 hpf. U8 denotes human sequence whereas
U8-3 denotes zebrafish. White arrowheads denote hindbrain
swelling, red arrowheads denote aberrant yolk extension, black as-

zebrafish. As for zebrafish pre-U8-3, pre-U8 human
snoRNA rescued AU8-3-associated gross morphological ab-
normalities, whereas mature human U8 snoRNA failed to
do so (Figure 3B and 3C), indicating that zebrafish and hu-
man U8 snoRNA are functionally equivalent. However,
although a number of the AUS8-3 mutant features were
rescued by exogenous pre-U8, the eye and head size did
not recover to wild-type sibling levels. This lack of com-
plete rescue likely reflects the technical challenge of intro-
ducing enough non-coding RNA at the one-cell-stage to
sustain a rapidly growing zebrafish embryo over two days
of development.

Rescue Experiments in Zebrafish Identifies One Null and
One Functional U8 Allele in Individuals with LCC

Having demonstrated that human pre-U8 snoRNA is func-
tional in the zebrafish, we next wanted to test the effect of
LCC-disease-associated mutations in U8-3 null embryos.
Six alleles were chosen in which a molecular defect in func-
tionality had previously been shown in vitro: specifically,
either a complete loss of (n57G>A and nS8A>G) or
reduced (n61A>G) ability to interact with 15.5K compared
to wild type, or disrupted 3’ end processing in HeLa nuclear
extracts (n*1C>T, n*SC>G, and n*9C>T; the asterisk de-
notes that the nucleotide in question is located in the 3’
extension of human pre-U8)." Despite molecular evidence
suggesting that the n61A>G variant might be hypomor-
phic, in each case, variants affecting nucleotides required
for binding to 15.5K were found to act as functional null
alleles in that they failed to alter the A54U8-3 mutant
phenotype; this result demonstrates the essential nature
of this domain for U8 function (Figure 4). In contrast, all
of the LCC mutations in the 3’ extension rescued the
morphological abnormalities observed in the A54U8-3
mutant, including the embryo length defect (Figure 4 B
and C); this finding indicates a preserved function in ribo-
some biogenesis. These data likely reflect the null and
functional, though hypomorphic, status of distinct alleles.

Mutation of Seven Distinct U8 snoRNA Nucleotides Alter
Processing of pre-U8 and Are Present in Most Individuals
with LCC

To our knowledge, the secondary structure of the human
pre-U8 snoRNA has yet to be reported in the literature.
The minimum free energy secondary structure for the hu-
man pre-U8, determined by RNAfold,** suggested a high
probability for duplex formation between the 3’ extension
and the 5’ end of the human pre-U8 snoRNA (Figure 5A
and Figure S9A). Intra-molecular base-pairing of the 5
end of mature human U8 with its 3’ end is only suggested
to occur with low probability in the minimum free energy

terisks denote rescued hindbrain, and red asterisks denote rescued
yolk extension.

(C) Quantitation of embryo length for the genotypes and intro-
duced snoRNAs indicated. uninj—uninjected. n = 4 embryos per
genotype. Error bars indicate SD from the mean.

The American Journal of Human Genetics 106, 694-706, May 7, 2020 699



-
A A54U8-3" incross screen 24hpf

|mage 2dpf
and
genotype

H2B-mCerulean3

500pg snoRN

,1-
100pg HZB mCeruIeanS —»

phenol red dye 1-cell stage

uninjected controls H2B-mCerulean3

patient F285

+ pre-U8
57G>A

. I\ R
57G>A
[ o
p

patient F691 patient F414

" Eon Ua- B Us -
E 58A>G 61A>G
61A>G
h5 Us -
*9C>T

W-
*9C>T

embryo length (mm)
3.5 %

» s« s
3.04 o £

+ pre-U8
58A>G

+ pre-U8
*1C>T

|A54U8-3‘|| wildtype |as4ug-3] widtype |

(9}
*
*
*

kKK ns

24
8.
D N oD N D AN D o XD AN D an P X
F 9y F T F 59 FPFasv s .y &5
> B > 3> > S & D
FFFFIF T EF & & F
v v v v vy ¥ ¥
uninj pre-U8 pre-U8 pre-U8 pre-U8 pre-U8 pre-U8
57G>A *5G>C 58A>G *9C>T 61A>G *1C>T
patient F285 patient F691 patient F414
Figure 4. Functional Testing of LCC Mutant U8 snoRNAs Iden-

tifies One Null and One Functional Allele

(A) Schematic depicting the experimental design for transient
ubiquitous expression of U8 small nucleolar RNA (snoRNA) mu-
tants and H2B-mCerulean3 mRNA. Bolus size is monitored
through the use of phenol red dye and successful uptake of the mi-
croinjected solution into the animal pole is traced using nuclear
cerulean fluorescence.

(B) Leukoencephalopathy with calcifications and cysts (LCC)
mutant snoRNAs specific to the region required for 15.5K binding
(n57,nS8, and n61) fail to rescue the hindbrain swelling (white ar-
rowheads) and yolk extension (red arrowheads) of A54U8-3 mu-
tants, whereas LCC mutants specific to the 3’ extension (n*1, n*
5, and n*9) rescue hindbrain swelling (black asterisks), yolk abnor-
malities (red asterisks), and pigmentation defects.

(C) LCC mutant snoRNAs specific to the region required for 15.5K
binding (n57, n58, and n61) do not rescue the reduced embryo
length of A54U8-3 mutants, whereas LCC mutants specific to
the 3’ extension restore A54U8-3 mutant embryo length to that
of wild-type siblings. n = 4-8 embryos per genotype. Blue and
black data points represent embryos collected from two different
pairs of heterozygote A54U8-3 adults. Error bars indicate SD
from the mean.

state, in keeping with the widely accepted and reported
role for the 5’ end of mature U8 to base-pair with rRNA
sequence (Figure S9B).>* Mapping of all the LCC individual
variants onto the human pre-U8 secondary structure re-
vealed that another three disease-associated-mutations,
located at the 5’ end of U8, lie precisely within the pro-
posed base-paired region (Figure 5A). Strikingly, one of
the seven mutated nucleotides found within this hitherto
unappreciated duplex was observed in 29 of 33 individuals
with LCC overall (Table S1). We have previously reported
that the n*1C>T, n*5C>G, n*9C>T, and n*10G>T U8 mu-
tants demonstrate defective 3’ end processing in HeLa
nuclear extracts." The predicted secondary structure of
human pre-U8, which indicates base-pairing between the
5" end and 3’ extension, combined with the knowledge
that n*1C>T, n*5SC>G, n*9C>T, and n*10G>T mutants
cause disrupted processing, suggests that the n2T>C,
n3C>T, and n8G>C mutations might also affect U8 pre-
cursor processing. The human pre-U8 snoRNA is processed
to the mature U8 snoRNA in HeLa nuclear extracts after
60 min (Figure S10). When we examined U8 processing in-
termediates in HelLa nuclear extracts at 30 min, a time
point before mature U8 snoRNA is produced, we observed
that each of the n2T>C, n3C>T, and n8G>C mutants
conferred an aberrant, increased, rate of 3’ end processing
when compared to wild type (Figure 5B).

If the proposed interaction of the 5’ and 3’ ends of hu-
man pre-U8 is correct, then restoring base-pairing comple-
mentarity for the n8G>C mutation would be predicted to
return processing to wild type. Thus, the n8G>C and n*
5C>G mutations were combined to test this hypothesis.
n*5C>G alone appeared to exhibit slowed processing
when compared to wild type at the early 30 min time
point, whereas n8G>C was again associated with an
increased rate of processing and production of mature U8
(U8-140) after 30 min (Figure 5C). As predicted by the
model, the n8G>C/n*5C>G double mutant pre-U8 was
found to confer almost identical processing when
compared to wild type, providing functional evidence for
the proposed base-pairing between the 5’ end and 3’ exten-
sion of the human pre-U8 snoRNA (Figure 5C).

The very survival of individuals with LCC beyond
embryogenesis suggests that, like the 3’ extension muta-
tions tested in Figure 4, the n2T>C, n3C>T, n8G>C, and
n*10G>T mutant pre-U8 snoRNAs also retain some degree
of functional competence necessary for ribosome biogen-
esis. To test this, rescue experiments using the n2T>C,
n3C>T, n8G>C, and n*10G>T U8 mutants were per-
formed in the zebrafish A54U8-3 mutant. Consistent
with our hypothesis, n2T>C, n8G>C, and n*10G>T pre-
U8 all rescued A54U8-3 mutant morphology, including
embryo length (Figure S11A and S11B). In contrast, the
n3C>T pre-U8 did not salvage the yolk extension defect
or embryo length (Figure S11A and S11B). However, it
should be noted that almost half of the nucleotides
required for 28S binding in human differ from zebrafish
(Figure S11C), and such a lack of conservation might
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Figure 5. Aberrantly Processed Mutant U8 snoRNA Alleles Are
Present in 29 of 33 Individuals with LCC

(A) Schematic depicting the secondary structure of human precur-
sor U8 predicted by RNAfold software (18). Black arrowheads and
bold numbering identify seven mutated nucleotides that lie within
a duplex encompassing the 3’ extension (denoted in blue) in indi-
viduals with leukoencephalopathy with calcifications and cysts
(LCC). The remaining mutated nucleotides recorded in individuals
with LCC are numbered (refer to Table S1 for a complete list of LCC-
associated mutant alleles). The 5’ end/3’ extension base-pairing
may preclude formation of the kink-turn that is mediated by the
D box (purple nucleotides) and C box (pink nucleotides) until U8
has matured sufficiently. The kink-turn interaction encompasses
nucleotides 57-61 and 130-134 (bold). Important functional re-
gions of U8 are also annotated: the nucleotides that interact with
the 28S ribosomal RNA (r1RNA; in red) and LSm-binding nucleotides
(in orange). A black bar identifies a Watson-Crick base pairing inter-
action and represents a non-Watson-Crick base pairing
interaction.

(B) Processing of 5’ end-radiolabeled in vitro transcribed precursor
U8 wild-type/mutant small nucleolar RNA (snoRNA; U8-165) was
assessed in HeLa nuclear extracts. At 30 min, 2T>C, 3C>T, and
8G>C mutant U8 snoRNAs exhibit an enhanced rate of processing
when compared to wild type as demonstrated by the presence of
mature U8 (U8-140).

adversely affect the capacity of human U8 to completely
substitute for U8-3 function in the zebrafish when addi-
tional single base pair changes are introduced within the
5" end of human US. As a consequence, caution must be
exercised when interpreting a failure to rescue in these
circumstances.

tp53 Is Activated in Response to Loss of U8-3 in
Zebrafish

Perturbation of ribosome biogenesis activates the tran-
scription factor TP53, a tumor suppressor with a role in a
wide range of biological processes, including DNA damage,
mitochondrial stress, autophagy, and oncogenesis.”®
Trans-activated tp53 increases expression of different effec-
tors depending on the biological context, including
A4113tp53, transcribed from intron 4 of the tp53 gene in ze-
brafish. 4113tp53 was found to be upregulated 50-fold in
AUS8-3 mutants compared to wild-type siblings at 24 hpf,
as were the tp53 target genes mdm2, cyclinG1, p21, and
bax (Figure 6A, Figure S12A). To determine which tissues
were affected by loss of U8-3 in zebrafish, a spatio-temporal
reporter of tp53 activity was generated that utilized the
4113tp53 promoter containing two tp53-binding sites
(Figure 6B).”° At 17 hpf, before any morphological abnor-
malities are observable, tp53 trans-activation activity can
be observed already in AUS8-3 mutants (Figure S12B). By
24 hpf, tp53 trans-activation activity was detected in the
eye, CNS, and somites of AU8-3 mutants (Figure 6C,
Figure S12C), and by 48 hpf, the CNS and somites were
the most highly fluorescent tissues (Figure S12D). Impor-
tantly, somite-derived vegf expression is critical for correct
patterning of the dorsal aorta and for arterial develop-
ment.?” As such, the delayed sprouting and abnormal
branching of the trunk vasculature is unlikely to be a cell
autonomous effect, but rather is likely to be secondary to
the impairment of somitogenesis. The tissues in which
tp53 is activated all display obviously impaired develop-
ment in the AU8-3 mutant as evidenced by the reduced
eye size, shortened body length, and fourth ventricular
swelling (Figure S12D).

Inactivation of tp53 Signaling Partially Rescues the AU8-
3 Mutant

To characterize the consequences of tp53 signaling in the
AU8-3 mutant, AU8-3 mutant embryos were crossed
onto a tp53 mutant background.'® Notably, genetic inacti-
vation of tp53 prevented induction of 4113tp53, mdm2,
cyclinG1, p21, and bax expression in AU8-3 mutants, in-
duction that is typically observed at 48 hpf (Figure 6D).

(C) Processing of 5’ end-radiolabeled in vitro transcribed precursor
U8 wild-type/mutant snoRNA (U8-165) was assessed in HeLa
nuclear extracts. At 30 min, the n*5C>G mutant U8 is blocked
in processing when compared to wild type (** band is absent), in
contrast to 8G>C mutant U8 snoRNA that exhibits production
of mature U8 (U8-140). When base-pairing complementarity is
restored by combining the two mutations, the pattern of process-
ing is restored to wild type.
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Figure 6. tp53 Is Trans-activated in Response to Loss of U8-3 in Zebrafish

(A) Quantitative RT-PCR of 4113tp53 transcripts at 24 hpf for indicated phenotype. Error bars indicate SD from the mean.

(B) Schematic depicting 1.163kb of intron 4 of the tp53 gene that contains two tp53-binding sites (red bars) used to drive expression of
mVenus when tp53 is trans-activated.

(C) tp53 activity is observed in numerous tissues that develop abnormally in AU8-3 mutants, including the eye, hindbrain, and somites
(arrowheads) at 24 hpf.

(D) Quantitative RT-PCR demonstrates significant upregulation of the tp53 target genes 4113tp53, mdm2, cyclinG1, p21, and bax in AU8-
3 mutants when compared to wild-type siblings at 48 hpf; this upregulation is abrogated by genetic inactivation of tp53. hpf—h post-
fertilization. n = 4 biological replicates per genotype. Error bars indicate SD from the mean.

(E) Representative brightfield and corresponding fluorescent images of the indicated genotype and transgenic reporter. Angiogenic
sprout number is indicated by white numbering.

(F) Quantitation of angiogenic sprouts in the indicated genotype. n = 6-13 embryos per genotype. Error bars indicate SD from the mean.
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This result confirms that the increased expression of these
mRNAs is tp53-dependent. Genetic inactivation of tp53
was found to partially restore angiogenic sprouting in
AUS8-3 mutants (Figure 6E, F), and to rescue ventricular
swelling 48 hpf (Figure S13A). Although tp53 clearly con-
tributes to the gross morphological abnormalities of
AUS8-3 mutants, inactivation of tp53 signaling would not
be predicted to restore the defect in rRNA processing.
Indeed, quantification of 28S:18S ratios by TapeStation
assay demonstrated that the preferential inhibition of
28S biogenesis is not rescued in tp53 mutant AUS8-3
mutant embryos (Figure S13B), and these embryos remain
significantly shorter than their U8-3 wild-type sibling
counterparts (Figure S13C). Taken together, these data
indicate that the reduced embryo length of AU8-3 mutants
results from impaired ribosome function.

Discussion

Informed by the genetic architecture of the Mendelian dis-
ease LCC, here we describe the use of a vertebrate mutant
animal model of U8 dysfunction to shed light on the pro-
cessing of the snoRNA U8, its function in ribosome biogen-
esis, and the molecular pathology of LCC.

Our data indicate that both zebrafish U8 mutant animals
and fibroblasts from individuals with LCC exhibit tRNA
processing defects. The majority of human syndromes
linked to defective ribosome biogenesis are thought to
result from haploinsufficiency for, or partial LoF of, ribo-
somal proteins or ribosome assembly factors.”**" In our
previously published series, 31 of 33 probands with LCC
were compound heterozygous for two different SNORD118
mutant alleles.” Given that most rare autosomal recessive
traits demonstrate enrichment for consanguinity and
allelic homozygosity, these molecular data indicate that
bi-allelic null mutations in SNORD118 are likely incompat-
ible with development. In keeping with this, we show that
the U8-3 zebrafish mutant is embryonic lethal. Our genetic
data further imply that disease results from the combina-
tion of one severe (null) and one milder (hypomorphic)
mutation. We suggest that the latter acts to mediate viable
embryogenesis, being characterized by a rescue of the gross
morphology of zebrafish U8 mutants, which is apparently
indistinguishable from wild-type human U8, while confer-
ring a defect in U8 processing in HeLa nuclear cell extracts.

The biogenesis and processing of essential, indepen-
dently transcribed snoRNAs is dependent on highly orga-
nized secondary structures and their sequential association
with core snoRNP proteins that halt advancing exonucle-
ases, and nucleolytic trimming of the precursor RNA is
necessary to achieve functionality and to provide meta-
bolic stability and nucleolar localization.”-**' Using our ze-
brafish model, we were able to shed further light on the
processing of human U8, identifying a base-pairing inter-
action between the 5’ end and 3’ extension of human
pre-U8. Twenty-one of 33 individuals with LCC identified

by Jenkinson et al. harbored at least one mutation within
the 3’ extension, and a further eight individuals were pos-
itive for a mutation in a 5’ situated nucleotide predicted to
base-pair with this 3’ extension.' Human pre-U8 snoRNA
containing a 3’ extension rescued the zebrafish U8 mutant,
indicating a conserved biological function. To our knowl-
edge, the secondary structure of human pre-U8 and the
requirement for such nucleotide base-pairing within this
structure has not been described previously. Close exami-
nation of the five zebrafish pre-U8 snoRNAs does not
reveal an extensive potential for base-pairing between
the 5’ end and the 3’ extension as proposed for the human
pre-U8 snoRNA. Any base-pairing potential of the zebra-
fish pre-U8 snoRNAs would require exact mapping of the
5" and 3’ ends of the zebrafish pre-U8 snoRNAs and exper-
imental validation. We hypothesize that in human cells,
the base-pairing between the 5’ and 3’ ends of the human
pre-U8 snoRNA may be important to regulate the timing of
final maturation of U8 by either masking its functionally
relevant 5’ end, and/or by preventing premature formation
of a canonical kink-turn, and associated protein binding,
until the U8 snoRNP has sufficiently matured. Indeed,
the vast majority of the precursor forms of human U8 are
detected within cytoplasmic and nucleoplasmic fractions,
whereas the bulk of the mature U8 is found in the nucle-
olus, the site of pre-rRNA processing.”® Ultimately, such
regulation may be important for multiple aspects of U8
biology, including the correct processing of U8, its meta-
bolic stability, its nucleo-cytoplasmic trafficking,”** its
final targeting to the nucleolus, or even possibly facilita-
tion of extra-ribosomal functions of U8 independent of
its interaction with the pre-rRNAs. Previous work from
the Lihrmann laboratory identified four U8 snoRNA pre-
cursor processing intermediates, leading them to hypothe-
size either that the U8 pre-snoRNA is processed by more
than one exonuclease activity, or that the sequence of
the 3’ extension may determine the kinetics of 3’ end pro-
cessing.” Our data, as presented in Figure 5, are in agree-
ment with the latter hypothesis, as LCC-associated single
nucleotides changes located within the 3’ extension, or
that pair with this region, appear to alter the kinetics of
processing of the U8 pre-snoRNA. The assembly, process-
ing, and export of small nuclear RNPs (snRNPs) also fol-
lows a well-defined pathway like that described for
snoRNPs.** > Precursor forms of the spliceosomal U2
small nuclear RNA (snRNA) pair the 3’ extension with an
internal sequence, this base-pairing being essential for cor-
rect processing into a mature snRNP.*® It is possible that
base-pairing of 3’ extension sequences may be a more gen-
eral feature of snRNA and/or snoRNA maturation.

In cell culture models, tpS3 is required for activation
of cell cycle arrest within 24 h from the onset of
ribosomal stress before, over time, impaired ribosome
function becomes rate limiting for cellular growth and di-
vision.''*”~*? Depletion of U8 has recently been shown to
result in potent induction of TP53 in human cells,'*'” and
tp53 signaling in the U8-3 mutant would be predicted to
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induce an earlier and more complete inhibition of the cell
cycle. In keeping with this, the angiogenic sprouting defect
observed in the U8-3 mutant at 24 hpf was largely, but not
completely, rescued by genetic inactivation of tpS53; the
partial rescue is probably explained by a preferential reduc-
tion of 28S in U8-3 mutants, indicating that ribosomal
dysfunction is already manifested by this time. By 48
hpf, when ribosome dysfunction is likely more pro-
nounced, the morphology of the U8-3 mutant was only
minimally salvaged. TP53 is normally constitutively
degraded by the proteasome following Hdm2-mediated
ubiquitination. When ribosome biogenesis is compro-
mised, unassembled ribosomal components accumulate;
this is notably the case for a trimeric complex consisting
of the two ribosomal proteins uLS and uL18 and the 5S
rRNA which captures Hdm2, titrating it away from TPS3,
resulting in a net stabilization of TP53 and the activation
of a cell death program.*”*! Although knockdown of U8
in human cells would, therefore, indirectly activate TPS3,
it remains to be determined whether such activation oc-
curs in the affected neurological tissue of individuals
with LCC, and whether this plays a mechanistic role in dis-
ease pathology.

Alterations in ribosomal components underlie a hetero-
geneous class of diseases referred to as the ribosomopathies,
with a diversity in associated clinical phenotype providing
an indication of the multiple specialized roles of the ribo-
some in normal physiology. Despite ubiquitous expression
of the U8 snoRNA, germline mutations in SNORD1 18 cause
aprogressive microangiopathy apparently limited to the ce-
rebral vasculature. Although the phenotype of the exclu-
sively neurological disease LCC is highly distinctive, it is
not pathognomonic, as aremarkably similar radiological as-
sociation is seen in the context of the multisystem disorder
Coats plus. Coats plus is caused by mutations in CTC1**and
STN1,* both components of the conserved heterotrimeric
telomeric capping complex, and in the telomeric protein
POT1.** Interestingly then, an unbiased enChip-RNaseq
approach identified U8 as a telomere-associated RNA.*> As
such, the precise link between U8 and cerebral vascular ho-
meostasis awaits elucidation, and may conceivably involve
both ribosomal defects (that activate TP53 and/or induce se-
lective impairment of translation of distinct mRNAs in a cell
lineage specific context) and currently undefined non-ribo-
somal functions of U8.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.04.003.
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