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Abstract

Pseudouridylation is the most common post-transcriptional modification, wherein uridine is isomerized into 5-ribosyluracil
(pseudouridine, ¥). The resulting increase in base stacking and creation of additional hydrogen bonds are thought to enhance
RNA stability. Pseudouridine synthases are encoded in humans by 13 genes, two of which are linked to Mendelian diseases:
PUSI and PUS3. Very recently, PUS7 mutations were reported to cause intellectual disability with growth retardation. We
describe two families in which two different homozygous PUS7 mutations (missense and frameshift deletion) segregate
with a phenotype comprising intellectual disability and progressive microcephaly. Short stature and hearing loss were vari-
able in these patients. Functional characterization of the two mutations confirmed that both result in decreased levels of
¥,; in tRNAs. Furthermore, the missense variant of the S. cerevisiae ortholog failed to complement the growth defect of S.
cerevisiae pus7A trm8A mutants. Our results confirm that PUS7 is a bona fide Mendelian disease gene and expand the list
of human diseases caused by impaired pseudouridylation.
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Introduction

Ribonucleosides undergo more than 160 modifications (Boc-
caletto et al. 2017). These modifications influence the sta-
bility and function of RNAs, and in some cases are thought
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to play a key role in the dynamic control of gene expres-
sion (Endres et al. 2015; Hoernes et al. 2016; Jackman and
Alfonzo 2013; Motorin and Helm 2010; Zhao et al. 2017).
The most common of these post-transcriptional modifi-
cations (PTMs) is pseudouridylation, wherein uridine is
isomerized into 5-ribosyluracil (pseudouridine, ¥) (Charette
and Gray 2000). Pseudouridine was first identified in 1951
and was originally referred to as the “fifth”” nucleoside before
its identity as 5-ribosyluracil was determined later (Cohn
1959; Cohn and Volkin 1951). Pseudouridylation has been
documented in all three major RNA species (tRNA, rRNA
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and mRNA) as well as in snRNA and snoRNA (Andrew
etal. 2011; Branlant et al. 1981; Carlile et al. 2014; Grosjean
et al. 1995; Li et al. 2015; Lovejoy et al. 2014; Schattner
et al. 2006; Schwartz et al. 2014; Boccaletto et al. 2017). The
reason for the abundance of pseudouridine is incompletely
understood, but is thought to be driven by its advantageous
effect on RNA stability by virtue of improved base stacking
and the creation of additional hydrogen bonds (Davis 1995;
Spenkuch et al. 2014).

Six families of enzymes are known to synthesize pseu-
douridine (pseudouridine synthases or PUS enzymes): TruA,
TruB, TruD, RsuA, RIuA, and Pus10b. With the exception
of RsuA, these families are represented in humans by pseu-
douridine synthases encoded by 13 genes, some of which
represent paralogs such as PUSI/PUSIL, TRUB1/TRUB2,
and PUS7/PUS7L (Spenkuch et al. 2014). Human PUS
enzymes are far less studied than their counterparts in other
organisms. However, recent advances in human Mendelian
diseases have brought renewed focus on these enzymes
and their relevance to clinical medicine. The first human
disease linked to PUS genes was myopathy, lactic acido-
sis, and sideroblastic anemia 1 (MLASA1) (MIM 600462),
which was found to be caused by biallelic mutations in PUS1
(Fernandez-Vizarra et al. 2007). In 2016, we described a
novel intellectual disability and microcephaly syndrome in
three affected siblings who all shared a homozygous truncat-
ing variant in PUS3 (Shaheen et al. 2016). In addition, we
recently encountered a patient with severe global develop-
mental delay and epilepsy with a homozygous truncating
variant in PUS7L (manuscript under review). These findings
suggest that PUS genes are attractive candidates for Mende-
lian diseases in humans and raise interesting questions about
the nature and extent of the associated phenotypes.

In this study, we describe two consanguineous families
each segregating a different likely deleterious homozygous
variant in PUS7 (one missense and one frameshift deletion).
The associated phenotype is consistent and comprises severe
intellectual disability and progressive microcephaly. Both
variants were associated with a specific reduction of ¥,5 in
their tRNAs. Our findings are compatible with one study that
was published in the course of preparing this manuscript and
provide independent confirmation of this novel PUS7-related
syndrome (de Brouwer et al. 2018).

Materials and methods

Human subjects

The two study families were enrolled in an IRB-approved
research protocol (RAC#2080006) and informed con-

sent was obtained. All three patients were evaluated by
board-certified clinical geneticists, and full phenotypic
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data were collected from their medical records. In addition
to the patients, their parents and available siblings were
also included in the study. Venous blood was collected in
EDTA and in sodium heparin tubes for DNA extraction
and the establishment of lymphoblastoid cell lines (LCLs),
respectively.

Positional mapping, exome sequencing, and variant
interpretation

Chromosome analysis (karyotyping) and molecular kar-
yotyping were performed for the three patients and were
negative. The molecular karyotyping was performed using
CytoScan HD array platform (Affymetrix) that contains
2.6 million markers for CNV detection, of which 750,000
are genotyping SNPs and 1.9 million are non-polymorphic
probes. DNA samples were genotyped using the Axiom SNP
Chip platform following the manufacturer’s instructions.
Autozygome was mapped based on regions of homozygo-
sity >2 Mb as surrogates of autozygosity given the parental
consanguinity followed by mapping of the candidate autozy-
gome that is exclusively shared by the affected members
using AutoSNPa. Linkage analysis was used to confirm
the candidate autozygome and calculate LOD score based
on a fully penetrant autosomal recessive model using the
EasyLINKAGE package.

Exome capture was performed using the TruSeq Exome
Enrichment kit (Illumina, San Diego, CA, USA) as per
the manufacturer’s instructions. Samples were prepared
as an Illumina sequencing library, and in the second step,
the sequencing libraries were enriched for the desired tar-
get using the Illumina Exome Enrichment protocol. Cap-
tured libraries were sequenced using Illumina HiSeq 2000
Sequencer, and the reads mapped against UCSC hgl9
(http://genome.ucsc.edu/) by BWA (http://bio-bwa.sourc
eforge.net/). The SNPs and Indels were detected by SAM-
TOOLS (http://samtools.sourceforge.net/). The resulting
variants were filtered as follows: homozygous — coding/
splicing — within candidate autozygome — absent or very
rare in Saudi and public exome databases — predicted to
be pathogenic by SIFT/PolyPhen/CADD as previously
described (Alkuraya 2013).

Extraction of total RNA and purification of tRNA
from human cells

Lymphoblastoid cell lines were grown at 37 °C in 5% CO, in
RPMI 1640 medium containing FBS (15%), penicillin (1 U/
mL), streptomycin (1 pg/mL), and amphotericin b (0.5 pug/mL)
to a density of ~1.0X 10% cells/mL, and then, 2.5 mL was used
to generate triplicate cultures. Bulk RNA from ~3.6 x 108 cells
was extracted with TRIzol (Life Technologies) according to
manufacturer’s instructions. Then, tRNAYAAAC) ag purified
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from 1 to 1.25 mg bulk RNA using a 5’ biotinylated oligo-
nucleotide (Integrated DNA Technologies) complementary
to nucleotides 53-76, digested with P1 nuclease and phos-
phatase, and nucleosides were analyzed by HPLC, as previ-
ously described (Jackman et al. 2003).

Analysis of W, of tRNA

Bulk RNA obtained from LCLs was analyzed for ¥,; by
treatment with N-cyclohexyl-N'-(2-morpholinoethyl)car-
bodiimide methyl-p-toluenesulfonate (CMCT, also called
CMCO), followed by primer extension, essentially as pre-
viously described (Huang et al. 2016). Incubation of bulk
RNA with CMCT was followed by alkaline treatment, and
then RNA was annealed with 5’ 3?P-labeled primers that
hybridized to nucleotides 40-23 of tRNAMSGTO or 3921 of
tRNACMCTO "and reverse transcribed with AMV polymer-
ase (Promega). Products were then resolved on a 15% poly-
acrylamide-7M urea gel and imaged by a phosphorimager.

Yeast strains and plasmids

To construct a CEN plasmid expressing Saccharomyces
cerevisiae PUS7 from its own promoter, PUS7 DNA was
amplified from yeast genomic DNA with primers hybrid-
izing 853 nucleotides upstream and 253 nucleotides down-
stream of the open reading frame, and then cloned into a
(URA3 CEN) vector. Plasmid EMTO082-1 expressing the S.
cerevisiae Pus7-D478Y variant (homologous to the human
PUS7-D503Y variant) was generated by QuickChange
PCR according to manufacturer’s instructions (Stratagene),
and the resulting plasmid was sequenced before use. Yeast
strains with [URA3] plasmids were grown in S-Ura minimal
medium or rich (YPD) media, as indicated (Sherman 1991).

Results
Clinical report

Three affected individuals from two consanguineous fami-
lies are included in this study (Fig. 1A). The full clinical
reports describing the phenotype of the three patients are
in Table S1 and representative clinical photos are shown in
Fig. 1A. Several clinical phenotypes are shared among the
affected patients including microcephaly, intellectual disabil-
ity (ID), aggressive behavior, and speech delay in addition
to dysmorphic features such as smooth philtrum and everted
lower lip (Table 1; Fig. 1A).

PUS7 is mutated in an autosomal recessive
syndrome of intellectual disability
and microcephaly

Each family was analyzed independently initially. In Fam-
ily 1, three novel variants that are predicted deleterious
in silico were identified in genes linked to the autozy-
gome of the index: PUS7 [NM_019042.3:c.1507G>T,
p- (Asp503Tyr)], GDF9 [NM_005260.5:c.947G>A, p.
(Arg316His)] and TRIM4 [NM_033017.3: ¢.337C>T, p.
(GIn113#)]. In Family 2, however, only one novel vari-
ant that is predicted deleterious was identified within the
candidate autozygome: a four base pair deletion in PUS7
gene (NM_019042.3:¢c.329_332delCTGA). Based on the
latter finding and the similarity in the phenotypes (intel-
lectual disability and microcephaly) between the three
patients, we prioritized PUS7 [NM_019042.3:¢.1507G>T,
p- (Asp503Tyr)] in Family 1 for functional validation. It
should be noted that the missense variant p. (Asp503Tyr) is
located within the TRUD domain (the pseudouridine cata-
lytic domain of PUS7), predicted to be probably damaging
(1) by Polyphen-2, deleterious by SIFT (0), “disease caus-
ing” by MutationTaster and has a CADD_phred of 29.4.
The truncating variant ¢.329_332delCTGA is predicted to
remove 551 amino acids from the protein, leading to com-
plete absence of the TRUD domain (370-580) (Fig. 1C).
Both variants fully segregated with the phenotype in each
family (Fig. 1A). In addition, an LOD score of 3.4 for the
locus chr7: 96,488,196-109,035,887 (hg19) spanning PUS7
was obtained when combining the two families (Fig. 1D).

Human mutations in PUS7 result in decreased levels
of W, in tRNAs.

Since S. cerevisiae PUS7 encodes the pseudouridine syn-
thase that catalyzes pseudouridine formation at U5 in yeast
cytoplasmic tRNAs, as well as at U, in pre-tRNATY(CUA)
(Behm-Ansmant et al. 2003), we analyzed characterized
human tRNAs known to have W5 from the three patient
LCLs (IV:1, IV:2, IV:3) and from control LCLs. We spe-
cifically analyzed ¥ 5 using the well-established CMCT
assay, which detects W as a primer extension pause after
CMCT treatment (Bakin and Ofengand 1993; Huang et al.
2016). Our CMCT analysis showed that tRNAHSGTS) apd
tRNASMCTO from LCLs of patients with the Asp503Tyr
mutation lacked W5 (Fig. 2a), whereas each of two con-
trol LCLs had a prominent pause corresponding to the ¥,
modification. Similarly, tRNACCTO from an LCL from a
patient with Thr110Argfs*4 mutation lacked ¥,5, compared
to a control LCL (Fig. 2b).

To quantify the defect in ¥'; modification of tRNA due
to the Asp503Tyr missense mutation (Fig. 1C), we puri-
fied tRNAVHAAO) and analyzed its nucleosides by HPLC.
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Fig. 1 PUS7 mutations cause intellectual disability and microceph-
aly. A Upper panel: families pedigrees of 12DG2083 and 12DG2084
(Family 1) and 16DG0965 (Family 2) showing the consanguin-
eous nature of the parents. The index is indicated in each pedigree
by grey arrow, and segregation analysis denoted by half black color
[heterozygous for recessive allele (carrier)]. Red star denotes sib-
ling with resolved hydrocephalus. Lower panel: the facial photos of
the affected individuals in this study and the dental photo and pano-
ramic radiograph of the index 12DG2084. a and b Facial photos of
the index IV:1 (12DG2083) at the age 9 years and 16 years showing
the dysmorphic features seen in the patient (smooth philtrum, everted
lower lip, triangular face, prominent glabella, arched eyebrows, deep-
set eyes, infraorbital crease, convergent squint, hypoplastic zygomatic
arches, anteverted nostrils and prominent ears with simple helix). ¢
and d Facial photos of 1V:2 (12DG2084) at the age of 7 and 14 years
showing the dysmorphic features observed in the patient (smooth
philtrum, everted and thick lower lip, deep-set eyes and infraorbital

We chose tRNAYIAAC) because it only had two other pseu-
douridine residues in addition to ¥,;, and because it was
amenable to purification (Shaheen et al. 2015). tRNAVAAAC
purified from the LCL from patient IV:2 with the Asp-
503Tyr mutation showed a reduction of 0.88 mol of W rela-
tive to that from a WT control (1.75 mol/mol compared to
2.63 mol/mol). By contrast, the levels of the other analyzed
tRNAYIAAD modifications (m°C, m>G) were very similar
between the patient and control LCLs (Fig. 3; Table 2).
Thus, our results strongly suggest that PUS7 with either
the Asp503Tyr mutation or the Thr110Argfs*4 mutation is
severely deficient in the isomerization of U,; to W, linking
this defect to the ID, consistent with the known biological
effects of PUS7 (see below).
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crease, downward slanting of eyes and low set ears). e and f Intraoral
and panoramic radiographs of the patient 12DG2084 showing mul-
tiple retained deciduous teeth (asterisks in f), malpositioned perma-
nent teeth and congenitally missing lower permanent lateral incisors
and upper second premolars (arrows). g and & Facial photos of the
index IV:3 (16DG0965) at the age of 8 years showing the dysmor-
phic features of the patient (microcephaly, smooth philtrum, mildly
upturned nares and everted lower lip). B Sequence chromatograms
showing the homozygous variants in PUS7 in the index of each fam-
ily and the heterozygous parents. C Upper panel is the schematic
of PUS7 showing the position of domain “TRUD” and the location
of the two variants p. (Thr110Argfs*4) and p. (Asp503Tyr). Lower
panel showing multisequence alignment of the mutated reside p.
(Asp503) showing the conservation down to S. cerevisiae (boxed in
grey). D Genome-wide linkage analysis to the two families revealed
a single maximal peak with an LOD score of ~3.4 on chromosome 7

Expression of S. cerevisiae pus7-D503Y does
not complement the growth defect of S. cerevisiae
pus7Atrm8A mutants

We used S. cerevisiae as a model to further analyze the
effects of the PUS7-Asp503Tyr missense mutation, since
the Thr110Argfs*4 mutation is an apparent loss of func-
tion truncating variant. We generated a low copy (CEN)
plasmid expressing S. cerevisiae pus7- D478Y (equivalent
to human PUS7-D503Y) from its native promoter [CEN
URA3 Ppg,-pus7-D478Y] to test its ability to comple-
ment the severe slow growth defect of an S. cerevisiae
pus7A mutant strain in a trm8A background which, as
reported previously, grows very poorly at 33 °C and higher
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Fig.2 LCLs from patients with A PUS7.Asp503Tyr B Thr110Argfs*4
PUS7 mutations have reduced
levels of ¥, 5 in tRNAs. LCLs
from patients (IV:1, IV:2, IV:3) oyl 2l sl Eml 2 o Q.
and controls (WT 1, WT 2, WT z2|l2| 2= =lzl=l = 2| =
3) were grown as described and
bulk RNA was extracted, modi-
fied with CMCT, and analyzed CMCT| - |+ |+ -+ -]+ -] -|+-|v-]v-|+- *-l+- |- [CMCT
for ¥, ; by primer extension. & alea
The reverse transcription -— e new - - o - -
pauses corresponding to W5
are marked by arrows. a ¥ 5 is
not detected in tRNACTS)
and tRNAMSETO of T CLs "
from patients with a PUS7. 137 . —W,, - — Wi
Asp503Tyr mutation. b LCLs
from patients with a PUS7.
Thr110Argfs*4 mutation lack
detectable ¥ 5 in tRNACMCTO
1 23 456 7809 1 23 45 6 7 8 9 12 34 5
htE(CTC) htH(GTG) htE(CTC)
P =0.002 Table 2 Analysis of modified nucleosides in tRNAY*A) from con-
3.00 trol (WT3) and patient (IV:2) LCLs
Modification® Moles WT 3 v:2
[ expected
ns ¥ 3 2.63+0.20 1.75+0.18
mlVv:2 5
2 2.00 W3 m°C 1.49+0.15 1.27+0.20
4 m’G 1 0.82+0.18 0.66+0.11
£
T 1 ns
8 #Mean and standard deviation based on three individual growths and
° RNA preparations
€ 1.00 -
I importance of the human Thr503 residue is conserved
among eukaryotes.
0.00 -
L Y m5C m2G

Fig.3 tRNAYIAAO pyrified from LCLs of patients with the PUS7.
Asp503Tyr mutation has reduced W relative to that from control
LCLs. LCLs were grown and tRNA was purified and analyzed for
modifications, as described in “Materials and methods”. Data derive
from Table 2, showing that ¥ levels are reduced in patient LCLs (by
0.88 mol/mol), whereas levels of each of two other modifications are
not

temperatures, due to rapid tRNA decay of tRNAYA(AAC
(Chernyakov et al. 2008). We found that expression of
the yeast pus7-D478Y variant failed to detectably res-
cue the growth defect of the pus7A trm8A strain (Fig. 4).
This result indicates that the yeast Pus7- D478Y variant
is a complete loss of function mutation, and thus that the
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Discussion

There is a growing appreciation of the role of tRNA
modification in human diseases based on revelations from
Mendelian disorders (Ramos and Fu 2018; Torres et al.
2014). We previously reported that the most common
single gene mutation associated with intellectual disabil-
ity in Arabia was a point mutation in ADAT3 (Alazami
et al. 2013), which encodes an ortholog of yeast TAD3,
a subunit of the complex required for I, modification of
substrate tRNAs (Gerber and Keller 1999). Furthermore,
we showed that a founder mutation of WDR4 impairs a
highly conserved and specific (m’G,¢) methylation of
tRNA with resulting severe encephalopathy and micro-
cephaly (Shaheen et al. 2015). Additional Mendelian dis-
orders include TRMT10A- and NSUN2-related syndromes
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Fig.4 Growth defect of an S. . . 25°C 30°C 31.5°C _ 33°C 35°C 37°C
cerevisiae trm8A pus7A mutant plasmid strain — —
at high temperature is not com- PUS7 D478Y | pus7A trm8A P o K] I [ X 'SI BT I
plemented by expressing pus7- 0 2%
D478Y. Wild type and rrm8A PUS7 pus7A trm8A 09 “Jeoeo < I.. e . ol I 00 =
pus7A strains harboring [CEN vec pus7A trm8A I. @ I. & ¥ I
URA3 Ppyy5,-pus7-D503Y] or PUS7 D478Y | trm8A e xllew = I.@ e I. e vJoe &
vector as indicated were grown
&

overnight in S-Ura medium pus7 trm8A o9 % I. % ® I'* y I. ®x I. LR
containing dextrose, diluted to vec trm8A
OD600 of approximately 0.2 PUS7 D478Y | pus7A
and serially diluted tenfold, and

i us74A
then 2 pL was spotted onto YPD pPus7 d
media, followed by incubation vec pus7A
for 3 days at temperatures as PUS7 D478Y | WT
indicated PUS7 WT

vec WT

of intellectual disability, microcephaly, and short stature
(Fahiminiya et al. 2013; Gillis et al. 2014; Igoillo-Esteve
et al. 2013; Martinez et al. 2012). TRMTI10A is the likely
human homolog of yeast TRM 10 required for mlG9 modi-
fication (Jackman et al. 2003), while NSUN2 is required
for m>C modification of body residues 48, 49, and 50 in
mammals, as well as Cs, of the anticodon (Blanco et al.
2014; Martinez et al. 2012).

Pseudouridine is the most abundant PTM of non-coding
RNA observed to date across all domains of life (Cantara
et al. 2010; Charette and Gray 2000). The additional NH
group in pseudouridine at position 3 permits additional
hydrogen bonding with other molecules, and this is thought
to play a role in increasing the stability of RNA (Davis 1995;
Spenkuch et al. 2014). In human tRNAs, pseudouridines are
found at 13 different positions (residues 13, 20a, 20b, 31, 32,
27, 28, 35, 38, 39, 54, 55, and e2), and different pseudouri-
dylases are required for modification at each of the different
sites or sets of sites. Despite the abundance of this PTM of
tRNA, its physiological relevance in humans has been lim-
ited to the reported phenotypes associated with mutations
in PUSI and PUS3 (Fernandez-Vizarra et al. 2007; Shaheen
et al. 2016).

During the preparation of this manuscript, de Brouwer
and colleagues described three families in which patients
with intellectual disability, microcephaly and short stature
harbored biallelic mutations in PUS7 (de Brouwer et al.
2018). They also demonstrated that these mutations are asso-
ciated with impaired pseudouridylation. The two families
described here have different PUS7 mutations, one of which
is a point mutation in a highly conserved residue involved in
a salt bridge in the E. coli TruD homolog (Kaya et al. 2004).
While the phenotype we present in the three study patients
supports the consistent involvement of cognition and post-
natal brain growth and lack of epilepsy in PUS7 deficiency,
it also suggests that other aspects are more variable. For

example, index 1, whose mutation predicts a large PUS7
truncation, lacked the growth deficiency that was reported
as a consistent feature by de Brouwer. In addition, we note
the presence of sensorineural hearing loss in two of our
patients. Unfortunately, the latter feature was not specifi-
cally commented on by de Brouwer, so it remains to be seen
how common this, and indeed, other, clinical features are in
PUS7-related syndrome.

We and others have previously emphasized the predi-
lection of Mendelian diseases caused by tRNA modifi-
cation genes to CNS involvement and how this suggests
the vulnerability of the brain to any perturbation of tRNA
modification, presumably through its deleterious effect on
protein synthesis (Kirchner and Ignatova 2015; Ramos and
Fu 2018; Shaheen et al. 2015; Torres et al. 2014). Indeed,
a number of recent reviews have emphasized the emerg-
ing role of protein translation in neurological disorders in
view of the expanding list of neurodevelopmental disor-
ders caused by mutations in various components of protein
translation and its regulation (Kapur and Ackerman 2018;
Tahmasebi et al. 2018). Although the benefit of discover-
ing these disease-gene links, including the one described
in this study, is currently limited to establishing an accu-
rate molecular diagnosis and prevention through informed
reproductive choices, it is likely that these revelations will
inform the development of therapeutics in the future.

In conclusion, we confirm that biallelic PUS7 mutations
in humans produce a syndrome of intellectual disability,
progressive microcephaly and other variable features. The
accompanying consistent defect in pseudouridylation pro-
vides hints at the potential pathogenesis of this syndrome.
In addition, this may also serve as a very helpful assay for
the proper classification of variants of unknown signifi-
cance that will inevitably be encountered in this gene as
exome/genome sequencing of children with intellectual
disability will incorporate it in their annotation.
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