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Abstract

Background: Homozygous loss-of-function mutations in 7SEN54 (tRNA splicing
endonuclease subunit 54; OMIM: 608755) cause different types of pontocerebellar
hypoplasias (PCH) including PCH2, PCH4, and PCHS5. The study aimed to deter-
mine the possible genetic factors contributing to PCH phenotypes in two affected
male infants in an Iranian family.

Methods: We subjected two affected individuals in a consanguineous Iranian fam-
ily. To systematically investigate the susceptible gene(s), whole-exome sequenc-
ing was performed on the proband and a novel identified variant was confirmed by
Sanger sequencing. We also analyzed 26 relatives in three generations using PCR-
restriction fragment length polymorphism (PCR-RFLP) followed and confirmed by
Sanger sequencing.

Results: Physical and medical examinations confirmed PCH in the patients. Besides,
the proband showed bilateral moderate sensorineural hearing loss and structural heart
defects as the novel phenotypes. The molecular findings also verified that two affected
individuals were homozygote for the novel synonymous variant, NM_207346.2:
c.1170G>A; p.(Val390Val), in TSEN54. PCR-RFLP and Sanger sequencing eluci-
dated that the parents and 16 relatives were heterozygote for the novel variant.
Conclusion: We identified a novel synonymous variant, c.1170G>A, in TSEN54
associated with PCH in an Iranian family. Based on this study, we strongly suggest
using “TSENopathies” to show the overlapped phenotypes among different types of
PCH resulted from 7SEN causative mutations.
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1 | INTRODUCTION

The production of functional tRNAs is highly regulated and
vital for every tissue and cell. The tRNA splicing endonu-
clease (TSEN) genes including TSEN2 (OMIM: 608753),
TSEN15 (OMIM: 608756), TSEN34 (OMIM: 608754), and
TSEN54 (OMIM: 610204) encode the subunits of the tRNA
endonuclease which have an important role in RNA process-
ing (Namavar, Barth, Baas, & Poll-The, 2011; Namavar et al.,
2010). It has been shown that mutations affecting various
facets of this process can cause distinct clinical disorders,
e.g., mutations in varied aminoacyl-tRNA synthetases result
in Usher syndrome (OMIM: 614504) (Abbott et al., 2017),
hereditary spastic paraplegia (OMIM: 615625) (Halevy
et al., 2014), and pontocerebellar hypoplasia (PCH; OMIM:
611523) (Budde et al., 2008).

Nowadays, PCHs have been classified into 10 types ac-
cording to different clinical characteristics, neuroimaging
findings, and genetic bases (Barth, 2000). For example,
PCH2 (OMIM: 277470) is the most common and the first
genetically described group of PCHs, while its frequency is
rather low, i.e., one per 200,000 people (Maras-Geng, Uyur-
Yal¢in, Rosti, Gleeson, & Kara, 2015). Mutations in TSEN2,
TSEN34, and TSEN54 have been identified to be associ-
ated with PCH2 (Namavar, Eggens, Barth, & Baas, 2016).
Mutations in TSEN54 can cause different types of PCHs
(PCH2, PCH4, and PCHS5) (Maras-Geng et al., 2015), while
the underlying mechanisms by which these mutations result
in the disease remain undiscovered. Likewise, the TSEN pro-
teins themselves have been implicated in hindbrain malforma-
tions (Doherty, Millen, & Barkovich, 2013). Accumulating
evidence suggests that mutations in TSEN54 can affect the
brain and cerebellum and lead to neurological disorders as
well as impaired brain functions (Namavar et al., 2010).

The TSENS54 is involved in the formation of a subunit of
the TSEN complex that has an enzymatic crucial role in RNA

processing and maturation of tRNA molecules. Pathogenic
variants in the TSEN54 account for over 90% of patients with
PCH2 and PCH4 (Namavar et al., 2011).

Herein, we introduced a novel variant, NM_207346.2:
c.1170G>A; p.(Val390Val), in TSEN54 which was associated
with PCH in a consanguineous Iranian family. Furthermore,
using PCR-restriction fragment length polymorphism (PCR-
RFLP) followed by Sanger sequencing, we checked the allele
frequency in 26 closely related family members. Because of
the greatly overlapped phenotypes with well-described types
of PCH, e.g., PCH2, PCH4, and PCHS, we suggest using the
“TSENopathies” term which encompasses all described phe-
notypes of PCHs.

2 | METHODS

2.1 | Ethics statement

The study protocol was approved by the local medical ethics
committee of Royan Institute, Tehran, Iran, in 2019, under
the ethical code of “IR.ACECR.ROYAN.REC.1398.13.”
All participants provided written, informed consent before
enrollment. They also were informed that all clinical and
whole-exome sequencing (WES) data would be used only
for scientific and not for commercial purposes. All clini-
cal information and medical histories were collected at the
Department of Medical Genetics, DeNA laboratory, and
Royan Institute, Tehran, Iran.

2.2 | Patients

We examined two male infants (V.1 and V.2) with suspected
PCH (Figure 1). V.1 had passed away before starting the ex-
periment and his clinical data were obtained from his medical
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Pedigree of the family with PCH. An asterisk (*) indicates the sample that was selected for performing WES. In this pedigree,

white symbols: unaffected who were homozygous for wild-type allele; red symbol: affected and homozygous for ¢.1170G>A variant; squares:

men; circles: females; parallel lines: consanguineous marriage; GG: original allele; GA: heterozygote; and AA: homozygous for ¢.1170G>A
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history. Although the blood sample of the proband (V.2) was
accessible, to perform the genetic tests for V.1, the blood
sample was collected from his remained bloody shirt. We
also subjected 26 healthy relatives in three generations for
genetic analysis.

2.3 | Whole-exome sequencing and
cosegregation analysis

About 10 ml of peripheral blood was collected from each
individual and genomic DNA (gDNA) was extracted using
the MagPurix kit (ZP02001, Zinexts company, Taiwan), and
then, WES was applied based on the previous works (Method
Sh).

Samples from each parent and both affected patients
(Figure 1) were subjected to Sanger sequencing to discern
whether the causative homozygous variant in TSEN54
cosegregates with the disease phenotype or not. PCR
was performed in a standard condition (Esmaeilzadeh-
Gharehdaghi, Razmara, Bitaraf, Mahmoudi, & Garshasbi,
2019), and sequence traces were analyzed using the
Sequencher 4.7 program (Gene Codes Corporation, MI,
USA).

2.4 | Prediction of single point variation
on splicing

Accumulating evidence suggests that synonymous
(“Silent”) variants may impact protein expression and
function (Andersson & Kurland, 1990; Chamary, Parmley,
& Hurst, 2006; Czech, Fedyunin, Zhang, & Ignatova,
2010). In humans, synonymous variants have been shown
to affect mRNA splicing (Chamary & Hurst, 2005), mRNA
stability (Gu, Zhou, & Wilke, 2010), and/or mRNA sec-
ondary structure (Capon et al., 2004; Chamary & Hurst,
2005), translation efficiency and kinetics (Lavner &
Kotlar, 2005; Tuller, Waldman, Kupiec, & Ruppin, 2010),
protein folding (Kimchi-Sarfaty et al., 2007), and pro-
tein function (Kimchi-Sarfaty et al., 2007). We applied
mFold (Zuker, 2003) and UNAFold (Markham & Zuker,
2008) (the static secondary structure predictors), KineFold
(Xayaphoummine, Bucher, & Isambert, 2005) (a stochastic
secondary structure predictor), and RNAsnp (Sabarinathan
et al., 2013) to analyze the potential change of the mini-
mum free energy (AG) in the mRNA fragments carrying
the variant under investigation.

To in silico analyze the splicing variation, Human
Splicing Finder (HSF) (http://www.umd.be/HSF3/) (Desmet
et al., 2009) was utilized. In detail, HSF was applied to pre-
dict the formation or disruption of the splice donor site, splice
acceptor site, exonic splicing silencer (ESS) site, and exonic
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splicing enhancer (ESE) site (Desmet et al., 2009). Similarly,
the Potential effects of the variant on mRNA splicing were
analyzed using the Berkeley Drosophila Genome Project
(BDGP; https://www.fruitfly.org) (Spradling et al., 1999)
and NetGene2 (http://www.cbs.dtu.dk/services/NetGene2)
(Brunak, Engelbrecht, & Knudsen, 1991).

We also utilized CRYP-SKIP (https://cryp-skip.img.cas.
cz/) (Divina, Kvitkovicova, Buratti, & Vorechovsky, 2009)
program. This server analyzes significant predicting vari-
ables of cryptic splice site activation and exon skipping using
a regularly updated logistic regression model. Furthermore,
SpliceAid2 (Piva, Giulietti, Burini, & Principato, 2012) aid-
ing to predict the splicing pattern alteration was utilized to
guide the identification of the mutations/variants impacts
molecularly and also to better understand the tissue-specific
alternative splicing (Piva et al., 2012).

2.5 | Computational analysis of the variant's
impacts on codon usage

Because of the general degeneracy of the genetic code, not all
codons occur at the same frequency throughout the genome,
i.e., a strong codon bias exists (Ikemura, 1985). Furthermore,
it has been identified that different organisms have distinct
codon biases (Ikemura, 1985); there is also a possibility that
a difference in codon biases between tissues within the same
organism can be detected (Dittmar, Goodenbour, & Pan,
2006; Sharp et al., 1988), reflecting tissue specificity in gene
expression.

In this study, we assumed that the novel variant might
affect the local speed of translation, impact cotranslational
protein folding, and result in a protein by changing the con-
formation/specific activity. The overall impacts of a given
codon change on the rate of translation or cotranslational pro-
tein folding might be detrimental causing a more substantial
change in the codon usage frequency (Zhang, Hubalewska,
& Ignatova, 2009). Therefore, in this study, we compared
the codon usage frequencies of the variant versus wild-type
codon at the same location using the online in silico predictor
(https://www.bioinformatics.org/sms2/codon_usage.html).

2.6 | PCR-restriction fragment length
polymorphism

To screen the c.1170G>A (NM_207346.2) allele in the
other 26 relatives, the PCR-RFLP assay was designed and
performed. The variant causes a gain of the Rsal restric-
tion site (GTAC). The PCR products were digested with
Rsal (Method S1). As the “Gold Standard” technique (Men,
Wilson, Siemering, & Forrest, 2008), Sanger sequencing, in
particular, was used to confirm the data of PCR-RFLP.
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2.7 |

Analysis of TSENS54 structure and
location of the variant

Not every synonymous codon substitution would have an
equal influence on protein folding in the cell (Tuller et al.,
2010). The impact can be defined by the effects of variants
on the stability and structure of protein folding intermediates
forming along the cotranslational folding pathway (Tuller
et al., 2010). Substitutions that affect codons encoding struc-
turally important residues and/or protein fragments (e.g.,
domain linkers) have been suggested to impose more sub-
stantial effects on protein folding compared to other synony-
mous variants (Tuller et al., 2010).

To predict the possible effects of p.(Val390Val) on pro-
tein-stability and -folding, the protein family and domains were
analyzed using ScanProsite (Gattiker, Gasteiger, & Bairoch,
2002) and Sequence alignments of the human TSEN54 were
recruited by using ClustalW (http://www.ebi.ac.uk/clustalw).
Also, a BLAST sequence search against the protein data bank
(PDB) was performed to select the template structure with the
closest sequence similarity to the domain of TSEN54, and fi-
nally, we used the template given for “RNA Recognition and

Cleavage by a Splicing Endonuclease” (Xue, Calvin, & Li,
2006) (PDB ID: 2GJW) to build the favorite model.

2.8 | Conservation analysis

An interesting question to consider is whether the variant is
detected at the codon that encodes in wild-type TSEN54 evo-
lutionary conserved amino acid residue or not. The ConSurf
(http://www.consurf.tau.ac.il) (Ashkenazy et al., 2016) and
UCSC databases (https://genome.ucsc.edu) were exploited to
provide an evolutionary conservation profile for TSEN54 to
better discern the potential pathological identity of the variant.

3 | RESULTS

3.1 | Clinical assessments

The affected individuals (V.1 and V.2) were born to a con-
sanguineous Iranian family with normal weights and lengths
through spontaneous vaginal delivery at full term without
any complications (Figure 1).

FIGURE 2 Magnetic resonance imaging characteristics of the proband (V.2). (a) Sagittal cut through the midline (T2-W) shows the loss

of transverse fibers of the pons (yellow asterisk), mega cisterna magna (black asterisk), hypoplasia of brainstem, cingulate gyrus, pons, vermis

and cerebellar hemispheres (black arrow). The findings described would be highly compatible with pontocerebellar hypoplasia (black asterisk).

(b) The corpus callosum is almost absent. (c) Hypoplasia of the cingulate gyrus (red arrow) and white matter (yellow arrow) are evident. (d and

e) Lateral sagittal section (T2-W) shows hypoplasia of the cerebellar hemispheres (asterisk). The white matter loss (delayed myelination) is also
evident (yellow arrow). The red arrow shows the almost complete hypoplasia of the cerebellum. (f) Hypoplasia of cerebellum (asterisk) and pons
(red arrow) is evident. (g) The coronal section (T2-W) shows extremely small cerebellar hemispheres and extended vermal hypoplasia. Immaturity
of the cerebral cortex and ventriculomegaly (white thick arrow) are also clearly evident. (h) Coronal sections show hypoplasia of the cerebellar
hemispheres. An enlarged ventricle is visible and also there is an increased distance between the cortical surface and the skull evident, which is
probably due to diminished brain growth in utero IUGR)
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TABLE 1

Patient

Age of disease onset

Gender (male/female)

Age at death

Ethnic origin

Pregnancy duration

Polyhydramnios

Family history

Weight at birth

Head circumference at birth

Age of diagnosis

Intellectual disability

Intrauterine growth retardation (IUGR)
Trritability

Seizure (age at onset)

Visual findings
Electroencephalography

Motor findings Spasticity

Limb hypertonia
Generalized hypotonia
Deep tendon reflexes
Developmental milestones Gross motor function
Fine motor function
Language

Cognitive

Social interaction
MRI findings Cerebellum

Pons
Cerebral cortex

Ventricles

White matter (WM)/gray
matter

Corpus callosum

Genetic finding

Abbreviations: NA, not applicable; ND, no data.

Biochemical blood tests for the mother (IV.4) were reported
normal in her two pregnancy periods (Table S1). Meanwhile, the
karyotype of the parents was normal (Figure S1). First-trimester
screening and quadruple tests showed no increased risk of aneu-
ploidies. History of diabetes mellitus, chronic hypertension, sys-
temic lupus erythematosus, pulmonary embolus, and smoking
or alcohol consumption during pregnancy was negative for IV.4.

Investigations applied according to ultrasonography
showed around 5 days' growth retardation in head (percentile
30%) of both fetuses (V.1 and V.2); this also revealed delayed

Summary of clinical features of index patients (V.1 and V.2) in the family

\A

At birth (congenital)
Male

5 months

Iranian

Full-term

33+02kg

29.9 cm (percentile <3)
NA

NA

+

+

+ (4 months)
Mild abnormality
+

+

NA

Delayed

Delayed

NA

Delayed

ND

Hypoplasia

Hypoplasia and loss of transverse
fibers

Supratentorial/ infratentorial
atrophy

ex vacuo ventriculomegaly

White and gray matter volume loss

Atrophy
c.1170G>A/c.1170G>A
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V.2 (Proband)

At birth (congenital)
Male

22.5 months
Iranian

Full-term

+

34+02kg

30.1 cm (percentile <3)
18 months

+

+

+

+ (18 months)
Mild abnormality
+

+

NA

Delayed

Delayed

Delayed

Delayed

Delayed
Hypoplasia

Hypoplasia and loss of
transverse fibers

Supratentorial/ infratentorial
atrophy

ex vacuo ventriculomegaly

White and gray matter
volume loss

Atrophy
c.1170G>A/c.1170G>A

growth of cerebellum (percentile 20%) at the gestational age
(GA) of 28 weeks. This suggested that the abnormality in the
patients was developmentally late-onset and next to deliver
time. In V.2, cisterna magna space was determined around
13 mm which was near the mega cisterna magna (28 weeks of
GA) (Figure S2). Both fetuses were in a cephalic group with a
grade 2 placentas. In sum, according to the medical histories,
both fetuses revealed mega cisterna magna, small cerebel-
lum, and slight skull-growth restriction. The thalamo-occipi-
tal distance was measured around 5.4 + 0.3 mm for V.2.
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Regarding V.1, the axial spiral brain CT-scan at age
28 weeks GA showed hypodensity of the cerebral white mat-
ter in frontal areas, hypoplasia of lower margin of the vermis,
and dural venous sinuses. The microcephaly was evident and
documented in the V.2 at 35 weeks of GA (head circumfer-
ence: 27.3 cm, percentile <3). Regarding V.2, the measured
nuchal translucency (NT) with crown-rump length 67.4 was
2.2 mm (at 28 weeks of GA) which was considered normal.

A positive history of seizure and mild abnormal electro-
encephalography have been reported for both affected indi-
viduals. For instance, V.2 was irritable at presentation and
had already experienced several episodes of seizures and was
hospitalized due to loss of consciousness, poor feeding, gen-
eralized hypotonia, seizure and suspicious widened anterior,
and posterior fontanel.

(@)

Select Sequenced regions with average
coverage of >8x

¥

Single Nucleotide and Insertion
Deletion Variants

- Nextera Rapid Capture Used

Electromyography and also a nerve conduction study
(NCS) was reported as normal for both patients, whereas
echocardiography showed structural heart diseases in the
proband including a large patent foramen ovale (>23 micro-
bubbles), patent ductus arteriosus, and mild tricuspid and
mitral valve regurgitations. Moreover, an auditory brainstem
response (ABR) test showed bilaterally moderate sensorineu-
ral hearing loss in V.2.

Complementary tests using brain magnetic resonance im-
aging (MRI) at the age of 22 months (V.2) showed supra- and
infratentorial atrophy, hypoplasia of the pons, cerebellum
and corpus callosum, delayed cerebral myelination and gray
and white matter volume loss, absent folding of the olivary
nucleus, and loss of transverse fibers of the pons. An ex-
traaxial CSF space was also evident due to brain atrophy. An

(b)

/ % Target bp Covered\
(128 0.191
1X 99.809
5% 99.322
10X 98.613
20x% 96.560
50x 83.271

29,604

Homozygous Non- and synonymous

Base-quality Filtering, Exclude Heterozygous
variants, and SNPs

Filter 1 werage Coverage (x):102.87y

SNVs
10,225
(" Filter 2 h
‘ _________________ Select Exonic regions
Exonic SNPs ~ /
L 4 Filter 3 )
Allele  frequencies (MAF<0.01) by
‘ _________________ GnomAD, dbSNP147, 1k Genomes, and
Functional predictions, and genes with ESP database. )
plausible disease association
4 4 Filter 4 N

4

Phenotype validation
1

FIGURE 3

Rank variants by Polyphen2, SIFT, and
MutationTaster. Ranked the selective genes
associated with brain abnormality based on
the Phenotypes using ClinVar, Face2Gene,

Qnd Phenolyzer. /

(a) Variant filtering scheme used to prioritize the variants of exome data. Approximately 37 Mb (214,405 exons) of the Consensus

Coding Sequences (CCS) were enriched from fragmented genomic DNA by >340,000 probes designed against the human genome (Nextera Rapid

Capture Exome, Illumina) and the generated library sequenced on an Illumina platform to an average coverage depth ~100x. The regions with

an average coverage of >8x were selected. Other procedures are discussed in the main text in detail. (b) Analysis of statistics WES. The average

coverage was about 102.876x
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infratentorial chronic subdural hematoma was detected next
to the Galen vein that had been developed in the line of an-
terior falx (Figure 2a-h). Other complications such as cen-
tral visual impairments had not been observed in the patients
(Table 1).

3.2 | Whole-exome sequencing findings

The WES was applied to V.2 with an average depth of 100x
(Method S1). In total, 10,225 homozygous SNV and Indel
variants were detected in the patient. By choosing the vari-
ant in exonic regions, 511 variants remained. By excluding
the variants with MAF >1% in publicly available data-
bases (e.g., dbSNP147 (http://www.ncbi.nlm.nih.gov/proje
cts/SNP), 1000 Genomes Project (Li et al., 2009), Exome
Aggregation Consortium (ExAC) (Karczewski et al., 2016),
and gnomAD (Karczewski & Francioli, 2017), and Iranome
(Fattahi et al., 2019), prioritizing according to their func-
tional impacts, and choosing genes with plausible disease
association, only four variants were obtained. Consequently,
using phenotype analyzers, Face2Gene (Mishima et al.,
2019) and Phenolyzer (Yang, Robinson, & Wang, 2015),
a novel synonymous variant, NM_207346.2: c.1170G>A;
p.(Val390Val), in TSEN54 was selected to cosegregate
completely with the disease in the family (Figure 1). The
schematic presentation of the applied steps is depicted
in Figure 3. We also reclassified the variant based on the

(a) G/G (Wild-Type) G/A (Heterozygote) A/A (Variant)
| | | | -
T T T ) L
| | | —— Ll
486bp | 113bp | 217bp assbp ! T Tapp assbp ! T Tapp
28bp 85bp 28bp 85bp

456 bp 436 bp — 436 bp

— 217bp — 217bp E—217bp
— 113bp — 113bp
‘e 85 bp e 85bp
E— 25bp E— 28bp

Normal Normal W/V:

4
d

FIGURE 4

Homozygote for
Wild-type allele

Heterozygote for Wild-
type and variant alleles

Homozygote
variant allele

Open Access,

American College of Medical Genetics and Genomics-
Association for Molecular Pathology (ACMG-AMP guide-
lines) (Biesecker & Harrison, 2018) into the “Pathogenic
Variant.” The novel variant was submitted to Leiden Open
Variation Database (LOVD; https://databases.lovd.nl/share
d/individuals/00301207).

3.3 | Molecular findings
A novel synonymous variant was identified that was absent
in dbSNP147, 1000 genome project phase 3, EXAC, Iranome,
HGMD®, and ClinVar database. The variant also was not
found in the literature. Sequencing of exon 8 of TSEN54 in
available members verified that the variant, c.1170G>A,
cosegregates with a PCH phenotype (Figure 1), i.e., the pa-
tients were homozygous for this variant. For further investi-
gation, ¢.1170G>A variant was checked in 26 relatives of the
family using the PCR-RFLP technique which was confirmed
by Sanger sequencing. Results indicated that 16 subjects were
heterozygous for the variant (GA), whereas 10 individuals
only were carrying the wild-type allele (GG) (Figure 4a,b).
Data resulted from CRYP-SKIP showed that the variant
can increase the probability of cryptic splice site activa-
tion (scores from 0.1 for wild-type to 0.33 for the variant).
Also according to SpliceAid2, the novel variant can make
a new place for binding ZRANB?2 protein. This protein is
an SR-like nuclear protein serving as a splicing factor that

(b) c.1170G>A

CAGCGGCGGCAGGTGCAGAGG

G
CAGCGGCGGCAGG TK CAGAGG

for the

CAGCGGCGGCAGGTAAECAGAGG
Gln Arg Arg Gln Val Gln Arg

(a) A simple and rapid PCR-RFLP assay for detecting ¢.1170G>A variant in the TSEN54 gene. This schematic figure showing

the generated fragments after digestion with Rsal. The variant makes a new site for this enzyme. Agarose gel (2.0%) electrophoresis with ethidium

bromide staining following the Rsal digestion of the PCR products is shown. PCR-RFLP results in normal control showing 486, 217, and 113 bp

(A1) and after Rsal digestion (A2), a proband who was homozygously showing three distinct bands including 486, 217, and 85 bp. The 28 bp band

is not seen in this figure; Normal is wild-type allele (GG); W/V is heterozygote; and V/V is homozygous for c.1170G>A. (b) Chromatograms

showing nucleotide sequences of T7SEN54 in the regions of ¢.1170G>A which was detected in the family. The affected region is highlighted
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In silico prediction of pathogenicity of p.(Val390Val) in the family

TABLE 2

Zygosity

Patients

1K

Mutpred
splice

Mutation

taster

(V.1 and Mother Father

Gene/genomic
position

ExXAC Iranome PROVEAN

Genome

NetGene2

BDGP

V.5) HSF

(IV.4)

v.2)

Variant

Neutral

N.R

N.R N.R

Cryptic 5' SS

Creates Creates a

Disease-

Alteration of

Hom. Het. Het.

TSEN54

c.1170G>A;

Medicine
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0.0028).

The variant
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is required for alternative splicing of TRA2B/SFRS10 tran-
scripts (Loughlin et al., 2009). Thus, this variant may inter-
fere with constitutive 5’-splice site selection. Furthermore,
the HSF server revealed that the c¢.1170G>A substitution
can alter an exonic ESE site resulting in the potential alter-
ation of splicing (Table 2).

We also showed that the variant is located in exon 8 of
TSEN54 which, in turn, encodes an important structural unit
of TSEN complex (Figure 5a,b). The conservational analy-
sis revealed that the variant is a highly conserved region in
primates (Figure 5c). As discussed, synonymous mutations
can change the mRNA structure. To address this concern, we
used mFold, UNAFold, KineFold, and RNAsnp web serv-
ers. All of them verified that the variant can increase the AG
of RNA folding (Figure 5d). Furthermore, data showed that
¢.1170G>A variant is capable of changing codon usage by
substituting GTA instead of GTG. The latter is the preferred
codon in human, while the former codon is less-used.

4 | DISCUSSION

Over 50 human diseases have been associated with synony-
mous mutations (Sauna & Kimchi-Sarfaty, 2011) and it has
been recently identified that nonsynonymous and synony-
mous variations have a similar probability of disease asso-
ciation (1.46% versus 1.26%, respectively) (Hunt, Simhadri,
Iandoli, Sauna, & Kimchi-Sarfaty, 2014). Moreover, they
have a statistically equivalent effect size, suggesting that
the list of disease-causing synonymous mutations will grow
(Chen, Davydov, Sirota, & Butte, 2010). In this study, we
identified a novel synonymous variant in 7SEN54 which
was the most probable cause of PCH in the patients (Table
3). PCHs rare autosomal recessive neurodegenerative dis-
orders with prenatal onset, disrupting brain development
(Malandrini et al., 1997).

It has been indicated that several candidate genes associ-
ated with congenital brain malformations (Najmabadi et al.,
2011); however, very few studies have investigated genes re-
lated to PCHs (Namavar, Barth, & Baas, 2011). The majority
of studies in this area have been subject to various limitations,
e.g., in most studies, only one or two patients were investi-
gated or the sample size was scant, so there is no possibil-
ity to distribute the results to the whole population. Previous
studies have shown that the homozygous p.A307S missense
mutation in TSEN54 is associated with PCH2 (Namavar et al.,
2011), whereas it has been recently detected that a compound
heterozygous mutation of c.919G>T and c.468+2T>C is as-
sociated with a more severe phenotype consistent with PCH
type 5 (Namavar et al., 2011). The knockdown mouse model
of TSEN54 led to the brain hypoplasia and loss of structural
definition in the brain due to increased cell death via loss of
functional mechanism (Kasher et al., 2011).
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FIGURE 5 (a) Schematic genetic map of TSEN54 (NM_207346.2) and the c¢.1170G>A variant identified in the consanguineous family

members. The c.1170G>A is located in exon 8. (b) The three-dimensional structure is shown. This complex is composed of TSEN2, TSEN15,
TSEN34, and TSEN54. TSEN15 and TSEN54 are structural units of TSEN complex, while TSEN2 and TSEN34 play an important role as catalytic
units. After processing by the tRNA endonuclease, the intron is removed, resulting in the mature tRNA. (c) The amino acid sequence of GPT2

colored based on conservation scores by the ConSurf database. ConSurf demonstrates evolutionary conservation profiles for proteins of known/

unknown structure according to the phylogenetic relations between homologous sequences as well as amino acid's structural and functional

importance. To be on the safe side, the UCSC database used to show the conservation of specific regions including the variant site in vertebrae,

with high brain function and structure. (d) The RNAsnp webserver output for the putative structurally variant. the variant can significantly increase

the minimum free energy from —181.50 kcal/mol to —180.20 kcal/mol. The green lines show the optimal secondary structure of the global wild-

type sequence (970-1370), while the red one is exhibiting the optimal secondary structure of the global variant sequence in the same region

TSEN54 encodes a subunit of the tRNA splicing endonucle-
ase (TSEN) complex involved in the identification and cleavage
of RNAs from precursor tRNAs. This heterotetramer complex
is composed of TSEN2, TSENI15, TSEN34, and TSEN54
(Figure 5b). The TSEN complex is also associated with a pre-
mRNA 3’-end processing factor (Paushkin, Patel, Furia, Peltz,
& Trotta, 2004). Additionally, the depletion of the TSEN com-
plex causes defects in the maturation of pre-tRNA and -mRNA
(Paushkin et al., 2004). As stated in BrainSpan atlas (Atlas
of the Developing Human Brain; http://www.brainspan.org/)
(Hawrylycz et al., 2014), TSEN54 is one of the highly expressed
genes in humans. The effects of codon usage on gene expres-
sion were previously thought to be mainly mediated by its im-
pacts on translation (Robinson et al., 1984); however, Zhou
et al. (2016) demonstrated that the impacts of codon usage are
mainly due to effects on transcription, not translation. Based on
the Sequence Manipulation Suite (sms2.0; https://www.bioin
formatics.org/sms2/codon_usage.html), the preferred codon for

Valine is GTG. The c.1170G>A variant can change this codon
to GTA which is not preferred codon and its portion was deter-
mined approximately zero for humans through analyzing 1000
samples. The data were confirmed by the Genescript database
(https://www.genscript.com/) introducing that GTA’s portion
is 7.0% while GTG designated 47% of all Valine codons to it-
self. In this study, we predicted that the ¢.1170G>A variant can
change the codon usage in the patients which may influence
the transcription and translation rates. Any alteration in the ex-
pression of a single gene can change the levels of other genes
and relevant pathways (Dagle & Weeks, 2001). In general, re-
ducing the translation rate will increase the time available for
N-terminal portions of a protein to fold to a stable structure
prior to the appearance of more C-terminal portions (Sander,
Chaney, & Clark, 2014). Data derived from RNA folding pre-
dicting databases confirmed that the ¢.1170G>A variant can
change the RNA folding, i.e., this novel variant can increase the
AG of mRNA folding (Figure 5d).
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The three-dimensional (3D) structure of the eukaryotic
TSEN complex has not yet been solved. The large TSEN54
subunit takes a center stage in recognizing the precursor tRNA
substrate and positioning the two catalytical subunits, TSEN2
and TSEN34, to their respective cleavage sites (Abelson,
Trotta, & Li, 1998). We conjectured that the c.1170G>A
can change the splicing process which would alter the 3D
structure of TSENS54. It is conceivable that either the spatial
changed peptide chain can interfere with the secondary struc-
ture of TSEN54 and/or might hinder the binding of TSEN54
to the target precursor tRNAsS.

Namavar et al. also showed that TSEN54 was highly ex-
pressed in neurons of the pons, cerebellar dentate, and olivary
nuclei during the second trimester of pregnancy, a determin-
ing period for the morphological development of these struc-
tures. Consistent with what has been found, the measured
head circumference of the fetuses (V.1 and V.2) showed that
the first symptoms were detectable after 28 weeks of preg-
nancy or in the third trimester; thus, applying genetic tests
in suspected families are an asset to early diagnosis of such
diseases. As well as, Namavar et al. showed that the non-
sense or splice site mutations in 7SEN54 were associated
with a more severe phenotype of perinatal symptoms, venti-
lator dependency, and early death. In this study, we detected
a broad range of overlapped symptoms, e.g., microcephaly
and poor feeding (PCH7) absent folding and gliosis of oli-
vary nucleus (PCHI, 2, 4, and 5), loss of ventral nuclei and
transverse fibers on pons and hearing impairment (PCH1, 4,
and 5), and cardiomyopathy (PCH6). We propose using the
term “TSENopathies” to cover a wide range of symptoms.
Besides, the proband showed structural heart diseases includ-
ing a large patent foramen ovale (> 25 microbubbles), patent
ductus arteriosus, and mild tricuspid and mitral valve regur-
gitations. The proband also showed bilateral moderate senso-
rineural hearing loss. All phenotypes have not been reported
in association with PCH caused by TSEN mutations.

Taken together, we introduced a novel variant, c.1170G>A
or p.(Val390Val), in two male neonates affected by PCH. We
also checked the allele frequency in 26 relatives by PCR-
RFLP followed and affirmed by Sanger sequencing. In brief,
we showed that homozygous ¢.1170G>A variant in TSEN54
causes PCH in two affected male individuals. Sanger se-
quencing and PCR-RFLP showed that the parents (IV.4 and
IV.5) were heterozygous and none of the relatives were ho-
mozygous for this variant. We strongly recommend doing a
functional analysis and also further genetic screening in dif-
ferent ethnicities.

5 | CONCLUSION

Nowadays, by using next-generation sequencing, a list of
genes responsible for various congenital brain malformations

Mol | . ic Medici 11 of 14
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is rapidly growing. In this study, we used the WES to deter-
mine the possible genetic factors contributing to PCH phe-
notypes in two affected neonates in an Iranian family. This
experiment adds to a growing corpus of research and sug-
gests ¢.1170G>A or p.(Val390Val) variant in TSEN54 as
a cause of PCH. These findings will not only enhance the
clinical description and a better genetic diagnosis of PCH but
also will illuminate the fundamental underlying molecular
mechanisms. Although we provided adequate evidence to
support the pathogenicity of p.(Val390Val) in PCH, to better
understand the function of the TSEN54 protein, we strongly
recommend doing functional analysis using the translational
animal models.
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