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ARTICLE INFO ABSTRACT
Keywords: Pontocerebellar Hypoplasia (PCH) is a rare autosomal recessive hereditary neurological degen-
Pontocerebellar hypoplasia erative disease. To elaborate upon the clinical phenotypes of PCH and explore the correlation

Sex reversal
TOE1 gene
Developmental delay

between TOE1 gene mutations and clinical phenotype, we analyze the clinical and genetic fea-
tures of a Chinese infant afflicted with pontocerebellar dysplasia accompanied by gender reversal
with bioinformatics methods. The main clinical features of this infant with TOEI gene mutation
included progressive lateral ventricle widening, hydrocephalus, severe postnatal growth retar-
dation, and hypotonia, and simultaneously being accompanied by 46, XY female sex reversal.
Whole exome sequencing revealed a compound heterozygous mutation in the TOEI gene (¢.299T
> G, ¢.1414T > G), with the protein homology modeling-generated structure predicting a
pathogenic variation, which is closely related to the clinical manifestations in the patient. The
new mutation sites, ¢.299T > G and ¢.1414T > G, in the TOEI gene are pathogenic variants of
pontocerebellar hypoplasia type 7.

What is already known about this topic?

PCH is a rare autosomal recessive hereditary neurological degenerative disease that has a typical prenatal onset. Currently, very
few cases of PCH type 7 have been reported, with clinical phenotype being the significant differences.

What does this study add?

We reported a cerebellopontine hypoplasia case accompanied by 46 XY female sex reversal and identified a novel compound
heterozygous variant in the TOE1 gene that causes PCH7 in a Chinese child. As far as we know, this is the first case of PCH7
detected from prenatal to postnatal.
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How this study might affect research, practice, or policy

Attracting more attention and clarifying the pathogenicity of the compound heterozygous variant in TOEI gene can provide a
better basis for prenatal consultation and diagnosis, enriching the PCH7 pathogenic gene spectrum for population and prenatal
screening.

1. Introduction

Pontocerebellar hypoplasia (PCH) is a group of clinically diverse and genetically heterogeneous autosomal recessive neuro-
developmental disorders. Its main characteristics include delayed development and brain structural degeneration before birth [1,2].
The specific symptoms of the nervous system vary according to different subtypes. Currently, known PCH can be divided into 13 types
involving 19 genes, with some types being further divided into different subtypes [3]. For example, PCH type 2, which has the highest
incidence among the known subtypes, can be further divided into six subtypes, including PCH2A-PCH2F. In 2011, Anderson et al. [4]
reported a full-term male infant with underdeveloped male genitalia at birth. Subsequently, penile body tissue degeneration was
observed, with the genitalia surface appearing as female and having increasingly severe hypotonia, frequent apnea, and seizures. The
imaging examination showed reduced white matter around the ventricles and significant pontocerebellar hypoplasia. Siriwardena
et al. reported a similar case, with pontocerebellar hypoplasia having an XY sex reversal: confirmation of a new syndrome of PCH [5].
To date, pontocerebellar hypoplasia with gonadal dysplasia has been defined as PCH type 7 (PCH7, MIM#614969) [6]. However, no
clear pathogenic gene was detected. Until 2017, Lardelli et al. confirmed that PCH7 is related to biallelic mutations in the 3’
exonuclease TOE1 gene [7]. Here, we reported a cerebellopontine hypoplasia case accompanied by 46 XY female sex reversal, and also
detected two mutations in the TOEI gene. Furthermore, we also analyzed the TOEI mutation using bioinformatics methods to
elucidate its role in PCH 7.

2. Methods
2.1. Object of study

An infant diagnosed with “developmental backwardness” was taken as the study subject. Their clinical data was analyzed along
with imaging and genetic examinations, which included bioinformatically analyzing the TOE1 gene. This project has been approved by
the hospital’s Medical Ethics Committee [2022-P2-284-01]. The parents of the infant gave written informed consent.

2.2. Methods

2.2.1. Analysis of clinical characteristics
The patient’s clinical phenotype and imaging results at different stages were analyzed.

2.2.2. Genetic analysis

Blood samples (2mL) were collected from the child and parents. High-throughput sequencing was performed using the Illumina
NovaSeq 6000 series platform (Illumina, Inc., San Diego, CA, USA) by the Beijing FINDRARE Genetic Testing Company. The whole
gene exome of patients was tested, and the sequencing data was analyzed in depth to identify possible variant genes. Comparative
analysis with the human genome hg19 reference sequences (GRCh37/hg19) provided by the UCSC database was performed with
Agilent’s SureSelect Human All Exon V6 files and the NextGene V2.3.4 software to assess the coverage and sequencing quality of the
target regions.

Variants are filtered according to strict selection criteria and annotated with relevant information from the Human Gene Mutation
Database (HGMD) database and protein function prediction software. The pathogenicity of genetic variants was assessed according to
the Standards and Guidelines for Interpretation of Sequence Variants published by the American College of Medical Genetics and
Genomics (ACMG) in 2015, and Human Genome Variation Society (HGVS) nomenclature was used. TOE] mRNA sequence
(NM_025077.3) was chosen as the reference sequence. Both variants were detected using trio-WES and validated through Sanger
sequencing.

2.2.3. Conservation analysis

The position of the PCH-related TOE1 mutation site was presented using SnapGene (https://www.snapgene.com/). TOEI sequence
comparisons between different species were analyzed using CLUSTALW (https://www.genome.jp/tools-bin/clustalw), with the syn-
chronized TOE1 protein secondary structures analyzed using ESPript (https://espript.ibep.fr/ESPript/cgi-bin/ESPript.cgi) [8]. The
sequences being analyzed are as follows: Homo sapiens (NP_079353.3) Pan troglodytes (XP_009454561.1); Pongo abelii
(NP_001125670.1); Macaca mulatta (XP_001101649.2); Equus caballus (XP_001496247.1); Sus scrofa (XP_003128093.2); Bos taurus
(NP_001069062.1); Mus musculus (NP_080930.1); Canis lupus familiaris (XP_038543783.1); Loxodonta africana (XP_023410439.1);
Danio rerio (NP_001243611.1); Xenopus tropicalis (NP_001120127.1).
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2.2.4. Predicting the deleteriousness of mutant loci

PolyPhen-2 v2.2.3r406 (http://genetics.bwh.harvard.edu/pph2/index.shtml) [9], PROVEAN (http://provean.jcvi.org/index.php)
[10] and Mutation Taster (https://www.genecascade.org/MutationTaster2021/) [11] were used to predict how an amino acid mu-
tation possibly impacts the structure and function of a human protein using straightforward physical and comparative considerations.
The Missense3D and Pymol softwares were used to analyze the potentially pathogenic mutant loci’s spatial location and predict
deleteriousness [12]. PredyFlexy (https://www.dsimb.inserm.fr/dsimb_tools/predyflexy/index.html) was used to predict the TOE1
sequence flexibility [13].

3. Results
3.1. Clinical characteristics analysis

General information: The infant is the second pregnancy, first delivery, born naturally at 42 gestational weeks without asphyxia at
birth. The external genitalia manifested as female. The parents found the baby was unable to chase and had high muscle tension in the
limbs and low muscle tension in the trunk about six weeks after birth. The baby has been confirmed to have severe neuro-
developmental and growth retardation at about one-year-old. The child is now one year and six months old with weight, length, and
head circumference below the 3rd percentile and currently unable to lift their head, turn over, or chase people or objects; cortical
blindness but no seizures.

3.1.1. Assistant examination

Ultrasound examination at Gestational Age (GA) 24 weeks revealed widening of the fetal lateral ventricles. Magnetic resonance
imaging (MRI) at GA29 weeks revealed small volumes in both the cerebellar hemispheres, wide cerebellomedullary cisterns, slender
corpus callosum, and widened bilateral ventricles. Postnatal brain image suggests severe hydrocephalus. (Fig. 1A-B).

3.1.2. Growth development assessment

If the body weight/length/head circumference is lower than the 10th percentile (p10) of the same age, it is considered a devel-
opmental delay. In contrast, if it is lower than the 3rd percentile (p3), it is considered a severe developmental delay. The baby had a
birth weight of 3.4 kg (p50), length of 49 cm (p25), head circumference of 33.5 cm (p15). Six months after birth: the weight was 5.5 kg
(below p3), length was 65 cm (p10), and head circumference was 38.3 cm (below p3). One year after birth: the weight was 5.5 kg
(below p3), length was 65 cm (below p3), and head circumference was 40 cm (below p3). At birth, the infant is appropriate for
gestational age and experiences progressive growth delay. Growth development assessment was performed according to the WHO
Child Growth Standards (http://www.who.int/child growth/en).

3.1.3. Neurodevelopment assessment

Neurodevelopment assessment was administered at three months and six months old, respectively. Here, five major functional
areas, including adaptive, gross motor, fine motor skills, and language and personal-social areas, were assessed by the Gesell scale and
they showed progressive regression (Suppl. Table 1).

3.1.4. Electroencephalogram of the child (5 months after birth)
The background showed a moderate to high amplitude 34 Hz rhythm or non-rhythmic slow waves, mixed with a small amount of
low amplitude 6 Wave. We observed no spindle wave during sleep, a visible apex wave, and no epileptiform discharge. There was

B

Fig. 1. Brain imaging at different stages. (A) Head MRI 1 month post-birth. (B) Head CT at 3 months post-birth. All indicate severe hydrocephalus.
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incomplete inhibition of the occipital rhythm.

3.1.5. Chromosome examination of the father
46, XY, inv(9) (p12q13)with an arm-to-arm inversion in chromosome 9.

3.1.6. Chromosome examination of the mother
46, XX, with no abnormal conditions.

3.1.7. Fetal chromosome examination (amniotic fluid sample)
arr(1-22) x 2,(X,N) x 1. There was no clinically significant copy number variation found within the detection range.

3.1.8. Chromosome karyotype of the infant
46, XY.

3.1.9. Maternal pregnancy history

Gravida 2, para 1, routine pregnancy examination at 24 weeks of the first pregnancy, found that the fetal lateral ventricle had
widened and had hydrocephalus, with induced abortion being performed later. However, no relevant inspections were conducted.
There were no complications during this pregnancy, with prenatal examinations being regularly conducted. Fetal abnormalities were
also found at 24 weeks of pregnancy.

3.2. Genetic analysis and sanger sequencing verification of the TOE1 gene
An inherited compound heterozygous variant, NM_025077.3: ¢.299T > G (p.L100R) and c.1414T > G (p.C472G), was found in the
TOE1 gene of the child. The mutation sites were validated by Sanger sequencing. The proband’s father carried the ¢.299T > G (p.

L100R) heterozygous variant, and the mother carried the ¢.1414T > G (p.C472G) heterozygous variant. (Fig. 2A-B). These two loci
have not been previously reported.

3.3. Structural analysis of novel compound heterozygous mutations

We demonstrated the novel TOE1 gene mutation sites, i.e., ¢.299T > G (p.L100R) and ¢.1414T > G (p.C472G), along with the
reported PCH-related mutation sites on the TOEI protein. Here, p.L100R was located in the Asp-Glu-Asp-Asp (DEDD) deadenylase
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Fig. 2. Clinical and molecular characteristics of the patient. (A) Family pedigree of the proband. (B) Sanger sequencing revealed that the patient
harbored a compound heterozygous variant (c.299T > G and ¢.1414T > G, p.L100R and p.C472G) in the TOE1 gene (NM_025077.4). Red arrows
indicate the variant base.
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domain, whereas p.C472G was located in the carboxyl end of amino acid (Fig. 3A). Conservation analysis indicated Leu 100 and Cys
472 are highly conserved among the various species (Fig. 3B).

We demonstrated the spatial location of the newly found mutation site in this study along with the other previously reported
mutations on the 3D model of the TOE1 protein, with the new mutations found in this study (red) shown as a stick model (Fig. 4A and
B). The 3D structures of the molecule and missense variant were analyzed using the Missense3D software. The p.L100R substitution
does not trigger a clash alert, which will be triggered when the mutant structure has a MolProbity clash score >30 and the increase in
clash score is > 18 compared to the wild type [14]. The wild-type and mutant local clash scores were 15.29 and 19.26, respectively.
However, this mutation does not alter the secondary structure ‘E’ (extended strand in parallel and/or anti-parallel p-sheet confor-
mation). However, this substitution replaces a buried hydrophobic and uncharged residue (Leu, relative solvent accessibility, RSA,
4.2%) with a hydrophilic and charged residue (Arg, RSA 0.0%). Furthermore, the p.C472G substitution caused a switch between the
buried and exposed states of the target variant residue. Here, the Cys was buried (RSA 0.7%), whereas Gly was exposed (RSA 11.9%).
However, this substitution does not alter the secondary structure ‘T’ (hydrogen-bonded turn). Although the wild-type residue was Cys,
it did not form a disulfide bond with any neighboring wild-type residue. Thus, no disulfide bonding pattern changed in the mutation
sequence (Fig. 4B).

Since the p.L100R and p.C472G mutations did not affect the secondary structure of the TOE1 protein, we proceeded to analyze the
effect of these two mutation sites on the flexible structure of the TOE1 protein. The B-factor was used to describe the thermal motion-
induced attenuation of X-ray or neutron scattering and the protein flexibility. The higher the B-factor in the protein structure, the better
the motility, and conversely, a lower B-factor meant that the structure was more rigid [15]. Normalized Root Mean Square Fluctuations
(RMSF) values represent the degree of freedom of movement of individual atoms in a molecule. They can characterize the flexibility
and thermal stability of the protein conformation [16]. The results showed that biallelic mutations (p.L100R and p.C472G) change the
flexible structure between Leu 100 to Ala 118, which is located in the DEDD deadenylase domain, and Cys 463 to Gly 480 (Fig. 5A-F).
Therefore, these results indicated that p.L100R and p.C472G might confer flexibility and thermal stability to the TOE1 protein.
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Fig. 3. Novel compound heterozygous mutations in TOEI gene. (A) p.L100R was located in the DEDD domain, whereas p.C472G was located in the
carboxyl end of amino acid. (B) Interspecies amino acid sequence alignment of the TOEI gene across the different vertebrate species.
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3.4. Pathogenicity analysis of novel compound heterozygous mutations

The results of the pathogenicity analysis according to the ACMG showed that ¢.299T > G (p.L100R) and ¢.1414T > G (p.C472G)
variants were not reported in the literature. Bioinformatics analysis software (PolyPhen2, PROVEAN and Mutation Taster) predicted
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deleterious outcomes (PP3) of these variants. PolyPhen-2 predicted that the p.L100R variant would impair the TOE1 function, ac-
cording to HumDiv (“probably damaging,” score = 1) and HumVar (“probably damaging,” score = 0.998). The p.C472G variant
showed “probably damaging” with scores of 0.998 and 0.897, respectively. The score of PolyPhen-2 ranges from zero to one; the larger
the score, the more harmful it was. The PROVEAN score of p.L100R and p.C472G were —4.975 and —6.141, respectively, which were
considered “deleterious” (cutoff = —2.5). The analysis on Mutation Taster came to the same conclusion. Therefore, these results
indicated that p.L100R and p.C472G might damage the function of TOE1. These variants were not included in the normal population
database gnomAD (PM2_Supporting). Based on current evidence, the variant was defined as a variation of undetermined clinical
significance (PM2_Supporting + PP3).

4. Discussion

PCH is a rare autosomal recessive hereditary neurological degenerative disease that has a typical prenatal onset [17]. The common
features of PCH include pons and cerebellum atrophy, progressive microcephaly, different degrees of ventricular dilation, severe
cognitive impairment, motor disorders, and seizures. Lardelli et al. [7] reported 12 PCH7 families and found that most families had
biallelic gene function deletion mutations in TOEI (NC_000001.11), with further animal models and functional verification proving
that these mutations can reduce and cause abnormality in the TOE1 functionality. Unfortunately, it is unclear how this affects the
development of the pons, cerebellum, and testes in the fetal period.

Currently, very few cases of PCH7 have been reported, with clinical phenotype being the significant difference. Only 16 cases of
PCH 7 have been reported worldwide, with four found in China among two siblings from one family [18-20]. Here, we reported, we
found the hydrocephalus, widened medullary cistern, cerebellar hypoplasia, and corpus callosum hypoplasia starting from the fetal
period; as far as we know, this is the first case of PCH7 detected from the prenatal to postnatal stages. The neuroimaging was like the
typical PCH described previously by Riisch [21]. Furthermore, we also found that postnatal neurological development was severely
impaired, along with severely delayed growth development. However, there was no significant respiratory arrest or epileptic seizures.
Based on the results of genetic testing, for the TOE1 compound heterozygous mutation, the primary diagnosis was pontocerebellar
dysplasia type 7. Since this was mostly accompanied by gonadal dysplasia, we conducted chromosomal karyotype analysis for this
infant, and the results confirmed that the patient is 46, XY. The infant’s external genitalia was female, but there were no testicles,
ovaries, or uterus in its pelvic cavity. These two compound heterozygous mutations in TOEI have not been reported yet. Therefore, our
findings will broaden the phenotype spectrum of neurodegenerative diseases associated with TOEI mutations.

The TOE1 gene encodes a nuclear adenylase comprising a C3H zinc finger (ZN), a nuclear localization signal (NLS) peptide, and a
DEDD domain with deadenylase activity. Its function was to inhibit cell growth and cycle, mediate the growth inhibition effect of
EGR1, and participate in the maturation and the processing of the 3’ tail of snRNA [22]. Although the biallelic mutations of TOE1 form
the foundation of PCH7, there are currently scattered case reports of the TOE1 compound heterozygous mutations leading to severe
phenotypes, with the mechanism still remaining unknown.

Bioinformatics analysis indicated that ¢.299T > G p.L100R and c.1414T > G p.C472G might damage TOE1 function. Interestingly,
the p.L100R variants of our patient are in the DEDD domain and affected the surface residues rather than the p-sheet conformation.
Correspondingly, the B-value and RMSF value between Leu 100 and Ala 118 had changed. The p.C472G mutation resulted in the B-
value and RMSF value fluctuating in the zone from Cys 463 to Gly 480. The catalytic activity center of proteases is usually located in
the low B-value region, and this feature was used to predict the location of the enzyme activity center. Later, it was found that protein
thermal stability was closely related to its rigidity. Thus, the variants were likely to affect the deadenylase activity directly.

Knockdown of TOEI was found to cause developmental arrest during the morula-to-blastocyst transition in mice [23]. This
developmental arrest can be rescued by TOEI mRNA microinjection, which indicates that TOE1 plays an important role in early
embryonic development. However, whether TOEI can serve as an effective therapeutic target for PCH7 requires further in-depth
studies. In conclusion, our study identified one compound heterozygous variant in the TOEI gene, enriching the PCH7 pathogenic
gene spectrum for population and prenatal screening.
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