doi:10.1111/ncn3.72

ORIGINAL ARTICLE

Exome sequencing shows a novel de novo mutation in ATL17
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Abstract

Background and Aim: We experienced treating a male patient born to healthy par-
ents, who presented with spastic gait from childhood, and his son and daughter
similarly presented with spastic gait, raising the possibility of a de novo mutation
in the patient. With the hypothesis of a de novo mutation in the patient, we carried
out exome sequencing of the patient and his parents to identify the gene with a
disease-causative mutation in the patient.

Methods: The genomic DNA obtained from the patient and his parents were sub-
jected to exome sequencing. We applied various filters to identify candidate de
novo mutations.

Results: We identified three de novo mutations, namely, PLBI ¢.3601T>A
p.C1201S, PHF2 c.2678C>T p.S893L and ATLI c.1259A>C p.Q420P. Two of
these mutations (ATL] and PHF?2) cosegregated with the disease phenotype in
this family. Because the clinical presentations of the affected individuals in
this family are typical for spastic paraplegia type 3A, the novel mutation
(p.Q420P) in ATLI is likely the cause of early-onset spastic paraplegia in this
family.

Conclusion: In the present, study we confirm the efficacy and usefulness of ex-
ome sequencing of parent—child trios for establishing the molecular diagnosis
of patients with neurological diseases, in whom de nove mutations are
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suspected.

Introduction

The search for de novo mutations has been intensively car-
ried out to identify disease-causative mutations focusing on
patients with severe phenotypes and early ages at onset, and
who were born to healthy parents. This strategy has been
successfully applied to the discovery of causative genes for
many diseases including those for intellectual disability,’
autism® and schizophrenia.>* For disorders hypothesized to
result from de novo mutations, a potentially powerful
approach is exome sequencing of parent—child trios, which
should facilitate the identification of de novo mutations pres-
ent only in the patients.

We have recently experienced treating a male patient pre-
senting with spastic gait from childhood, and his son and
daughter similarly presented with spastic gait, suggesting an
autosomal dominant mode of inheritance. His parents, how-
ever, were unaffected. With the hypothesis of a de novo
mutation in the patient, we carried out exome sequencing of
the patient and his parents to identify the gene with a dis-
ease-causative mutation in the patient.
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Methods

Patients. The pedigree chart of this family is shown in
Figure 1. The patient (II-2) presented with spastic gait from
the age of 4 years, and his son (III-1) and daughter (I1I-2)
also presented with spastic gait from the age of 2 years. The
patient was examined by neurologists, and underwent physi-
ological, radiological and biochemical examinations among
others. The patient showed only lower limb spasticity and
exaggerated tendon reflexes with extensor plantar responses
without sensory or cranial nerve dysfunctions, loss of vibra-
tory sense, neurogenic bladder or cognitive decline. Brain
magnetic resonance imaging (MRI) of the patient did not
show any abnormalities including thickness of the corpus
callosum. MRI findings of the spinal cord were unremark-
able. His children (III-1 and III-2) showed mild spastic gait
and exaggerated tendon reflexes with extensor plantar
responses. On the basis of these observations, we made the
diagnosis of autosomal dominant hereditary spastic paraple-
gia, although the parents (I-1 and I-2) did not show any
neurological abnormalities on examinations by neurologists.
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Figure 1 Pedigree chart. Squares and circles indicate male and
female, respectively. Filled symbols indicate affected individuals,
whereas open symbols indicate unaffected individuals. The arrow
indicates the patient; (x, y) indicates age at examination and onset
age. *Individuals from whorm genomic DNA were collected.

The brother of the proband (II-4) did not show any neuro-
logical abnormalities either.

Methods. Written informed consent was obtained from
all the participants. The children’s informed assent was
obtained with the parents’ consent. The genomic DNA
obtained from the patient and his parents were subjected to
exome sequencing. Exome capture was carried out using an
Agilent SureSelect Human ALL Exon 50 Mb Kit (Agilent,
Santa Clara, CA, USA), followed by massively parallel
sequencing using Ilumina Hiseq2000 (100 bp paired end;
Ilumina, San Diego, CA, USA). We aligned the exome data
by Burrows-Wheeler Aligner,” and extracted single-nucleo-
tide variations (SNV) using SAMtools.® When these SNV
are used to identify variations that are present in the
patient, but not in the parents, too many candidate de novo
mutations are listed, presumably attributable to errors origi-
nating at various steps. To more efficiently identify candi-
date de novo mutations, we applied the following flters,
which were previously applied for the identification of de
novo mutations:”
1 Use variations that are homozygous references in both
parents and are supported by 10 or more high-quality
reads at the mutated sites for each member of the trio.

Table 1 Summary of whole-exome sequencing
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Use a reliable homozygous reference in each parent such
that the likelihood of heterozygosis, nC; (1/2)/(1/2)"", is
lower than the likelihood of homozygosis, nC; (999/
1000)'(1/1000y"~" where the average error rate is assumed
to be one in 1000, 1 represents the number of total reads,
and 7 is the number of reads consistent with the reference.
3 Use reliable de nove mutations of the proband such that

the number of alternative allele reads is at least 30%

among the total reads, which is the condition proposed

by Kong er af.®

Candidate de nove mutations were validated by Sanger
sequencing.

Single nuceotide polymorphism (SNP) typing was per-
formed carried out using Genome-Wide Human SNP array
6.0 (Affymetrix, Santa Clara, CA, USA), followed by link-
age analysis and haplotype reconstruction using SNP-HIT-
Link.® and Allegro version 2.!° The present study was
approved by the institutional review boards of the Univer-
sity of Tokyo and the University of Yamanashi.

Results

We identified 10 502, 10 541, and 10 667 variations in the
father, mother and patient, respectively (Table 1). The can-
didate variants were selected as described in the Methods
section. First, by selecting the variations that are supported
by read depths of 10 times or more high-quality reads, we
obtained 9798, 10 020, and 10 171 variations in the father,
mother, and patient, respectively (Table 1). Second, by filter-
ing for a reliable homozygous reference in each parent, we
were able to narrow the candidate variations to 12. By the
third filter in which the number of alternative allele reads in
the patient is at least 30% of the total number of reads, we
found five variations as the candidate de novo mutations
(Table 2).

By validating the five candidate variations by Sanger
sequencing, we identified three de novo mutations, namely,
PLBI ¢.3601T>A p.C1201S, PHF2 c.2678C>T p.893L and
ATL] c.1259A>C p.Q420P (Fig. 2). PLBI c3601T>A
p.C1201S and ATLI c.1259A>C p.Q420P are novel muta-
tions present in neither dbSNP137 in the Human Gene
Mutation Database nor the in-house variation database
including data from Japanese control subjects (n = 373).
PHE2 ¢.2678C>T p.893L is registered in dbSNP137 as
1rs149241220, although its frequency is one in 4300 in the
European American population (NHLBI Exome Sequencing
Project). It is registered in neither the Human Gene Muta-
tion Database nor the in-house variation database. The
ATL] mutation (c.1259A>C p.Q420P) and PHF2 mutation

No. variations

Total read No. regions with in the regions with
(base) Coverage No. variations read depths 2 10 (%) coverages 2 10x
Father 140 606 140 235.5% 10 502 92.6 9798
Mother 116 931 610 196.2% 10 541 94.3 10 020
Patient 85 656 114 143.0% 10 667 95.9 10171
2
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Table 2 Filtering of variations

Filter No. variations
All variations 10 667
Variations (coverage = 10x) 10 171
Heterozygous in the patient and homozygous 75

in the parents

Reliable homozygous reference in the parents 12
Reliable heterozygous variations in the patient 5
De novo mutations (validated by Sanger sequencing) 2

(c.2678C>T p.S893L) were present in the patient, and his
affected his son and daughter, but was not present in an
unaffected sibling of the patient, thus confirming the coseg-
regation of these two de novo mutations with the disease.
The PLBI mutation (c.3601T>A p.C1201S) did not cosegre-
gate with the disease phenotype. Haplotype analysis showed
that all three de novo mutations occurred in the paternal
chromosomes (Fig. 2).8
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We have identified de novo mutations in two genes (47L1
and PHF?2) that cosegregated with the disease phenotype in
this family. ATL] has been established as the causative gene
of spastic paraplegia type 3A (SPG3A). Because the clinical
presentations of the patients in this family are typical for
SPG3A, the novel mutation (p.Q420P) is likely the cause of
the early-onset spastic paraplegia in this family. PHF2
encodes plant homeodomain finger protein 2, which belongs
to a diverse group of transcriptional regulators affecting
eukaryotic gene expression by affecting the chromatin struc-
ture.!’ So far, no human diseases have been found to be
associated with mutations in PHF2, and the de novo muta-
tion (p.S893L) is registered in dbSNP build 137 as
rs149241220. In addition, both PolyPhen2 and SIFT pre-
dicted the ATLI mutation as probably damaging, and the
PHF?2 mutation as possibly damaging and tolerated. Taken
together, the present findings strongly support the interpre-
tation that the de novo novel mutation in A7L/ caused the
disease in this family, and that the affected individuals in
this family carry SPG3A.
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Figure 2 De novo mutations and haplotype analysis. Haplotypes were manually reconstructed on the basis of single nuceotide polymorphism
(SNP) typing using Genome-Wide Human SNP array 6.0 (Affymetrix), and the electropherograms of the de novo mutations are shown along with
the pedigree chart. Green, red, black, and blue curves indicate A, T, G and C, respectively. Red arrows show the positions of the mutations. The
mutation and the SNP used for haplotype reconstruction are shown in the boxes along with the positions on the chromosomes. Appropriate
informative SNP flanking the mutations are selected for ATL7, PHF2 and PLB1. ATLT and PHFZ mutations cosegregated with the disease

phenotype, whereas the PLB7 mutation did not.
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Discussion

The present study showed the capability of massively paral-
lel sequencing to pinpoint the de novo mutations through
whole-exome sequencing. It has been shown that we encoun-
ter a substantial number of errors in the called variations
derived from short reads obtained by massively parallel
sequencing. In this study, we showed that we can efficiently
narrow down to a reasonable number of candidate de novo
variations by applying various filters including those of suffi-
cient read depths and likelihood (Table 2).

De nove mutation rates have been estimated to be
between 7.6 x 107° and 2.2 x 1O‘"S/base/generation‘m3
Hence, the average number of de novo mutations in exonic
regions is estimated to be one or two. Indeed, a recent study
has shown that the average number of de nove mutations in
exonic regions is 0.9.7 In the present study, we identified
three de novo mutations that are in good agreement with
previous estimations, one of which turned out to be the
cause of the disease and was found in ATL].

Of note, the three de nove mutations occurred in the
paternal chromosomes. A recent study has shown that
paternal mutations occur more frequently than maternal
mutations, and the number of paternal mutations increases
with age.® Thus, our observation of three de novo mutations
in paternal lineage is consistent with previous reports.

Before the exome sequencing analysis, we carried out
mutational analysis of ATLI using resequencing microarrays
designed for mutational analysis of various forms of heredi-
tary spastic paraplegias including SPG3A, which did not
show any causative mutations. After the p.Q420P mutation
was identified by exome sequencing, we re-evaluated the
results of the resequencing microarrays, and confirmed the
presence of the mutation, suggesting difficulties in sensitively
calling heterozygous mutations by the resequencing micro-
array analysis.

The search for de novo mutations has been intensively car-
ried out to identify disease-causing mutations, particularly
focusing on patients with severe phenotypes and young age
at onset."* Furthermore, in the present study, we confirmed
the efficacy and usefulness of exome sequencing of parent—
child trios for establishing the molecular diagnosis of
patients with neurological diseases, in whom de novo muta-
tions are suspected.
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