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The diagnosis of rare diseases with multisystem manifestations can constitute a difficult
process that delays the determination of the underlying cause. Whole exome sequencing
(WES) provides a suitable option to examine multiple target genes associated with several
disorders that display common features. In this study, we report the case of a female patient
suspected of having Sotos syndrome. Screening for the initially selected genes, considering
Sotos syndrome and Sotos-like disorders, did not identify any pathogenic variants that
could explain the phenotype. The extended analysis, which considered all genes in the
exome associated with features consistent with those shown by the studied patient,
revealed a novel frameshift variant in the AMERT gene, responsible for osteopathia striata
with cranial sclerosis. WES analysis and an updated revision of previously reported disease-
causing mutations, proved useful to reach an accurate diagnosis and guide further

sequencing

Introduction

Whole exome sequencing (WES) constitutes a suitable op-
tion to diagnose genetic disorders. It offers an advantageous
solution to evaluate genetic conditions whose clinical fea-
tures overlap with numerous diseases, complicating their
early and accurate diagnosis. Rare diseases with multisystem
manifestations can show heterogeneous characteristics and
a highly variable onset, which can pose a challenge for
determining the cause of the disease. The implementation
of high-throughput sequencing technologies in the diagnos-
tic routine of genetic disorders has allowed selecting the
correct management for the patient, which can otherwise be
a tedious process both for patients and for health care
professionals. It can also reduce the time and associated
costs of unnecessary tests, therefore improving patient man-
agement. For instance, some skeletal dysplasias that manifest
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examination to identify critical abnormalities.

macrocephaly may have a similar clinical presentation to
genetic diseases such as Sotos, Weaver, and Luscan-Lumish
syndromes, among others.

In this case report, we described a pediatric case with
clinical features of macrocephaly, dysmorphism, mild devel-
opmental delay, hypotonia, and respiratory abnormalities
who was suspected of having Sotos syndrome. The analysis
did not detect any pathogenic mutation in the genes initially
considered for the suspected phenotype. We expanded the
analysis to include other previously nonselected genes asso-
ciated with overlapping conditions. Moreover, we reviewed
the literature to assess the clinical features of patients with
similar mutation types to our case in the AMER1 gene. This
report led to a thorough study of the phenotype-genotype
variation in osteopathia striata with cranial sclerosis (OSCS)
cases, resulting in a precise management of this patient,
thanks to being able to forecast future complications.
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Material and Methods

Patient Description

The reported patient was the daughter of healthy noncon-
sanguineous parents with a negative family history for the
studied phenotype. She was referred for neuropediatric
consultation at the age of 2 years and 6 months due to motor
delay in basic motor skills such as running or jumping, and
mild speech delay (use of 10 words). She had undergone
neonatal hospitalization for 7 days due to neonatal transient
tachypnea and bilateral pneumothorax, which required oro-
tracheal intubation. Weight and length at birth were normal.
However, head circumference was above the 90th percentile,
which suggested macrocephaly. She later manifested axial
hypotonia, poor head control at around 4 months old,
congenital muscular torticollis on the left side, and delayed
sitting and social milestones. At the age of 16 months,
physical examination showed clear macrocephaly (> 97 p),
prominent forehead, dolichocephaly, persistent open anteri-
or fontanelle, retromicrognathia, narrow palate, bifid uvula,
hypertelorism, epicanthus, slanting palpebral fissures, low-
set ears, broad nasal bridge, increased size of nasopharyngeal
adenoids with open mouth appearance that led to obstruc-
tive sleep apnea syndrome (intervened adenoidectomy), and
long philtrum. She presented talipes valgus and mild right
hemihypertrophy without radiological findings at this stage.
Biochemical test results were normal for blood levels of
vitamins D, A, and B12, calcium, phosphate, folic acid,
immunoglobulins, thyroid hormones, and glycosaminogly-
can. Test results for amino acids in urine and organic acids in
blood were also normal. Karyotype analysis, genetic testing
for FMR1, and screening for subtelomeric deletions were
performed before the WES analysis, with negative results.

Information Consent

On behalf of the patient, the parents were advised upon
written informed consent for genetic testing. This study was
authorized by the pediatrics division of the Virgen de Alta-
gracia Hospital (Manzanares, Spain).

High-Throughput Sequencing and Sanger

Deoxyribonucleic acid was extracted and purified from
blood samples of the three family members using QIAsym-
phony SP (Qiagen). The proband sample was prepared for the
WES protocol. The library was created using the SureSelect
XT Reagent library preparation kit (Agilent) for the Illumina
multiplexed sequencing paired-end. Target regions were
enriched with the Agilent Clinical Research Exome V2 probe
kit. Cluster preparation was performed using the cBot (Illu-
mina; San Diego, California, United States) device, and library
sequencing was performed using the Illumina HiSeq1500
platform. Bioinformatics analysis was applied through an
end-to-end in-house pipeline developed by Health in Code (A
Coruiia, Spain), in accordance with the best WES analysis
practices. At the interpretation level, we performed the
analysis of variants for a panel of Sotos and Sotos-like
syndrome (APC2, CDKN1C, EZH2, GPC3, NFIX, NSD1, PTEN,
SETD2). This panel came out negative, so we expanded the
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analysis of variants to the genes of the whole library, which
may be associated with diseases that display overlapping
phenotypes to the one observed in the patient. The coverage
of the target regions for the genes of Sotos and Sotos-like
syndrome, and the average coverage of the coding regions for
the other genes in the exome, reached the quality parameters
for the analysis. The candidate variant, detected in the WES
analysis, was confirmed by bidirectional Sanger sequencing
in the proband and it was absent in both parents, using a
specific primer designed for the region of interest.

Results

We studied an undiagnosed female patient suspected of
having Sotos syndrome with other multisystem abnormali-
ties by WES. At the age of 2 years and 6 months, the patient
was referred for genetic analysis targeting Sotos syndrome,
according to the described phenotype. The main genes
associated with this syndrome were screened, but no patho-
genic variants that could explain the phenotype of the
patient were found. In view of these results, we extended
the analysis to other relevant genes that could be associated
with overlapping features in our patient.

WES analysis revealed a previously undescribed hetero-
zygous frameshift variant in AMER1 (c.956_957insT; p.
Lys320Glufs*4), leading to a premature stop codon within
the first APC binding domain.

Sanger sequencing confirmed the presence of the hetero-
zygous variant in the patient and its absence on both parents,
proving that it was de novo mutation (=Fig. 1).

Following the results of the WES analysis and the subse-
quent clinical report generated after genetic testing, the
patient was further examined. Magnetic resonance imaging
of the brain showed cranial asymmetry with left lateral
ventriculomegaly. The skeletal radiographic series showed
sclerosis of the cranial base and striations in the metaphyseal
region of long bones, well visible in the humerus, femur, and
tibia (=Fig. 2). She started to develop scoliosis. The patient
was also referred to a pediatric cardiology unit because of
apical left ventricular hypertrabeculation with normal ven-
tricular function.

Review of Published Patient Series

In light of the varying severity of the established phenotypes
for OSCS, we compiled information from 23 female patients,
along with the female patient studied in this report, who
harbored truncating mutations and large deletions in AMER1
and whose phenotype was thoroughly described in the
literature (=Table 1). We focused this literature review on
the clinical presentation of females affected by OSCS, which
was characterized by the presence of major abnormalities
including macrocephaly, facial dysmorphism, skull sclerosis,
and longitudinal striations in the metaphyseal regions,
mainly in long bones, pelvis, and scapulae, along with
features that were not always expressed, such as hearing
impairment, neuromuscular symptoms, or congenital heart
defects. Other minor clinical manifestations affecting respi-
ratory function and the gastrointestinal system have also
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Fig. 1 (A) Pedigree of the studied family with the detected mutation in AMERT. (B) High-throughput sequencing alignment of the sequence
containing the insertion. (C) Sanger sequencing for the AMERT mutation in proband and parents. 1.2, index patient; I.1, father; 1.2, mother.

Fig. 2 Reconstructed X-ray image of patient. (A) Cranial image showed sclerosis of base of skull. (B) Image of lower limbs showed striations in
the metaphyseal region of the femur and tibia. (C) Image of upper limbs showed striations in the metaphyseal region of the humerus.

been observed. We also added the clinical presentation of 12
male patients harboring truncating variants, who survived
the neonatal period (~Table 2). These patients manifested
differences in the severity of the disease.

This procedure’s purpose is to update the information on
phenotype variability in females and to highlight the potential
factors that could contribute to the observed differences in the
clinical presentation of the disease. Among those factors, the
position of the premature stop codon from truncating muta-

tions and skewed X-inactivation have been described.'™
All female patients, including the one reported in this publica-
tion, showed dysmorphic features and skeletal abnormalities.
Among these abnormalities, macrocephaly (or abnormal
cephalic shape), skull sclerosis, and metaphyseal striations
of long bones were present in more than 90% of the cohort,
respectively (some patients might not have been fully pheno-
typed in the original publications). The second most frequent
abnormality among affected females was hearing impairment
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Table 3 Influencing factors that were suggested to contribute in the severity of OCSC

Hemizygosity Premature stop X-inactivation Mosaicism Large deletions,

codon position involving AMER1
Females v I v I
Males I I e I

Abbreviation: OSCS, osteopathia striata with cranial sclerosis.

(67%), followed by neuromuscular abnormalities (42%), devel-
opmental delay (42%), and heart defects (37%), consistent with
the clinical features observed in affected surviving males.
Other abnormalities such as respiratory abnormalities (17%)
and other manifestations (~Supplementary Tables S1 and S2)
were also observed. Even though we focused on the clinical
presentation of affected females, there were some exceptions
to the lethal phenotype in affected males who exhibited
mosaic forms or somatic mutations.”~’ The examination of
the observed clinical data on these surviving males suggested
the influence of factors other than allele dosage, which would
affect the severity of the manifestations (~Table 2). The list
factors that could affect the severity of the OSCS disease were
written down in =Table 3.

Discussion

In this study, we described the usefulness of genetic analysis by
WES and the benefits deriving from the interpretation of the
results in a case of skeletal dysplasia showing overlapping
features with several genetic conditions that include macro-
cephaly and other multisystem disorders. At the time of
evaluation, the patient presented macrocephaly, dysmorphic
features, skull sclerosis, and developmental delay, sharing
features with several conditions such as Sotos, Weaver, and
Luscan-Lumish syndromes, among other disorders. At this
level of examination, reaching an accurate diagnosis was not
possible in the absence of genetic testing. WES analysis ruled
out the initially suspected Sotos syndrome, which further
complicated the diagnosis. The flexibility of the high-through-
put sequencing technology allowed expanding the analysis to
include other genes associated with the patient phenotype. In
addition to this advantage, it is relevant to remark the impor-
tance of reaching the quality parameters of average coverage of
the exome and to identify the poor covered regions in target
genes. The analysis resulted in the identification of a novel

frameshift variant in AMER]1. A defective AMERT (WTX) gene
has been identified as the cause of X-dominant congenital
0SCS, a skeletal dysplasia that is mainly produced by germline
loss-of-function mutations.! Somatic mutations in AMER1
have also been found in Wilms tumor.2~'® AMERT has been
demonstrated to function both as an inhibitor and activator of
the WNT/B catenin pathway.'"'? The modulation of this
important pathway controls several cellular processes that
are necessary for correct bone synthesis and bone homeosta-
sis. AMER1 is expressed in early stages of embryogenesis in
skeletal structures, neurological system, muscle, kidneys, male
gonads, and lungs, inter alia.®'3 Functional experiments using
mice models have demonstrated that some abnormalities
caused by defects in AMER1 can be extrapolated to the ones
observed in OSCS human pathology.'*

After identifying this novel variant in AMER]1, this finding
was key to guide further examinations of the patient. A
detailed retrospective evaluation confirmed the presence
of clinical features found in other described females affected
by OSCS disease, such as striations in the metaphyseal region
of the long bones and cardiovascular findings. Therefore, an
accurate diagnosis allowed for screening the symptoms
associated with OSCS and guided the clinical management
of the patient. Genetic testing of the parents’ carrier status
allowed for genetic counseling to be offered to the family.

It can be considered that most causative mutations for
OSCS have truncating effects on the AMER1 protein. Even
though these mutations belong to the same mutation type,
there are differences in phenotype development within this
disorder. A functional study by Jenkins et al on WTX (AMER1)
expression in carriers of mutant proteins 671delC (p.
Pro224fs*57) and 1506delA (p.Pro260fs*16), determined
that aberrant transcripts were translated, suggesting that
the truncated proteins may retain some regions that con-
served certain functions of WTX (=Fig. 3). This fact is
essential to understand the influence of the position of

arcon | APCBDZ APCBDA
M-terminal l I l | I I Jt-terminal
100 200 300 400 500 600 700 800 200 1000 1100 1135
Cysla3s GInT1Y Tyrdas*
GiyEstsas Glyl13f5°58  Asp21Sf5*62  Lynd20Giudy™a Lewd23h®25  Ag531°

AlR1ET* Prol7s@etc13  Ginddse GIyS0fs*38

Arg2oars=2 Argisas
Arglse

i

Fig. 3 AMERT protein sequence showing the locations of previously described truncating variants in the literature. The reported variant in this
study is highlighted in red. The locations of the following domains on the protein sequence have been represented following Jenkins et al., 2008:
APCBD1 (aa 280-368), APCBD2 (aa 380-531), APCBD3 (aa 717-834), and ACacidic domain (aa 370-411).
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predicted premature stop codons derived from truncating
variants on the phenotypic variability of OSCS.

The observed differences in the severity of the OCSC
phenotype suggest the existence of influencing factors: Lethal
or very severe forms have been described in affected male
individuals, mainly caused by a hemizygosity condition; and
milder forms have been observed in affected females and in
surviving males.>®7'4 The observed phenotype in affected
females from published data was compared with that of the
studied patient, helping to anticipate potential complications
of the disease (~Table 1).

According to this review, phenotype-genotype correla-
tion in females affected by OSCS is difficult to establish and
it could be influenced by different factors. The position of
the premature stop codon generated by truncating muta-
tions within the protein sequence could produce aberrant
translated messenger ribonucleic acids that retained cer-
tain properties of the protein;' Skewed X-inactivation
event has been previously noted and assessed by other
groups.'™ It should be taken into account that the pleio-
tropic effect of dysregulation of the Wnt pathway is due to
the fact that this protein is widely expressed in developing
organs.'” Therefore, a thorough multisystem evaluation
would be recommended to evaluate potential complica-
tions of the disease.

Additionally, the phenotype of surviving males showed a
similar heterogeneity than the one observed in females. The
factors that have been proposed to contribute in the spec-
trum of the disease include the position of the premature
stop codon as well, and the presence of mosaicism forms that
could attenuate the severity of OCSC disease in males and
females.®7-1

In conclusion, the reported case revealed a novel frame-
shift mutation in AMER1 that we associated with the cause of
OSCS in a female patient who was undiagnosed before
genetic testing by WES.
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