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Abstract

Microcephaly is characterized by an occipitofrontal circumference at least two standard deviations below the mean for age
and sex. Neurodevelopmental disorders (NDD) are commonly associated with microcephaly, due to perturbations in brain
development and functioning. Given the extensive genetic heterogeneity of microcephaly, managing patients is hindered by
the broad spectrum of diagnostic possibilities that exist before conducting molecular testing. We investigated the genetic
basis of syndromic microcephaly accompanied by NDD in a Brazilian cohort of 45 individuals and characterized associated
clinical features, as well as evaluated the effectiveness of whole-exome sequencing (WES) as a diagnostic tool for this condi-
tion. Patients previously negative for pathogenic copy number variants underwent WES, which was performed using a trio
approach for isolated index cases (n = 31), only the index in isolated cases with parental consanguinity (n = 8) or affected
siblings in familial cases (n = 3). Pathogenic/likely pathogenic variants were identified in 19 families (18 genes) with a
diagnostic yield of approximately 45%. Nearly 86% of the individuals had global developmental delay/intellectual disability
and 51% presented with behavioral disturbances. Additional frequent clinical features included facial dysmorphisms (80%),
brain malformations (67%), musculoskeletal (71%) or cardiovascular (47%) defects, and short stature (54%). Our findings
unraveled the underlying genetic basis of microcephaly in half of the patients, demonstrating a high diagnostic yield of
WES for microcephaly and reinforcing its genetic heterogeneity. We expanded the phenotypic spectrum associated with the
condition and identified a potentially novel gene (CCDC17) for congenital microcephaly.
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Abbreviations

AD Autosomal dominant

AR Autosomal recessive

CMA  Chromosomal microarray analysis
CNS Central nervous system

CNV Copy number variant

GDD  Global developmental delay

ID Intellectual disability

InDel  Insertion/deletion

LoF Loss of function

MCPH Microcephaly primary hereditary
MRI Magnetic resonance imaging
NDD  Neurodevelopmental disorders
OFC Occipitofrontal circumference

SD Standard deviation

SNV Single nucleotide variant

vusS Variant of uncertain significance
WES Whole-exome sequencing

XLD X-linked dominant

XLR X-linked recessive
Introduction

The functional complexity of the cerebral cortex depends
on its intricate morphogenesis, which starts very early in
embryogenesis and later produces appropriate size and cyto-
architecture [1]. Disruptions at any step can lead to brain
abnormalities [2]. Microcephaly, considered a defect in cell
proliferation and maintenance, is clinically characterized by
an occipitofrontal circumference (OFC) at least two standard
deviations (SD) below the mean for age and sex [3, 4]. This
condition involves a highly heterogeneous group of disorders
with a worldwide prevalence around 2-3% [5]. Since the
reduction in head size reflects a diminished brain volume
that may result in cognitive impairment, microcephaly rep-
resents a significant cause of global developmental delay
(GDD), intellectual disability (ID), and neuropsychiatric
conditions such as epilepsy and autism spectrum disorder [3,
5, 6]. Microcephaly can be classified according to patient’s
age at onset, clinical presentation, and severity. In the first
category, it can be congenital (primary), or it can evolve
later in infancy (postnatally). Additionally, if the phenotype
is restricted to nervous system abnormalities, microcephaly
is considered non-syndromic, as opposed to the concomi-
tant presence of a variety of extracranial anomalies [5]. A
distinction has been proposed between mild microcephaly,
defined by an OFC between —2 and —3 SD of the mean
for age and sex, and severe microcephaly when the OFC is
below —3 SD [7].

However, such heterogeneity is not restricted to the clini-
cal aspects, as the etiology of microcephaly encompasses a
variety of causative agents. Environmental factors, such as
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pre- and perinatal infections, hypoxia at birth, and mater-
nal exposure to teratogens, as well as genetic alterations
are predisposing factors for microcephaly [3]. Multifacto-
rial occurrences are believed to interact to the pathogenesis,
as demonstrated in studies with congenital Zika syndrome
discordant twins [8]. From a genetic perspective, 58 copy
number variant (CNV) syndromes and 957 genes have been
associated with this phenotype [9]. Up to May 2023, 1187
entries that included microcephaly with a known molecular
basis were reported in the OMIM database, which comprises
CNYV syndromes and monogenic disorders. Because of this
remarkable diversity, microcephaly represents a challenge
for molecular diagnosis: in most cases, it is not possible to
provide a clinical hypothesis for the phenotype, a scenario
that hampers the management of patients and their families
[3, 10].

Neurodevelopmental disorders affect ~ 3% of the world-
wide population, mostly children, and are commonly asso-
ciated with dysfunction in normal brain development that
triggers an array of cognitive and behavioral conditions
[11, 12]. Next-generation sequencing technologies have
made significant contributions to the disentanglement of the
molecular basis of rare NDDs [13], including those associ-
ated with microcephaly [14-16]. Given the relevance of this
phenotype and the relative paucity of data on the genetic
basis of microcephaly in the Brazilian population, our main
goal was to assess the prevalence of rare pathogenic variants
and the spectrum of affected genes. For that, we employed
whole-exome sequencing (WES) in a cohort of 45 individu-
als (42 probands) presenting with microcephaly, NDD, and
additional signs, whose previous evaluation by chromosomal
microarray analysis (CMA) was negative. In addition, we
investigated the range of associated clinical features and
assessed the effectiveness of WES for the molecular diag-
nosis of microcephaly.

Materials and Methods
Participants

A group of 53 individuals (48 families) with syndromic
microcephaly associated with NDD were evaluated in a
previous study from our group. They had undergone karyo-
typing, and all of them were primarily referred to CMA. In
this previous study, clinically relevant CNVs classified as
pathogenic/likely pathogenic were detected in seven cases
(including two sibships) [9]. We proceed in the present study
with the WES analysis of the families in which the index
cases were CMA negative (n = 34) or carried VUS (n =7)
or risk factors CNV (n = 1). Therefore, we evaluated here
a group of 45 microcephalic individuals from 42 families.
These patients were referred by different physicians, and the
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clinical characteristics of most of them were collected at the
Instituto da Crianga of the Hospital das Clinicas (Univer-
sity of Sao Paulo Medical School, Sao Paulo, Brazil). The
inclusion criteria consisted of an OFC < —2 SD below the
mean at birth and/or the latest clinical assessment, based on
the World Health Organization and INTERGROWTH 21st
charts for head size, with no obvious environmental etiology,
such as history of pre- and perinatal infections. None of the
individuals had a previous clinical diagnostic hypothesis.

Peripheral blood samples of the patients and, when avail-
able, their parents and siblings, were collected for genomic
DNA extraction.

Whole-Exome Sequencing and Bioinformatics
Analysis

In consanguineous families with a single affected individual,
WES was performed only for the proband (n = 8). For isolated
cases (n = 31), a trio strategy (patient/parents) was applied
when samples from both parents were available (n = 19),
and a patient/mother approach (n = 3) was used when pater-
nal DNA was unavailable. For the other nine isolated cases,
only the proband was evaluated by WES. In three familial
cases (including two consanguineous families), sequencing
was performed for the affected siblings. Genomic libraries
were constructed using either SureSelect Human All Exon
V6 (Agilent Technologies) or xGen Exome Research Panel
v1/v2 (Integrated DNA Technologies), and sequenced on the
HiSeq or NovaSeq 6000 platforms (Illumina). Sequence align-
ment was conducted as previously described [17]. Analysis of
the VCF and BAM files were carried out through the VarSeq
(Golden Helix, Inc) and Varstation (https://varsomics.com/
varstation/) platforms, with manual curation.

To prioritize rare variants with potential clinical impact,
we selected missense and loss-of-function (LoF) coding
nonsynonymous single nucleotide variants (SNVs) and
insertions/deletions (indels), and canonical splicing site
mutations, with minimum quality/confidence (Phred score
> 20; read depth > 20; variant allele frequency > 0.3) and a
global minor allele frequency < 1% (1000 Genomes (https://
www.internationalgenome.org/), gnomAD exomes and
genomes (https://gnomad.broadinstitute.org/), and ABraOM
(https://abraom.ib.usp.br/) databases). Variants in hyper-
variable genes [18] were filtered out. We further applied a
phenotype-driven analysis by (a) prioritizing entries clas-
sified as pathogenic/likely pathogenic in clinical databases
(OMIM (https://www.omim.org/), ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar/), ClinGen (https://clinicalgenome.
org/), and HGMD (https://www.hgmd.cf.ac.uk/ac/index.
php) databases); (b) evaluating variants mapped to a spe-
cific list of genes known to be associated with microcephaly,
global developmental delay, and/or ID [9]; and (c) perform-
ing an HPO-based analysis [19]. Additional analyses were

conducted using the in silico pathogenic prediction tools
FATHMM, FATHMM-MKL, MutationAssessor, Muta-
tionTaster, Polyphen2, and SIFT from the dbNSFP Func-
tional Prediction database (http://database.liulab.science/
dbNSFP). Prediction of disruption at splicing sites was car-
ried out through the Human Splicing Finder (https://www.
genomnis.com/access-hsf) and scSNV ADA Boost splicing
(https://varsome.com/) tools. Classification of clinically rel-
evant variants followed the ACMG guidelines for primary
and secondary findings [20, 21].

Additional CNV Analysis Through WES Data

To assess the presence of small CNVs below the resolution
of CMA (< 10 kb), we used the XHMM software (eXome-
wide Hidden Markov Model) [22], which makes use of prin-
cipal component analysis and a hidden Markov model to
normalize sequencing coverage data and detect CNVs. The
identified variants were further annotated with the AnnotSV
software [23] and manually curated.

Validation and Segregation by Sanger Sequencing

WES variants of interest were validated by Sanger sequenc-
ing when visual inspection of BAM files was inconclusive.
Additionally, segregation analysis was carried out when
parental WES was not performed. After polymerase chain
reaction amplification, products were sequenced in both
directions on an ABI3730 DNA sequencer (ThermoFisher
Scientific) and analyzed through the MEGA software
(https://www.megasoftware.net/). Primer pair sequences are
available upon request.

Statistical Analyses

The studied group was characterized using the median and
interquartile range (IQR) values for the continuous descrip-
tive variables, while categorical variables were expressed as
frequencies. Multivariate statistical analyses were conducted
using SigmaStat for Windows version 3.5 (SPSS Inc.). Dif-
ferences between groups were tested by the Mann-Whitney
rank sum test and Fisher exact test. Statistical significance
was assumed for P < 0.05.

Results

Clinical Characterization

We enrolled 45 patients from 42 unrelated Brazilian fami-
lies, ten of which (23.8%) reported parental consanguin-

ity. Positive exome findings were identified in 21 (50%) of
the 42 Brazilian families (19 cases with pathogenic/likely
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pathogenic variants and two with variants of uncertain sig-
nificance (VUS)). The summarized phenotypic presentation
of the patients with these clinically relevant exome find-
ings is found in Table 1; the full clinical description of each
patient is found in Supplementary Table 1. The sex ratio
was 49% males (n = 22) and 51% females (n = 23) (Fig. 1a).
Severe microcephaly (OFC < —3 SD) was identified in 30
individuals (64.4%) (Fig. 1b). Twelve patients (26.7%)
presented with congenital microcephaly, and 17 (37.8%)
evolved with microcephaly postnatally; for 16 patients
(35.5%), parents did not have the OFC at birth recorded to
establish the onset of microcephaly (Fig. 1c).

Only six individuals out of the 45 presented with non-
syndromic microcephaly, including two siblings. For the
syndromic patients (n = 39; 86.7%), we evaluated the fre-
quencies of several clinical features according to HPO cat-
egories, detailed in the Supplementary Table 1 and repre-
sented in Fig. 1d.

Thirty-six of the 45 patients had undergone brain imaging
examination; abnormal brain findings were detected in 24
(66.7%). Recurrent brain abnormalities, such as ventricu-
lomegaly, corpus callosum dysplasia/atrophy, white matter
abnormalities, cerebellar dysplasia/atrophy, cortical dyspla-
sia, and gyri abnormalities, are presented in Fig. le. Addi-
tionally, the majority of the patients had records of height/
weight at birth (n = 38) and at their last evaluation (n = 37).
We identified 14 individuals (36.8%) who were small for
their gestational age, and 20 (54.1%) presenting with short
stature (Fig. 1f) [24, 25].

We performed an analysis of logistic regression to eval-
uate whether quantitative and qualitative features were
enriched among individuals with or without positive WES
findings (Supplementary Table 2). Cardiovascular malfor-
mations (P-value = 0.036), morphological abnormalities of
the gastrointestinal system (P-value = 0.023), and height at
birth < —2 SD (P-value = 0.007; configurating individuals
who were born small for their gestational age) showed sta-
tistical significance for WES-negative patients.

Genetic Findings

Clinically relevant exome findings were identified in 21
(50%) of the 42 Brazilian families. In 19 families (21 micro-
cephalic individuals), the detected variants were classified
as pathogenic or likely pathogenic, resulting in a diagnostic
yield of 45.2%. Details are described in Table 2.

The 19 pathogenic/likely pathogenic variants were dis-
closed in 18 genes (ANKRDI11, ASNS, BCKDK, BRAT]I,
CASK, CCDC47, DYNCIHI, GATA6, KNLI1, LZTRI,
MCPHI, NDP, PPP2CA, SLC2A1, SRCAP, TRIO, TUB-
GCP4, and UBE3B), along with the two VUS (FGFRI and
KCNT1I), comprising 20 distinct genetic disorders. Only
one locus was found to be affected in two unrelated patients
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(CASK), in one of them as mosaicism (P18). Ten cases were
associated with autosomal dominant disorders (AD; 47.6%);
eight were related to autosomal recessive conditions (AR;
38.1%); three cases were X-linked, two of which were domi-
nant (XLD; 9.5%) and one recessive (XLR; 4.8%) (Fig. 2).
Seven out of the eight pathogenic homozygous variants
were detected in consanguineous families. Among three
individuals (P6-P8) with compound heterozygosity, one
(P7—two affected siblings from consanguineous parents)
had a pathogenic variant and a VUS in KNLI, while in the
two other families, each patient (P6—affected sibship and
P8—sporadic case) encompassed one pathogenic variant and
one likely pathogenic variant in the BRATI and TUBGCP4
genes, respectively.

Out of the 24 observed rare clinically relevant variants,
12 were LoF (50%; seven nonsenses and five frameshifts);
nine were missense (37.5%; one of them an in-frame dele-
tion); two were intronic, predicted to affect splicing (8.3%);
and one was synonymous, expected to lead to exon skip-
ping (4.2%) (Supplementary Figure 1). Eleven of these
variants (45.8%) had already been reported in the litera-
ture and/or deposited in clinical databases (ClinVar and
HGMD). All these genes have been previously associ-
ated with microcephaly and were considered the primary
cause of the patients’ clinical features. A secondary find-
ing was detected only in P19: a pathogenic variant in PKP2
(NM_001005242.3:¢.308_309del), one of the 73 action-
able ACMG genes [21]. Additionally, in the P28 sibship, a
third VUS was disclosed in CCDC17 (NM_001114938.3:
¢.214C>T), a potential candidate gene for microcephaly.

The parental origin of the variants was assessed mostly
through VCF analysis and visual inspection of BAM files.
Sanger sequencing was applied to validate selected vari-
ants as well as to establish familial segregation of cases in
which WES was not performed for parents. Nine variants
were de novo (42.8%); five were observed in a homozygous
state (23.8%); three were cases of compound heterozygosity
(14.3%; six variants); two were maternally inherited (9.5%;
one case was an autosomal variant inherited from a mother
presenting with mild ID but not microcephaly, and the other
was a X-linked variant), and in another one, the variant was
inherited from a non-affected father (4.8%). Additionally,
in one case (4.8%), it was not possible to determine the ori-
gin of the variants because paternal DNA sample was not
available.

Comparison of Genetic Findings Among Different
Cohorts of Microcephaly

To further explore the genetic findings of microcephalic
patients who underwent WES or targeted sequencing, we
analyzed published data from seven cohorts [5, 10, 26-30]
and compared to ours. We aimed to establish frequencies
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Fig.1 Clinical characteristics of the Brazilian microcephalic cohort
and frequencies of specific phenotypic features in patients. (a) Sex
ratio, (b) severity of microcephaly, and (c) age of microcephaly
onset—the outer circle represents the frequency of the feature in the
total of patients, and the inner circle represents the number of cases
with a pathogenic/likely pathogenic variant detected in WES analy-
sis; (d) frequencies of the most often observed impaired systems in

and recurrence of affected genes among different popula-
tions and familial structures. In total, families with at least
one member with microcephaly from eight distinct cohorts
were studied, including ours. In this group, pathogenic/
likely pathogenic variants were detected in 154 known
genes associated with microcephaly, of which only 52
were disclosed in more than one family (34%). Among
the recurrent 52 genes associated with microcephaly, 15

the group (n = 45), (e) frequencies of specific brain malformations
(n = 36), (f) frequencies of intellectual disability (ID) and global
developmental delay (GDD) (n = 41), and (g) frequencies of growth
abnormalities (small for gestational age (n = 38) and short stature (n
= 37)). The two individuals with VUS were categorized as “negative
WES patients.” CNS: central nervous system

were reported in more than one family from the same
study (28.8%), 17 were reported once in different cohorts
(32.7%), and 20 were reported in more than one family
of the same study and also disclosed in different cohorts
(38.5%), leaving 102 genes reported only once among and
within cohorts (66%) (Supplementary Table 3).

The most frequently mutated gene, ASPM, was reported
27 times, and it was the only gene observed in six out of

@ Springer
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Fig.2 Genetic findings disclosed by whole-exome analysis in a group
of 42 Brazilian families with 45 patients presenting syndromic micro-
cephaly associated with neurodevelopmental disorders. (a) Identified
genes and their respective inheritance patterns listed at the right side
of the vertical bars, which indicates the number of patients with each
type of variant (monoallelic de novo, inherited, or unknown; bial-

eight studies. Other recurrences were WDR62 (10x); ASNS
(9%); CDK5RAP2, PCNT, and TUBAIA (8% each); CASK,
KNLI, and NDE1 (6x each); CENPJ, DONSON, FOXGI,
MCPH]I, and TUBB3 (5% each); CTNNBI, CTU2, DYRKIA,
ERCC6, PHGDH, RNU4ATAC, RTTN, TSEN54, and PNKP
(4x each); BRCA2, CEP152, CIT, EFTUD2, KMT2A,
PDHAI, PLK4, MECP2, POBP1, TRAPPC9, and VPS33B
(3% each); and DDX11, GRINI, MTHFR, TUBB2B, VRK1,
WDR4, ACTG1, COL4Al, DHTKDI, DYNCIHI, ERCCS,
FBXO11, KMT2D, SLC25A19, TCF4, TRIO, TRMTI0A,
and UBE3B (2x each). Fourteen out of the 30 genes related
to the subcategory MCPH were identified, with eight
of them reported in at least two distinct cohorts (ASPM,
CDK5RAP2, CENPJ, CEP152, CIT, KNLI, MCPH1, and
WDR62). All the 14 MCPH genes are associated with AR
forms of microcephaly; altogether, they were confirmed
as the molecular diagnosis for 73 out of the 321 families
(22.8%), of which 48 were consanguineous (n = 1 compound
heterozygosis; n = 47 homozygosis) and 25 reported in non-
consanguineous (n = 21 compound heterozygosis; n = 4
homozygosis) parents.

Additionally, we uploaded the entire set of 154
identified microcephaly genes and the 52 recurrent
microcephaly genes on the WebGestalt (http://www.webge
stalt.org/) and STRING (https://string-db.org/) websites to
investigate pathways and protein-protein interaction (PPI)
networks enriched in these sets (Supplementary Figure 2).
There was a bias towards mitotic cell cycle regulation, cell
cycle phase transition, and microtubule-based processes,
and it was observed an enrichment in our PPI network
(P =3.7e-8).
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lelic in homozygosity or compound heterozygosity). AD, autosomal
dominant; AR, autosomal recessive; XLD, X-linked dominant; XLR,
X-linked recessive. (b) Differences of the zigosity of the disclosed
variants comparing patients born from consanguineous and non-con-
sanguineous parents. A black dot represents the sibships, and a black
square represents the cases with VUS

Discussion

The remarkable genetic and clinical heterogeneity of micro-
cephaly poses as a challenge, making it difficult even to
establish a clinical diagnosis [3, 10]. We achieved a molecu-
lar diagnosis (pathogenic/likely pathogenic SNV/indel vari-
ants) for 45.2% of the 42 Brazilian families, a high yield
considering that this cohort had been previously screened
by karyotyping and CMA. Recent studies from different
populations have reported variable diagnostic yields through
WES for microcephaly, such as 29% [29], 30% [26], 37.2%
[27],42.9% [5], and 51.7% [10]. All these studies, including
ours, corroborated the use of WES as a first-tier approach
in subjects with microcephaly and NDD [31]. Our data also
reinforced the importance of a genome-wide approach for
populations which presents an admixed background through-
out the country and striking consanguinity in some regions
[32-34], such as the Brazilian.

To refine the interpretation of our data, we analyzed the
phenotypic findings of our cohort (Fig. 1). Intellectual dis-
ability (ID) is tightly linked to microcephaly [6]. Accord-
ingly, for the 42 patients in whom it was possible to evalu-
ate this feature, 36 (85.7%), or 18 out of the 21 individuals
carrying a pathogenic/likely pathogenic variant (85.7%),
presented with different levels of ID. Previous studies have
described similar frequencies, such as 86.6% [27], 91.7%
[51, 93.3% [10], 100% [29], and 100% [26]. Only two of
our patients had a positive WES finding without cognitive
impairment, displaying mild microcephaly of unknown
onset (P15 and P19; Table 1). On the other hand, two of the
three patients presenting only learning disabilities who were
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WES-negative showed severe microcephaly (P24 and P34;
Table 1). The percentage of individuals with severe micro-
cephaly caused by a detected pathogenic/likely pathogenic
variant in contrast to those without a molecular diagnosis
(n = 21) was similar (60.9% against 71.4%). Thus, despite a
clear association derived from abnormalities in brain growth
and functioning, our findings suggested that it is still contro-
versial the correlation between the degree of microcephaly
with intellectual performance [5, 6, 10, 35] and the WES
outcome. In our study, the majority of patients for whom
birth OFC was available had developed microcephaly after
birth (58.6%), similarly to the frequency in Dawidziuk et al.
[27] study (58.8%), but distinctly from Boonsawat et al. [5]
and Lee et al. [26], who predominantly reported congenital
microcephaly. We speculate that dysregulation in biologi-
cal pathways could be differentially affected by the specifi-
cally mutated genes leading to either congenital or postnatal
microcephaly in our cohort.

Besides neurological findings, affected individuals can
exhibit an array of cranial and extracranial manifestations
[3, 36]. The strikingly wide spectrum of clinical features of
our patients (Supplementary Table 1) hampered a detailed
categorization. We hence applied an HPO-based hierarchiza-
tion aiming at a comparison with other studies [3, 5, 10, 26,
27, 29]. Our cohort presented similar frequencies of clinical
signs, such as for CNS abnormalities (66.7% vs. 63—-80%),
morphological gastrointestinal tract (13.3% vs. 9-13%),
and genitourinary tract (33.3% vs. 13-26%) defects. Con-
versely, ours was enriched for facial dysmorphisms (80% vs.
18-39%) similarly to Lee et al. [26] (70%) and Masih et al.
[10] (82.2%), cardiovascular defects (46.7% vs. 7-20%),
behavioral disturbances (51.1% vs. 10-27%), musculoskel-
etal abnormalities (71.1% vs. 10-32%), and hearing impair-
ment (33.3% vs. 7-15%). Also, 54.1% cases with height
measurement records displayed short stature that can be
indicative of proportionate microcephaly (i.e., a decline in
height < —2 SD), similar to the frequency found by Lee et al.
[26] (65%) and Masih et al. [10] (60%), but discordant to
the other cohorts (32-42%) (3, 5, 27, 29]. Interestingly, out
of the 14 patients who were born small for their gestational
age, only two had clinically relevant WES findings, suggest-
ing that a complex interaction of genetic and environmental
factors [37] contributes to a global dysregulation in growth
and development.

Severe syndromic cases remained with negative exome
results. It is worthy to mention that the negative cases can
be divided in two groups: one of them is composed by
patients presenting with few clinical signs, likely with an
oligogenic/multifactorial etiology, and another includes
patients exhibiting severe and multisystemic phenotypes.
In the latter group, structural chromosomal alterations,
deep intronic SNVs, exonic variants in regions with poor
coverage (CG-rich, repetitive sequences), and regulatory
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or mitochondrial variants could be accountable for a pro-
portion of these cases, going undetected by WES. Some
of these possibilities have been demonstrated by compari-
sons between exome and whole-genome sequencing for
rare diseases [38, 39].

Despite not facilitating a diagnosis, brain imaging exams
can provide guidelines for the clinical management of
patients and help to clarify a genetic result [3]. Brain mal-
formations identified in microcephalic patients are usually
unspecific and heterogeneous [3], although they still tend to
manifest in the majority of them [3, 5, 10, 27, 29, 30], espe-
cially as gyri pattern anomalies, corpus callosum malforma-
tions, and decrease of the cortical surface area [3, 40]. We
noted elevated frequencies of ventriculomegaly and white
matter abnormalities in our cohort, in addition to a variety
of alterations that were observed only once (Supplementary
Table 1).

Regarding the molecular findings, 24 clinically relevant
variants were detected in 18 different genes. It is interest-
ing to note that the only recurrent gene, CASK (OMIM
*300172), was also consistently found mutated in other
microcephalic cohorts [10, 27, 29]. This X-linked gene has
been suggested as the second most common cause of micro-
cephaly associated with pontocerebellar hypoplasia and ID
(OMIM #300749) in females [41, 42]. A reduced viability
or even in utero lethality for hemizygous embryos with LoF
CASK variants could explain the absence of affected males,
with the exception of those carrying hypomorphic or mis-
sense variants [43]. One of our cases was a boy (P18) with
mosaicism for a CASK nonsense variant, as also described
by Burglen et al. [41].

Another noteworthy case was a female carrying an ASNS
homozygous variant (P1). ASNS encodes a crucial enzyme
for brain development (asparagine synthetase) [44]. To our
knowledge, only 26 families with ASNS deficiency (OMIM
#615574) have been reported, mostly carrying missense
variants at the C-terminal domain of the protein [44-47].
The missense variant disclosed in our patient affects the
N-terminal domain, and individuals reported with variants in
this domain had more severe clinical presentations [44—47].
Functional studies and new patient reports should be help-
ful to clarify the impact of N-terminal variants in ASNS
deficiency.

Rarer than CASK and ASNS variants, pathogenic variants
were disclosed in the PPP2CA (OMIM *176915), BCKDK
(OMIM *614901), and CCDC47 (OMIM *618260) genes.
PPP2CA disruption was only recently linked to NDD
(OMIM #618354) [48]. The patient herein reported (P10)
displayed some traits of this condition, but she did not have
seizures, hypotonia, feeding difficulties, or brain MRI abnor-
malities, showing marked failure to thrive with reduced
subcutaneous adipose tissue, therefore expanding the under-
standing of the phenotypic expressivity of this disorder.
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BCKDK deficiency (OMIM #614923) leads to abnor-
mal decreasing circulating levels of isoleucine, leucine, and
valine, and it has been suggested as a treatable metabolic
disorder suitable for neonatal screening programs [49-51].
We disclosed a pathogenic homozygous nonsense variant
in BCKDK in P4. Interestingly, it has been demonstrated
in mice that Bckdk is a substrate for the ubiquitin protein
ligase E3 encoded by the UBE3B gene (OMIM *608047)
[52]. Another patient of our cohort (P3) was found to carry
a homozygous pathogenic UBE3B frameshift variant, asso-
ciated with Kaufman oculocerebrofacial syndrome (OMIM
#244450). Some individuals present with skeletal altera-
tions, such as polydactyly, scoliosis, and arthrogryposis,
features observed in P3 [52, 53]. According to Cheon et al.
[52] experiments in mice, Ube3b is highly expressed in the
brain, liver, and skeletal muscle, which are the major sites of
BCAASs metabolism. In Ube3b knockout mice, Bckdk levels
were elevated in these tissues, and metabolomics profiling
of KOS patients displayed similar changes. Ultimately, these
results demonstrate that in silico analyses of known genes’
biological pathways or omics profiling could be compelling
strategies to search for new genes spanning rare causative
variants in microcephalic NDD patients with negative WES
results. In humans, LoF biallelic variants or full duplications
encompassing BCKDK—thus enhancing its expression simi-
larly to what is seen in Ube3b”" mice—may lead to NDD.
This evidence highlights the importance of sustaining proper
neuronal homeostasis during development, since for some
loci both increase and decrease of their encoded proteins
can impact the development and functioning of the central
nervous system [54].

CCDC47 biallelic variants cause the trichohepatoneu-
rodevelopmental syndrome (OMIM #618268) [55]. Despite
P5 carrying a CCDC47 homozygous variant, parents did
not report consanguinity; nevertheless, they come from a
small town in the Northeast of Brazil, which could suggest
that this is a founder variant in this population. Notably, two
CCDC47 variants disclosed in homozygosis by Morimoto
et al. [55] were also considered founder variants in non-
consanguineous families.

P8 displayed biallelic variants in TUBGCP4 (OMIM
*609610), OMIM #616335), and multiple cases of com-
pound heterozygosity of p.Leu582= along with a truncat-
ing alteration have been reported in TUBGCP4 [56]. These
two cases, P5 (CCDC47) and P8 (TUBGCP4), are a hint
that recessive disorders should not be ignored in isolated
cases from non-consanguineous families, as previously sug-
gested [27]. Similarly, synonymous variants are typically
disregarded in an initial evaluation given the misleading idea
that they will have no effect [57]. It has been demonstrated
that the p.Leu582= variant generates a new cryptic splice
site that leads to exon 16 skipping [58].

Two other relevant genes disclosed in our cohort were
FGFRI (OMIM *136350) and GATA6 (OMIM *601656),
both associated with disorders in which microcephaly is
not a typical feature. For FGFRI, the most suitable condi-
tion according to P20 clinical traits was hypogonadotropic
hypogonadism 2 with or without anosmia (OMIM #147950),
even though microcephaly and GDD are most common in
the Hartsfield syndrome (OMIM # 615465) [59-61]. P20
presented a VUS in FGFRI, an in-frame deletion of five
amino acids (p.GIn62_Trp66del) in the first Ig-like domain
of the fibroblast growth factor receptor 1. The five resi-
dues are fully conserved in mammals, frog, and chicken.
Although there have been no pathogenic variants reported
in this domain (NCBI/ClinVar, accessed in April 2023), the
variant deletes four of ten residues that encompass one of
the domain’s eight strands (NP_075598.2). Microcephaly
has been reported in pancreatic agenesis and congenital
heart defects (OMIM #600001), GATA6-matching disor-
der for P15. The patient’s cardiac malformation is the most
consistent feature related to this condition [62]. Functional
studies could be able to determine if FGFRI and GATA6
variants might cause the neurological signs, expanding the
phenotypic spectrum of these disorders. Alternatively, addi-
tional yet undisclosed alterations could explain the patients’
microcephaly and GDD.

In respect to the individuals with parental consanguin-
ity, we achieved an equal diagnostic yield for non-consan-
guineous families (50%). As expected, for isolated cases
without parental consanguinity, there was an increased
rate of de novo mutations (60%), as previously reported
[5, 27]. Regarding the sibships only, two out of three had
positive WES findings, both for recessive disorders, which
is aligned to Rump et al. [29] suggestion that for microce-
phalic patients, AR inheritance is more common than for ID
cohorts in general, especially in cases of recurrence in sibs.
On this basis, the twice occurrence of compound heterozy-
gosity in our cohort sheds light to the burden for recessive
disorders of heterozygous carriers, who may not be aware of
their reproductive risk [63]. Furthermore, the third sibship
of our cohort (P28), born from consanguineous parents, was
found to carry a homozygous nonsense VUS in CCDCI17
(NM_001114938.3:c.214C>T), affecting the protein resi-
due 72 out of 622. CCDC17 encodes a poorly characterized
coiled-coil domain-containing protein, predicted to act at
cilium organization (https://www.proteinatlas.org/search/
ccdc17). Based on the importance of the coiled-coil motif
at the kinetochore for correct chromosome segregation [64],
which is one of the core mechanisms of pathophysiological
dysregulation in MCPH cases, we hypothesize a role for
CCDC17 at microtubule functioning. Nonetheless, more
studies are necessary to corroborate CCDC17 as a new gene
related to microcephaly.

@ Springer


https://www.proteinatlas.org/search/ccdc17
https://www.proteinatlas.org/search/ccdc17

Molecular Neurobiology

Lastly, our analyses of data from different cohorts and
comparison with our findings can validate the preferential
use of WES or whole-genome sequencing in microcephalic
patients: only 34% of the 154 genes (n = 52) was disclosed
with pathogenic variants in more than one family among
eight distinct cohorts [5, 10, 26-30], highlighting the diverse
range of loci implicated in microcephaly. Unlike macroceph-
aly, in which there is a gene enrichment towards the develop-
ment of the head, skull, and CNS [65], we found for the set
of 154 genes a higher prevalence of mitotic regulation and
cell cycle phase transition and microtubule-based processes.
Our PPI analysis also showed that these proteins had signifi-
cantly more interactions than expected, suggesting a biologi-
cal connection. These findings are in accordance with the
concept of this condition arising primarily from defects in
proliferation, abundance, and cell functioning, especially for
cases of congenital microcephaly, and point out to potential
strategies to discover new genes [4].

In conclusion, our work was the first to explore the
genetic basis of microcephaly in the Brazilian population,
besides providing a deeper and more complete clinical
characterization of a microcephalic cohort, which helped
to delineate more precise genotype-phenotype correlations
and enabled the phenotypic expansion of some conditions.
Our data also reinforce the underlying genetic heterogeneity
of microcephaly in the Brazilian population, corroborating
the high yield of WES and shedding light to the importance
of comprehensive sequencing strategies when investigat-
ing the genomic basis of rare diseases. Besides, we propose
CCDC17 as a candidate gene for microcephaly. However,
despite the high diagnostic yield, approximately 50% of the
cases remained idiopathic. To be solved from a genomic
point of view, more comprehensive and complex genome-
wide investigations must be performed, especially for cases
with severe phenotypes. These investigations should include
whole-genome sequencing, optical genome mapping, RNA-
Seq, and methylome studies [66].
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Acknowledgements The authors thank the patients and their families
for their collaboration in this study and the funding agencies.

Author Contribution ACVK designed this study. Methodological
investigation and data collection and analysis were performed by GCT,
GCB, LAH, and CR. Material preparation was performed by SSC. The
clinical evaluation of the patients was performed by CFMS, HVDL,
WLMF, PAO, AMVM, RSH, GLY, CAK, AALJ, and DRB. Bioin-
formatic processing was conducted by MOS. Statistical analysis was
performed by AALJ. The first draft of the manuscript was written by
GCT and ACVK, and all authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.

Funding This work was supported by the funding agencies Sdo Paulo

Research Foundation ([FAPESP] grant numbers 2013/080828-1 and
2020/15552-2), National Council for the Improvement of Higher

@ Springer

Education ([CAPES] 1799650 [to GCT]), and National Council for
Scientific and Technological Development ([CNPq] 157816/2018-4
[to GCT], 303375/2019-1 [to DRB], 140271/2020-1 [to GCT],
303294/2020-5 [to AALJ], and 305101/2022-6 [to ACVK]).

Data Availability The pathogenic and likely pathogenic variants reported
here are deposited in the ClinVar database (ClinVar accession numbers:
SCV002522324 (ANKRD11), SCV002512193 (ASNS), SCV002522323
(BCKDK), SCV002512192 (BRATI), SCV002522319 (BRATI),
SCV002538636 (CASK), SCV002538637 (CASK), SCV002522325
(CCDC47), SCV002522321 (DYNCIHI), SCV002538641 (FGFRI),
SCV002522326 (GATAG6), SCV003845964 (KCNT1), SCV002512780
(KNLI), SCV002522320 (KNLI), SCV002538635 (LZTRI),
SCV002512194 (MCPH1I), SCV002538638 (NDP), SCV002512190
(PPP2CA), SCV002512189 (SLC2A1), SCV002522322 (SRCAP),
SCV002512191 (TRIO), SCV002538639 (TUBGCP4), SCV002538640
(TUBGCP4), SCV002512195 (UBE3B)). Data of Patients with positive
WES results are deposited in the DECIPHER database (IDs can be
found in the Supplementary Table 1). Additional information can be
obtained upon request to the corresponding author.

Declarations

Ethics Approval and Consent to Participate This study was conducted
with the approval of the Research Ethics Committee of the Institution
(protocol CAAE 80921117.5.0000.5464). Signed informed consents
to participate and to have their data published were obtained from the
patients’ parents in accordance with the ethical standards established
in the Declaration of Helsinki (1964) and the Resolution 466/2012 of
the Brazilian National Health Council.

Competing Interests The authors declare no competing interests.

References

1. Wilsch-Brauninger M, Huttner WB (2021) Primary cilia and cen-
trosomes in neocortex development. Front Neurosci 15:755867

2. Xing L, Wilsch-Brauninger M, Huttner WB (2021) How neural
stem cells contribute to neocortex development. Biochem Soc
Trans 49(5):1997-2006

3. von der Hagen M, Pivarcsi M, Liebe J, von Bernuth H, Didonato
N, Hennermann JB et al (2014) Diagnostic approach to micro-
cephaly in childhood: a two-center study and review of the litera-
ture. Dev Med Child Neurol 56(8):732-41

4. Pinson A, Namba T, Huttner WB (2019) Malformations of human
neocortex in development — their progenitor cell basis and experi-
mental model systems. Front Cell Neurosci 9(13):305

5. Boonsawat P, Joset P, Steindl K, Oneda B, Gogoll L, Azzarello-
Burri S et al (2019) Elucidation of the phenotypic spectrum and
genetic landscape in primary and secondary microcephaly. Genet
Med. 21(9):2043-58

6. Gilmore EC, Walsh CA (2013) Genetic causes of microcephaly
and lessons for neuronal development. Wiley Interdiscip Rev Dev
Biol. 2(4):461-78

7. Ashwal S, Michelson D, Plawner L, Dobyns WB (2009) Practice
parameter: evaluation of the child with microcephaly (an evi-
dence-based review) [RETIRED]: Report of the Quality Standards
Subcommittee of the American Academy of Neurology and the
Practice Committee of the Child Neurology Society. Neurology
73(11):887-97

8. Amaral MS, Goulart E, Caires-Junior LC, Morales-Vicente DA,
Soares-Schanoski A, Gomes RP et al (2020) Differential gene
expression elicited by ZIKV infection in trophoblasts from


https://doi.org/10.1007/s12035-023-03894-8

Molecular Neurobiology

10.

11.

12.

13.

15.

16.

17.

18.

20.

21.

22.

23.

24.

congenital Zika syndrome discordant twins. PLoS Negl Trop Dis
14(8):e0008424

Tolezano GC, Bastos GC, da Costa SS, Freire BL, Homma TK,
Honjo RS et al (2022) Burden of rare copy number variants in
microcephaly: a Brazilian cohort of 185 microcephalic patients
and review of the literature. J Autism Dev Disord. https://doi.org/
10.1007/s10803-022-05853-z

Masih S, Moirangthem A, Shambhavi A, Rai A, Mandal K, Sax-
ena D et al (2022) Deciphering the molecular landscape of micro-
cephaly in 87 Indian families by exome sequencing. Eur J] Med
Genet 65(6):104520

Gilissen C, Hehir-Kwa JY, Thung DT, van de Vorst M, van
Bon BWM, Willemsen MH et al (2014) Genome sequencing
identifies major causes of severe intellectual disability. Nature
511(7509):344-7

Parenti I, Rabaneda LG, Schoen H, Novarino G (2020) Neurode-
velopmental disorders: from genetics to functional pathways.
Trends Neurosci 43(8):608-21

Vissers LELM, van Nimwegen KJM, Schieving JH, Kamsteeg EJ,
Kleefstra T, Yntema HG et al (2017) A clinical utility study of
exome sequencing versus conventional genetic testing in pediatric
neurology. Genet Med 19(9):1055-63

. Tawamie H, Martianov I, Wohlfahrt N, Buchert R, Mengus G,

Uebe S et al (2017) Hypomorphic pathogenic variants in TAF13
are associated with autosomal-recessive intellectual disability and
microcephaly. Am J Hum Genet 100(3):555-61

Le Duc D, Giulivi C, Hiatt SM, Napoli E, Panoutsopoulos A,
Harlan De Crescenzo A, et al. (2019) Pathogenic WDFY 3 variants
cause neurodevelopmental disorders and opposing effects on brain
size. Brain J Neurol 142(9):2617-30

Farooq M, Lindbak L, Krogh N, Doganli C, Keller C, Ménnich M
et al (2020) RRP7A links primary microcephaly to dysfunction of
ribosome biogenesis, resorption of primary cilia, and neurogen-
esis. Nat Commun. 11(1):5816

Tolezano GC, Costa SS da, Scliar M de O, Fernandes WLM, Otto
PA, Bertola DR et al (2020) Investigating genetic factors contrib-
uting to variable expressivity of class I 17p13.3 microduplication.
Int J Mol Cell Med 9(4):296-306

Fuentes Fajardo KV, Adams D, NISC Comparative Sequencing
Program, Mason CE, Sincan M, Tifft C et al. (2012) Detect-
ing false-positive signals in exome sequencing. Hum Mutat
33(4):609-13

. Robinson PN, Kohler S, Bauer S, Seelow D, Horn D, Mundlos

S (2008) The human phenotype ontology: a tool for annotat-
ing and analyzing human hereditary disease. Am J Hum Genet
83(5):610-5

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J et al
(2015) Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American Col-
lege of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet Med 17(5):405-24

Miller DT, Lee K, Chung WK, Gordon AS, Herman GE, Klein
TE et al (2021) ACMG SF v3.0 list for reporting of secondary
findings in clinical exome and genome sequencing: a policy state-
ment of the American College of Medical Genetics and Genomics
(ACMG). Genet Med 23(8):1381-90

Fromer M, Moran JL, Chambert K, Banks E, Bergen SE, Ruderfer
DM et al (2012) Discovery and statistical genotyping of copy-
number variation from whole-exome sequencing depth. Am J
Hum Genet. 91(4):597-607

Geoftroy V, Herenger Y, Kress A, Stoetzel C, Piton A, Dollfus H
et al (2018) AnnotSV: an integrated tool for structural variations
annotation. Bioinforma Oxf Engl 34(20):3572—4

Lee PA, Chernausek SD, Hokken-Koelega ACS, Czernichow P;
for the International SGA Advisory Board (2003) International
small for gestational age advisory board consensus development

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

conference statement: management of short children born
small for gestational age, April 24—October 1, 2001. Pediatrics
111(6):1253-61

Andrade NLM, Funari MF de A, Malaquias AC, Collett-Solberg
PF, Gomes NLRA, Scalco R et al. (2022) Diagnostic yield of a
multigene sequencing approach in children classified as idiopathic
short stature. Endocr Connect 11(12):¢220214

Lee J, Park JE, Lee C, Kim AR, Kim BJ, Park WY et al (2020)
Genomic analysis of Korean patient with microcephaly. Front
Genet 11:543528

Dawidziuk M, Gambin T, Bukowska-Olech E, Antczak-Marach
D, Badura-Stronka M, Buda P et al. (2021) Exome sequencing
reveals novel variants and expands the genetic landscape for con-
genital microcephaly. Genes 12(12):2014

Duerinckx S, Désir J, Perazzolo C, Badoer C, Jacquemin V, Soblet
J et al (2021) Phenotypes and genotypes in non-consanguineous
and consanguineous primary microcephaly: high incidence of
epilepsy. Mol Genet Genomic Med 9(9):e1768

Rump P, Jazayeri O, van Dijk-Bos KK, Johansson LF, van Essen
AJ, Verheij JBGM et al (2016) Whole-exome sequencing is a
powerful approach for establishing the etiological diagnosis in
patients with intellectual disability and microcephaly. BMC Med
Genomics 4(9):7

Shaheen R, Maddirevula S, Ewida N, Alsahli S, Abdel-Salam
GMH, Zaki MS et al (2019) Genomic and phenotypic delineation
of congenital microcephaly. Genet Med Oft ] Am Coll Med Genet.
21(3):545-52

Srivastava S, Love-Nichols JA, Dies KA, Ledbetter DH, Martin
CL, Chung WK et al (2019) Meta-analysis and multidisciplinary
consensus statement: exome sequencing is a first-tier clinical
diagnostic test for individuals with neurodevelopmental disorders.
Genet Med Off J Am Coll Med Genet 21(11):2413-21
Naslavsky MS, Yamamoto GL, de Almeida TF, Ezquina SAM,
Sunaga DY, Pho N et al (2017) Exomic variants of an elderly
cohort of Brazilians in the ABraOM database. Hum Mutat.
38(7):751-63

Santos S, Kok F, Weller M, de Paiva FRL, Otto PA (2010)
Inbreeding levels in Northeast Brazil: strategies for the prospect-
ing of new genetic disorders. Genet Mol Biol 33(2):220-3
Chaves TF, Oliveira LF, Ocampos M, Barbato IT, de Luca
GR, BarbatoFilho JH et al (2019) Long contiguous stretches of
homozygosity detected by chromosomal microarrays (CMA) in
patients with neurodevelopmental disorders in the South of Brazil.
BMC Med Genomics 12(1):50

Dolk H (1991) The predictive value of microcephaly during the
first year of life for mental retardation at seven years. Dev Med
Child Neurol. 33(11):974-83

Abuelo D (2007) Microcephaly syndromes. Semin Pediatr Neurol.
14(3):118-27

Hokken-Koelega ACS, van der Steen M, Boguszewski MCS,
Cianfarani S, Dahlgren J, Horikawa R et al (2023) International
consensus guideline on small for gestational age: etiology and
management from infancy to early adulthood. Endocr Rev
44(3):539-65

Lionel AC, Costain G, Monfared N, Walker S, Reuter MS, Hos-
seini SM et al (2018) Improved diagnostic yield compared with
targeted gene sequencing panels suggests a role for whole-genome
sequencing as a first-tier genetic test. Genet Med Off J] Am Coll
Med Genet 20(4):435-43

Nisar H, Wajid B, Shahid S, Anwar F, Wajid I, Khatoon A et al
(2021) Whole-genome sequencing as a first-tier diagnostic
framework for rare genetic diseases. Exp Biol Med Maywood NJ
246(24):2610-7

Desikan RS, Barkovich AJ (2016) Malformations of cortical
development. Ann Neurol 80(6):797-810

@ Springer


https://doi.org/10.1007/s10803-022-05853-z
https://doi.org/10.1007/s10803-022-05853-z

Molecular Neurobiology

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Burglen L, Chantot-Bastaraud S, Garel C, Milh M, Touraine R,
Zanni G et al (2012) Spectrum of pontocerebellar hypoplasia in
13 girls and boys with CASK mutations: confirmation of a recog-
nizable phenotype and first description of a male mosaic patient.
Orphanet J Rare Dis 27(7):18

Seto T, Hamazaki T, Nishigaki S, Kudo S, Shintaku H, Ondo Y
etal (2017) A novel CASK mutation identified in siblings exhibit-
ing developmental disorders with/without microcephaly. Intracta-
ble Rare Dis Res 6(3):177-82

Najm J, Horn D, Wimplinger I, Golden JA, Chizhikov V'V, Sudi
J et al (2008) Mutations of CASK cause an X-linked brain mal-
formation phenotype with microcephaly and hypoplasia of the
brainstem and cerebellum. Nat Genet 40(9):1065-7

Radha Rama Devi A, Naushad SM (2019) Molecular diagno-
sis of asparagine synthetase (ASNS) deficiency in two Indian
families and literature review of 29 ASNS deficient cases. Gene
704:97-102

Sacharow SJ, Dudenhausen EE, Lomelino CL, Rodan L, El
Achkar CM, Olson HE et al (2018) Characterization of a novel
variant in siblings with asparagine synthetase deficiency. Mol
Genet Metab 123(3):317-25

Wang C,He G, Ge Y, LiR, Li Z, Lin Y (2020) A novel compound
heterozygous missense mutation in ASNS broadens the spectrum
of asparagine synthetase deficiency. Mol Genet Genomic Med
8(6):e1235

Abdel-Salam GMH, Abdel-Hamid MS (2021) Asparagine syn-
thetase deficiency with intracranial hemorrhage can mimic molyb-
denum cofactor deficiency. Neuropediatrics 52(3):201-7
Reynhout S, Jansen S, Haesen D, van Belle S, de Munnik SA,
Bongers EMHF et al (2019) De novo mutations affecting the cata-
lytic Ca subunit of PP2A, PPP2CA, cause syndromic intellectual
disability resembling other PP2A-related neurodevelopmental
disorders. Am J Hum Genet 104(1):139-56

Novarino G, El-Fishawy P, Kayserili H, Meguid NA, Scott
EM, Schroth J et al (2012) Mutations in BCKD-kinase lead to
a potentially treatable form of autism with epilepsy. Science
338(6105):394-7

Joshi MA, Jeoung NH, Obayashi M, Hattab EM, Brocken EG,
Liechty EA et al (2006) Impaired growth and neurological abnor-
malities in branched-chain alpha-keto acid dehydrogenase kinase-
deficient mice. Biochem J 400(1):153-62

Garcia-Cazorla A, Oyarzabal A, Fort J, Robles C, Castejon E,
Ruiz-Sala P et al (2014) Two novel mutations in the BCKDK
(branched-chain keto-acid dehydrogenase kinase) gene are respon-
sible for a neurobehavioral deficit in two pediatric unrelated
patients. Hum Mutat. 35(4):470-7

Cheon S, Kaur K, Nijem N, Tuncay 10, Kumar P, Dean M et al
(2019) The ubiquitin ligase UBE3B, disrupted in intellectual dis-
ability and absent speech, regulates metabolic pathways by target-
ing BCKDK. Proc Natl Acad Sci U S A 116(9):3662-7
Basel-Vanagaite L, Yilmaz R, Tang S, Reuter MS, Rahner N,
Grange DK et al (2014) Expanding the clinical and mutational
spectrum of Kaufman oculocerebrofacial syndrome with biallelic
UBE3B mutations. Hum Genet 133(7):939-49

Ramocki MB, Zoghbi HY (2008) Failure of neuronal homeo-
stasis results in common neuropsychiatric phenotypes. Nature.
455(7215):912-8

@ Springer

55.

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Morimoto M, Waller-Evans H, Ammous Z, Song X, Strauss KA,
Pehlivan D et al (2018) Bi-allelic CCDC47 variants cause a dis-
order characterized by woolly hair, liver dysfunction, dysmor-
phic features, and global developmental delay. Am J Hum Genet.
103(5):794-807

Martin Ferndndez-Mayoralas D, Albert J, Lopez-Martin S, de la
Pefia MJ, Fernandez-Perrone AL, Jiménez de Domingo A et al
(2022) Bi-allelic ¢.1746G>T; p.Leu582= variants in TUBGCP4
in a boy with autism: clinical data and literature review. Mol Syn-
dromol 13(2):165-70

Edwards NC, Hing ZA, Perry A, Blaisdell A, Kopelman DB,
Fathke R et al (2012) Characterization of coding synonymous
and non-synonymous variants in ADAMTS13 using ex vivo and
in silico approaches. PLoS ONE 7(6):e38864

Scheidecker S, Etard C, Haren L, Stoetzel C, Hull S, Arno G et al
(2015) Mutations in TUBGCP4 alter microtubule organization via
the y-tubulin ring complex in autosomal-recessive microcephaly
with chorioretinopathy. Am J Hum Genet 96(4):666-74

Vilain C, Mortier G, Van Vliet G, Dubourg C, Heinrichs C, de
Silva D et al (2009) Hartsfield holoprosencephaly-ectrodactyly
syndrome in five male patients: further delineation and review.
Am J Med Genet A 149A(7):1476-81

Giirbiiz F, Kotan LD, Mengen E, Siklar Z, Berberoglu M,
Dokmetas S et al (2012) Distribution of gene mutations associ-
ated with familial normosmic idiopathic hypogonadotropic hypo-
gonadism. J Clin Res Pediatr Endocrinol 4(3):121-6

Akkus G, Kotan LD, Durmaz E, Mengen E, Turan i, Ulubay
A et al (2017) Hypogonadotropic hypogonadism due to novel
FGFR1 mutations. J Clin Res Pediatr Endocrinol 9(2):95-100
Balasubramanian M, Shield JPH, Acerini CL, Walker J, Ellard
S, Marchand M et al (2010) Pancreatic hypoplasia presenting
with neonatal diabetes mellitus in association with congeni-
tal heart defect and developmental delay. Am J Med Genet A
152A(2):340-6

Xiao Q, Lauschke VM (2021) The prevalence, genetic complex-
ity and population-specific founder effects of human autosomal
recessive disorders. NPJ Genomic Med 6(1):41

Truebestein L, Leonard TA (2016) Coiled-coils: the long and short
of it. BioEssays News Rev Mol Cell Dev Biol 38(9):903-16
Bastos GC, Tolezano GC, Krepischi ACV (2022) Rare CNVs and
known genes linked to macrocephaly: review of genomic loci and
promising candidate genes. Genes. 13(12):2285

Wojcik MH, Reuter CM, Marwaha S, Mahmoud M, Duyzend
MH, Barseghyan H et al (2023) Beyond the exome: what’s next
in diagnostic testing for Mendelian conditions. Am J Hum Genet
110(8):1229-1248

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Clinical Characterization and Underlying Genetic Findings in Brazilian Patients with Syndromic Microcephaly Associated with Neurodevelopmental Disorders
	Abstract
	Introduction
	Materials and Methods
	Participants
	Whole-Exome Sequencing and Bioinformatics Analysis
	Additional CNV Analysis Through WES Data
	Validation and Segregation by Sanger Sequencing
	Statistical Analyses

	Results
	Clinical Characterization
	Genetic Findings
	Comparison of Genetic Findings Among Different Cohorts of Microcephaly

	Discussion
	Anchor 15
	Acknowledgements 
	References


