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Abstract: We present a Turkish family with two cousins (OC15 and OC15b) affected with syndromic
developmental delay, microcephaly, and trigonocephaly but with some phenotypic traits distinct
between them. OC15 showed asymmetrical skeletal defects and syndactyly, while OC15b presented
with a more severe microcephaly and semilobal holoprosencephaly. All four progenitors were
related and OC15 parents were consanguineous. Whole Exome Sequencing (WES) analysis was
performed on patient OC15 as a singleton and on the OC15b trio. Selected variants were validated by
Sanger sequencing. We did not identify any shared variant that could be associated with the disease.
Instead, each patient presented a de novo heterozygous variant in a different gene. OC15 carried a
nonsense mutation (p.Arg95*) in PORCN, which is a gene responsible for Goltz-Gorlin syndrome,
while OC15b carried an indel mutation in ZIC2 leading to the substitution of three residues by a
proline (p.His404_Ser406delinsPro). Autosomal dominant mutations in ZIC2 have been associated
with holoprosencephaly 5. Both variants are absent in the general population and are predicted to be
pathogenic. These two de novo heterozygous variants identified in the two patients seem to explain
the major phenotypic alterations of each particular case, instead of a homozygous variant that would
be expected by the underlying consanguinity.

Keywords: neurodevelopmental disease; clinical genetics; whole exome sequencing; consanguinity;
focal dermal hypoplasia; holoprosencephaly

1. Introduction

Case Description Here, we report two de novo mutations causing severe neurodevel-
opmental delay in two first degree cousins from a highly consanguineous family of Turkish
origin (Figure 1).

Patient 1 was a 10-year-old girl and single child of a healthy, consanguineous couple of
Turkish origin. The family had a history of non-syndromic intellectual disability and deaf-
ness, with several affected individuals for each trait. Prenatally, the mother was hospitalized
for a urinary tract infection. There was no history of polyhydramnios/oligohydramnios or
maternal diabetes. Patient 1 was born at term by normal vaginal delivery and the birth
was uneventful. Her birth weight and height were 3.1 kg (−0.53 SD) and 48 cm (−0.71 SD),
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respectively. Since birth, she presented with failure to thrive and neonatal hypotonia. Addi-
tionally, congenital hip dislocation was detected. At the six months follow-up, her weight
was 4.5 kg (−4.08 SD), height was 58.5 cm (−3.07 SD), and head circumference was 37.3 cm
(−4 SD). She showed several craniofacial dysmorphologies, including severe microcephaly,
trigonocephaly (with prominent metopic ridge), facial asymmetry, and other features,
such as low hairline, hypoplastic orbital ridges, up-slanting palpebral fissures, strabismus,
sparse eyebrows, prominent ears, gingival hyperplasia, and high palate (Figure 2 and
Table 1). Ocular examination revealed a minimal bilateral optic disc hypoplasia. Short
neck, sometimes with crusting of the skin, was also observed. In addition, she presented
with radial head dislocation, hypoplasia of the right clavicle, widely spaced nipples, ulnar
deviation of the fingers, and complete cutaneous syndactyly of the right 3rd and 4th fingers
with bony fusion of the distal phalanges, overlapping toes on both feet, and spasticity of
the lower limbs. She had thickened subcutaneous soft tissue on the proximal phalanges
(prominently second finger) of the left hand. The patient had focal dermal hypoplasia
in the left region of the neck, axillary region, and the middle region of her right, lower
limb. She had also hypo-hyperpigmented lesions in her back, pelvic region, and trunk
(not shown). The patient also had hypodontia. Brain magnetic resonance imaging (MRI)
revealed periventricular gliotic changes, thin corpus callosum, and moderate cerebellar
atrophy. She was severely delayed (no head control at four years) and suffered from
epilepsy. The seizures, which were generally triggered by fever, were amenable to multiple
drug regimens. She passed away at the age of 10 due to a respiratory infection. She was
considered compatible with Opitz C clinical spectrum. Previous genetic analyses included
a normal karyotype and a normal array comparative genomic hybridization (array CGH).
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Figure 1. Extended family pedigree showing the relations among all four progenitors, the two mothers being sisters, and
the two fathers being cousins once removed. Patient 1’s parents are also cousins once removed (connected through a double
bond). Patients 1 and 2 in black. Patient 2’s microcephalic sister in grey. Squared pattern: congenital deafness. Wavy pattern:
intellectual disability.
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(E) Radial head dislocation. (F) Right hand radiograph showing distal phalangeal bone fusion of the third and fourth fingers
at the age of 6. (G) Patient 1 at 9 years of age. Notice the generalized hypotonia. (H) Patient 1 at 6 years of age. Hyperemic,
crusted skin lesions and focal dermal hypoplasia in her neck and axillary region and hypodontia are noticeable.

Table 1. Summary of the clinical features observed in each patient.

Phenotype HPO Term Patient 1 Patient 2

Microcephaly HP:0000252 + +
Trigonocephaly HP:0000243 + +
Protruding ears HP:0000411 + +

Upslanted palpebral fissure HP:0000582 + +
Neurodevelopmental delay HP:0012758 + +

Short stature HP:0004322 + +
Muscular hypotonia HP:0001252 + +
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Table 1. Cont.

Phenotype HPO Term Patient 1 Patient 2

Low anterior hairline HP:0000294 + −
Facial asymmetry HP:0000324 + −
Sparse eyebrows HP:0045075 + −

Underdeveloped supraorbital ridges HP:0009891 + −
Strabismus HP:0000486 + −
High palate HP:0000218 + −
Hypodontia HP:0000668 + −

Gingival overgrowth HP:0000212 + −
Failure to thrive HP:0001508 + -

Dislocated radial head HP:0003083 + −
Ulnar deviation of finger HP:0009465 + −

3-4 finger syndactyly HP:0006097 + −
Hip dislocation HP:0002827 + −

Hypopigmented skin patches HP:0001053 + −
Focal dermal hypoplasia HP:0007510 + −

Seizures HP:0001250 + −
Semilobar holoprosencephaly HP:0002507 − +

Proptosis HP:0000520 − +
Retrognathia HP:0000278 − +

Tapered fingers (mild) HP:0001182 − +

Patient 2 was a first cousin of patient 1, sharing both the paternal and maternal
lineages (Figure 3 and Table 1). He was a four-year-old boy and the third child of healthy,
non-consanguineous Turkish parents. He was born at term by normal vaginal delivery
with a weight of 3.08 kg (−0.72 SD). The mother had had one abortus because of ectopic
pregnancy. One older sister (15 years old) presented with microcephaly (head circumference
of 50 cm at 13 years, <1st percentile, −3.44 SD), without intellectual disability. The other
sister (10 years old) was healthy. Patient’s 2 first examination was at 2 months. He was
in the normal range for weight (4.8 kg, −0.88 SD) and height (58 cm, 0.04 SD), but he
presented with microcephaly (Figure 3) with a head circumference under the first percentile
(33 cm, −4.82 SD). At this time, his muscle tone was normal. Follow up at 8.5 months
confirmed severe microcephaly (−4.58 SD), with semi-lobar holoprosencephaly and mild
trigonocephaly shown by cranial MRI. Additional dysmorphologies included retrognathia,
ocular proptosis, up-slanting palpebral fissures, prominent ears, mild tapering fingers,
proximal placement of thumb, and short stature (but within the range of his close family).
Eye, cardiac, and kidney examination at 8 months were normal. He presented with severe
delay in developmental milestones, such as poor head control. Previous genetic analyses
included normal karyotype and sequencing of KIF11, which showed no mutations. In
spite of some clear differences with his cousin (Table 1), shared phenotypes suggested the
presence of one common, major genetic cause for both patients.
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Figure 3. Distinctive features of patient 2. (A,B) Frontal view of the face at ages 8 months and 4 years.
(C) Lateral view of the head at age 4. Microcephaly, retrognatia, ocular proptosis and upslanting
palpebral fissures are appreciable. (D,E) Foot and hands of the patient at age 4.

2. Results and Discussion

Screening for shared pathogenic variants between the two cases was negative. Patient
1 showed large homozygous regions, as revealed by PLINK [1] analysis (55 fragments of
more than 1 Mb of homozygosity, with a majority of fragments 2–6 Mb long), indicating
consanguinity, while patient 2 showed 20 fragments of more than 1Mb of homozygosity
(above average). Assuming an autosomal recessive inheritance pattern, patient 1 dis-
played variants in 52 selected genes, while patient 2 presented variants in 12 selected
genes (Supplementary Tables S1 and S2). None of these homozygous variants was clearly
pathogenic. In contrast, each patient harboured a de novo variant in a known ID gene.
Patient 1 was heterozygous for a de novo, previously described [2], pathogenic variant
in PORCN (2)(MIM * 300651), p.Arg95* (X:48369829 C>T; ENST00000326194: c.283C>T),
while patient 2 carried a novel de novo heterozygous mutation at the Zinc-finger protein of
the cerebellum 2, ZIC2, gene (MIM * 603073, mutation p.His404_Ser406delinsPro). Both
mutations and their de novo status were confirmed by Sanger sequencing in the patients
and their parents (and the respective cousin). WES and the Sanger sequencing results
suggest that patient 1 is a mosaic for the PORCN p.Arg95* mutation.

The nonsense mutation p.Arg95* in PORCN creates a premature STOP codon at posi-
tion 95 of the 461 residue-long protein-serine O-palmitoleoyltransferase porcupine protein.
The mutation lies in exon 2 of 14, which is, therefore, subject to the degradation of the mu-
tated mRNA by nonsense-mediated decay (NMD). In addition, if translated, the truncated
protein would lack the majority of functional domains, including the active site. PORCN
mutations have been associated with Goltz-Gorlin Syndrome (or focal dermal hypoplasia,
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FDH, MIM #305600), transmitted as an X-linked dominant trait, and the p.Arg95* muta-
tion found in patient 1 had been identified in a 30 year-old woman also presenting with
linear skin lesions, asymmetrical skeletal defects, clinodactyly, dental defects, and micro-
cephaly [2]. However, there is no mention of developmental delay/intellectual disability
(DD/ID). Goltz-Gorlin Syndrome is a clinical entity with high phenotypic heterogeneity
and developmental delay, although rare, that is described in about 10%–15% of the pa-
tients [3–5]. In addition, patient 1 presented with the more frequently reported clinical
characteristics, including facial asymmetry, short stature, agenesis of the corpus callosum,
or moderate cerebellar atrophy. All this points to p.Arg95* in PORCN as a pathogenic
mutation and the main cause of the disorder observed in patient 1. PORCN is a key regula-
tor of the Wnt signalling pathway mediating the attachment of palmitoleate, a 16-carbon
monounsaturated fatty acid, to Wnt proteins. Serine palmitoleylation of Wnt proteins is
required for efficient binding to frizzled receptors and activation of Wnt signalling [6].

On the other hand, while patient 1 fits well in the FDH phenotypic entity, she has a
more severe level of DD than other reported cases. Therefore, we hypothesized that other
genetic factors might be contributing to her severe neurological presentation, especially
since other family members present with non-syndromic ID (Figure 1). Worthy of interest,
three variants were found in homozygosity in relevant genes (Supplementary Table S1): two
missense variants in NCAPD3 [c.3488C>T, p.(Pro1163Leu), rs143158496*] and in YY1AP1
[c.1858G>A; p.(Ala620Thr)], and a synonymous variant with a putative effect on splicing
in UFC1 (c.246C>T, p.Ile82=). The variant in NCAPD3, is present in public databases at a
very low frequency, although slightly higher in the Turkish population (gnomAD April
2020: 29 carriers out of 251446 alleles, no homozygotes, higher minor allele frequency
(MAF) 0.0009 for East Asian, GME Variome: 1/163, MAF:0.006, Turkish population), which
would be consistent with a recessive pattern of inheritance. NCAPD3 has been previously
related to microcephaly with moderate developmental delay [7], and a mouse model for
Ncapd2 (NCAPD3 partner) shows microcephaly as well. However, only 8 out of 18 in
silico predictors consider this change as putatively damaging and, while the NCAPD3
gene is constrained for loss of function (LoF) variants, it does not show constraint for
missense mutations (o/e = 1.07 at gnomAD). Therefore, this change is classified as a variant
of unknown significance (VUS), according to the American College of Medical Genetics
(ACMG) guidelines [8], but we cannot rule out its potential contribution to the severity
of the microcephaly and the DD traits of patient 1. Recessive LoF mutations in YY1AP1
associate with Grange syndrome (GRNG, MIM #602531), whose presentation includes
syndactyly and learning difficulties [9–11]. The variant is also present in public databases
(gnomAD 18 carriers out of 141388, highest MAF 0.00013, absent in GME Variome). Finally,
UFC1 is associated with “neurodevelopmental disorder with spasticity and poor growth”
(MIM #618076) [12] and the variant identified in patient 1 is present in public databases at
a very low frequency (gnomAD: 2 alleles out of 251490).

ZIC2 is a transcription factor involved both in activation and repression, which plays
a key role in the early stages of the central nervous system (CNS) development [13]. The
ZIC2 mutation detected in patient 2 involves the deletion of 7 bp and the insertion of
1 bp at the cDNA position 1211 [c.1211_1217delACCCCAGinsC (ENST00000376335)],
leading to the substitution of the three residues at positions 404 to 406 by a proline
(p.His404_Ser406delinsPro). This variant is not found in the general population (gno-
mAD, Iranome, and GME Variome) and residues 404 to 406 are fully conserved through
the 28 species analysed (Supplementary Figure S1). This variant is classified as pathogenic
following the ACMG guidelines [8]. The ZIC proteins are defined by the presence of a
zinc finger domain that consists of five Cys2His2-type zinc fingers and this change is in a
mutational hot-spot affecting the fifth C2H2-type Zinc Finger domain of the ZIC2 protein.

Autosomal Dominant (AD) mutations in ZIC2 have been associated with holoprosen-
cephaly 5 (HPE5, MIM #609637), characterized by severe neurological impairment, seizures,
and characteristic dysmorphic facies. These traits are consistent with the patient’s clinical
phenotype, who presented with semi-lobar holoprosencephaly and severe developmental
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delay (seizures have not been identified so far). While this specific mutation has not been
previously reported, other non-frameshift mutations affecting the same domain have been
identified in HPE5 patients [14–17], including the substitution of His 404 by Arg [15].
In conclusion, we have classified the ZIC2 heterozygous mutation as likely pathogenic,
and as the disease-causing mutation responsible for the major phenotypic alterations of
the patient.

Other changes that can contribute to the patient’s phenotype have also been evaluated
(Supplementary Table S2). In particular, the patient and his two sisters are homozygous
for mutation p.Tyr1073Cys in CFTR (7:117251713 A>G, ENST00000003084: c.3218A>G,
p.Tyr1073Cys). This gene encodes an epithelial ion channel that mediates the transport of
chloride ions. Autosomal Recessive (AR) mutations in it are associated with cystic fibrosis
(CF, MIM #219700), sweat chloride elevation without CF, and congenital bilateral absence
of vas deferens (CBAVD, MIM #277180). The same mutation identified in this family had
been previously identified in a patient with neonatal hypertrypsinaemia without lung
disease and is included in the Cystic Fibrosis Mutation database. This mutation is absent in
the common population (gnomAD, Iranome, and GME Variome) and it is predicted to be
damaging for the protein performance by most functional prediction algorithms. We have
considered this variant to be likely pathogenic, according to the ACMG guidelines [8], and
have recommended detailed clinical assessment of the patient and his sisters. In addition to
the de novo ZIC2 mutation, Patient 2 is a homozygote for the KPNA7 p.Arg217Trp mutation
(7:98786174 G>A, ENST00000327442: c.649C>T, Supplementary Table S2), inherited from
his parents (both heterozygotes). The healthy sister does not carry the mutant allele, while
the sister affected by microcephaly is also homozygous for this change. This variant
is rare in the common population (only 27 carriers, no homozygotes, in gnomAD) and
algorithms developed to predict the effect of missense changes on protein structure and
function (SIFT, PolyPhen2, PROVEAN, or Mutation assessor) do not agree on the potential
impact of this missense change. KPNA7 recessive mutations have been associated with
infantile spasms and cerebellar malformation only once in the literature [18]. These authors
presented a pair of sibs affected with severe developmental disability, infantile spasms,
intractable epilepsy consistent with Lennox–Gastaut syndrome, partial agenesis of the
corpus callosum, and cerebellar vermis hypoplasia in which two heterozygous KPNA7
mutations have been identified by WES. In these patients, microcephaly was not present
(with head circumference at the 98th and 50th percentiles). In conclusion, this variant is
classified as likely benign and does not seem to be related to the patient’s clinical phenotype,
but its implication on moderate microcephaly cannot be ruled out without further studies.

Both causal genes that mutated in these cousins (PORCN and ZIC2) encode proteins
that are directly implicated in the Wnt pathway. The mechanistic coincidence on these two
factors could explain some of the clinical similarities among these patients, both harbouring
mutations in genes that, prima facie, seem not to be related. Wnt signalling pathways
regulate complex normal biological processes such as cell differentiation, development,
tissue homeostasis, and wound healing. However, when the Wnt pathway is aberrantly
regulated, it can be associated with bone anomalies, neurodevelopmental disorders, cancer,
and cardiovascular diseases, among other diseases [19]. Wnt signalling is a particularly
complex pathway that leads to the activation of two main, alternative branches: the canoni-
cal and the noncanonical pathway. In the canonical pathway, the binding of Wnt proteins
to their receptors (Frizzled and Lrp5/6) triggers the inactivation or disassembly of the
destruction complex, which reduces β-catenin phosphorylation and promotes its accumu-
lation and translocation to the nucleus. There, β-catenin forms a complex with Lef/Tcf
factors and induces the transcription of specific genes. Activation of the noncanonical
pathway does not depend on β-catenin-driven transcription. Instead, it relies on changes
that affect cytoskeletal organization and calcium homeostasis [19]. PORCN (protein-serine
O-palmitoleoyltransferase porcupine) mediates palmitoylation of Wnt proteins, which is
an essential modification necessary for their correct secretion and binding to the Frizzled
receptors, thus, being a major regulator of Wnt signalling [20–22]. On the other hand, Zic
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genes are implicated in development of the dorsal neural tube and neural crest as well as
the somites and the cerebellum. In addition to the regulation of multiple neural factors,
ZIC2 functions as a modulator of Wnt signalling by the direct interaction with TCF4 [23] or
by modulating β-catenin accumulation and activity [24].

3. Materials and Methods

Patient 1 was included in the URDCat genetic program and underwent whole exome
sequencing (WES) analysis as previously described [25,26] (briefly, sequencing was done at
the CNAG facility using the Nimblegen SeqCap EZ MedExome + mtDNA 47Mb capture kit
aiming at 90× coverage). Patient 2 was analyzed by trio-WES, briefly, (samples from patient
2 and his parents were also sequenced at the CNAG facility). In this case, capture was
performed with Agilent SureSelect v5 (Agilent, CA, USA). The samples were sequenced at
a coverage of 140×. Basic bioinformatic processing of the sequencing data was performed
using CNAG’s in-house pipeline. Annotation and filtering for both cases was performed
with VarAFT [26]. All variants included in Tables S1 and S2 were analysed by Sanger
sequencing in the patient, mother, and father, as well as in her affected cousin. Primers
and conditions used for PCR amplification and sequencing are available on demand.
Sequence alterations are reported according to the Human Genome Variation Society
(HGVS) nomenclature guidelines. The gnomAD (v.2.1.1), Iraniome, and Great Middle East
Variome databases were accessed on May 2020.

4. Conclusions

Two main considerations arise from this study. In the first place, while in Western
countries syndromic and non-syndromic DD and ID are mainly sporadic and caused by de
novo mutations [27], in the near and Great Middle East, where there is a high consanguinity
rate [28], ID is commonly due to recessive mutations [29]. When presented with highly
consanguineous families segregating a disease phenotype, one of the first approaches is
to search for pathogenic mutations in homozygosity tracks. In addition, performing WES
analysis only on the index case is a common practice, which, in highly consanguineous
populations, yields acceptable diagnostic results [30]. While the cost advantage of such an
approach is evident, it is important to keep in mind that, even in cases with a very high
consanguinity, de novo disease causing mutations may still be present, representing up to
27.8% of the ID mutations identified in these families [29] when trio-WES is performed. It
should not be forgotten that these mutations are still one of the major causes of ID. Thus,
to avoid misdiagnosis, we strongly recommend trio-WES or, if unavailable, a cautious
revision of putative dominant mutations (likely followed by segregation analysis of a
higher number of putative candidates) even in these families. In the present study, WES of
patient 1 was followed by segregation analysis of up to 16 heterozygous variants, while
the trio-WES of patient 2 involved further checking of only six variants. Otherwise, we
risk basing our diagnosis solely on putatively pathogenic homozygous variants in the
detriment of undetected de novo mutations also present in the patient.

The second important consideration from this study is the co-occurrence of multiple
genetic diseases in the same individual, leading to a very complex phenotype. This can
be especially likely in families with high levels of consanguinity, potentially segregating
various pathogenic mutations [31].

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/4/1549/s1.

Author Contributions: Conception and design: R.U., S.G., R.R., D.G., and S.B. WES Analysis and
validation: R.U., L.C.-V., A.P.-P., and M.C.-P., G.B., and L.M. have analysed the homozygosity data.
Clinical evaluation of the patients and generation of the clinical data: S.G. and Ö.G.-B. Table 1: L.C.-V.
and S.G. Supplementary Tables S1 and S2 have been prepared by R.U., R.R., L.C.-V., M.C.-P., and
A.P.-P. Figures 1–3: R.U., L.C.-V., D.G., S.B., R.R.; S.G., R.U., R.R., S.G., S.B., and D.G. wrote the main
manuscript text. All authors critically reviewed the manuscript. All authors have read and agreed to
the published version of the manuscript.

https://www.mdpi.com/1422-0067/22/4/1549/s1
https://www.mdpi.com/1422-0067/22/4/1549/s1


Int. J. Mol. Sci. 2021, 22, 1549 9 of 10

Funding: Funding was from the Spanish Ministerio de Ciencia e Innovación (SAF2016-75946R),
CIBERER (ACCI2018-15), Associació Síndrome Opitz C. Departament de Salut de la Generalitat de
Catalunya, PERIS SLT002/16/00174, URD-Cat (Implementació de la Medicina Personalitzada basada
en la Genòmica en Malalties Minoritàries Neurològiques no Diagnosticades), 2017–2019. Funding
sources were not involved in the study design, collection, analysis, and interpretation of data, writing
of the report, or in the publication of the article.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
the Universitat de Barcelona (IRB00003099), 20 October 2016, and all methods were performed in
accordance with the relevant guidelines and regulations.

Informed Consent Statement: Families have been informed of this publication. They have given
signed consent to publish, including pictures of the patients.

Data Availability Statement: The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly available due to privacy and
ethical restrictions.

Acknowledgments: We thank the patients and their families for their collaboration. We also thank
Ariadna Carbonell-Roqué, Raul Martínez-Cabrera, and Mónica Cozar Morillo for their technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.; Daly, M.J.; et al.

PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef] [PubMed]

2. Bornholdt, D.; Oeffner, F.; Konig, A.; Happle, R.; Alanay, Y.; Ascherman, J.; Benke, P.J.; Boente Mdel, C.; van der Burgt, I.;
Chassaing, N.; et al. PORCN mutations in focal dermal hypoplasia: Coping with lethality. Hum. Mutat. 2009, 30, E618–E628.
[CrossRef] [PubMed]

3. Goltz, R.W. Focal dermal hypoplasia syndrome. An update. Arch. Dermatol. 1992, 128, 1108–1111. [CrossRef] [PubMed]
4. Maas, S.M.; Lombardi, M.P.; van Essen, A.J.; Wakeling, E.L.; Castle, B.; Temple, I.K.; Kumar, V.K.; Writzl, K.; Hennekam, R.C.

Phenotype and genotype in 17 patients with Goltz-Gorlin syndrome. J. Med. Genet. 2009, 46, 716–720. [CrossRef] [PubMed]
5. Yesodharan, D.; Buschenfelde, U.M.Z.; Kutsche, K.; Mohandas Nair, K.; Nampoothiri, S. Goltz-Gorlin Syndrome: Revisiting the

Clinical Spectrum. Indian J. Pediatr. 2018, 85, 1067–1072. [CrossRef]
6. Coombs, G.S.; Yu, J.; Canning, C.A.; Veltri, C.A.; Covey, T.M.; Cheong, J.K.; Utomo, V.; Banerjee, N.; Zhang, Z.H.; Jadulco, R.C.;

et al. WLS-dependent secretion of WNT3A requires Ser209 acylation and vacuolar acidification. J. Cell Sci. 2010, 123, 3357–3367.
[CrossRef]

7. Martin, C.A.; Murray, J.E.; Carroll, P.; Leitch, A.; Mackenzie, K.J.; Halachev, M.; Fetit, A.E.; Keith, C.; Bicknell, L.S.; Fluteau, A.;
et al. Mutations in genes encoding condensin complex proteins cause microcephaly through decatenation failure at mitosis. Genes
Dev. 2016, 30, 2158–2172. [CrossRef]

8. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef]

9. Guo, D.C.; Duan, X.Y.; Regalado, E.S.; Mellor-Crummey, L.; Kwartler, C.S.; Kim, D.; Lieberman, K.; de Vries, B.B.A.; Pfundt,
R.; Schinzel, A.; et al. Loss-of-Function Mutations in YY1AP1 Lead to Grange Syndrome and a Fibromuscular Dysplasia-Like
Vascular Disease. Am. J. Hum. Genet. 2017, 100, 21–30. [CrossRef]

10. Rath, M.; Spiegler, S.; Strom, T.M.; Trenkler, J.; Kroisel, P.M.; Felbor, U. Identification of pathogenic YY1AP1 splice variants in
siblings with Grange syndrome by whole exome sequencing. Am. J. Med. Genet. A 2019, 179, 295–299. [CrossRef]

11. Saida, K.; Kim, C.A.; Ceroni, J.R.M.; Bertola, D.R.; Honjo, R.S.; Mitsuhashi, S.; Takata, A.; Mizuguchi, T.; Miyatake, S.; Miyake, N.;
et al. Hemorrhagic stroke and renovascular hypertension with Grange syndrome arising from a novel pathogenic variant in
YY1AP1. J. Hum. Genet. 2019, 64, 885–890. [CrossRef] [PubMed]

12. Nahorski, M.S.; Maddirevula, S.; Ishimura, R.; Alsahli, S.; Brady, A.F.; Begemann, A.; Mizushima, T.; Guzman-Vega, F.J.; Obata,
M.; Ichimura, Y.; et al. Biallelic UFM1 and UFC1 mutations expand the essential role of ufmylation in brain development. Brain
2018, 141, 1934–1945. [CrossRef] [PubMed]

13. Nagai, T.; Aruga, J.; Minowa, O.; Sugimoto, T.; Ohno, Y.; Noda, T.; Mikoshiba, K. Zic2 regulates the kinetics of neurulation. Proc.
Natl. Acad. Sci. USA 2000, 97, 1618–1623. [CrossRef]

14. Brown, L.; Paraso, M.; Arkell, R.; Brown, S. In vitro analysis of partial loss-of-function ZIC2 mutations in holoprosencephaly:
Alanine tract expansion modulates DNA binding and transactivation. Hum. Mol. Genet. 2005, 14, 411–420. [CrossRef] [PubMed]

http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://doi.org/10.1002/humu.20992
http://www.ncbi.nlm.nih.gov/pubmed/19309688
http://doi.org/10.1001/archderm.1992.01680180102015
http://www.ncbi.nlm.nih.gov/pubmed/1497368
http://doi.org/10.1136/jmg.2009.068403
http://www.ncbi.nlm.nih.gov/pubmed/19586929
http://doi.org/10.1007/s12098-018-2632-1
http://doi.org/10.1242/jcs.072132
http://doi.org/10.1101/gad.286351.116
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1016/j.ajhg.2016.11.008
http://doi.org/10.1002/ajmg.a.60700
http://doi.org/10.1038/s10038-019-0626-0
http://www.ncbi.nlm.nih.gov/pubmed/31270375
http://doi.org/10.1093/brain/awy135
http://www.ncbi.nlm.nih.gov/pubmed/29868776
http://doi.org/10.1073/pnas.97.4.1618
http://doi.org/10.1093/hmg/ddi037
http://www.ncbi.nlm.nih.gov/pubmed/15590697


Int. J. Mol. Sci. 2021, 22, 1549 10 of 10

15. Roessler, E.; Lacbawan, F.; Dubourg, C.; Paulussen, A.; Herbergs, J.; Hehr, U.; Bendavid, C.; Zhou, N.; Ouspenskaia, M.; Bale, S.;
et al. The full spectrum of holoprosencephaly-associated mutations within the ZIC2 gene in humans predicts loss-of-function as
the predominant disease mechanism. Hum. Mutat. 2009, 30, E541–E554. [CrossRef]

16. Solomon, B.D.; Lacbawan, F.; Mercier, S.; Clegg, N.J.; Delgado, M.R.; Rosenbaum, K.; Dubourg, C.; David, V.; Olney, A.H.; Wehner,
L.E.; et al. Mutations in ZIC2 in human holoprosencephaly: Description of a novel ZIC2 specific phenotype and comprehensive
analysis of 157 individuals. J. Med. Genet. 2010, 47, 513–524. [CrossRef]

17. Roessler, E.; Hu, P.; Marino, J.; Hong, S.; Hart, R.; Berger, S.; Martinez, A.; Abe, Y.; Kruszka, P.; Thomas, J.W.; et al. Common
genetic causes of holoprosencephaly are limited to a small set of evolutionarily conserved driver genes of midline development
coordinated by TGF-beta, hedgehog, and FGF signaling. Hum. Mutat. 2018, 39, 1416–1427. [CrossRef]

18. Paciorkowski, A.R.; Weisenberg, J.; Kelley, J.B.; Spencer, A.; Tuttle, E.; Ghoneim, D.; Thio, L.L.; Christian, S.L.; Dobyns, W.B.;
Paschal, B.M. Autosomal recessive mutations in nuclear transport factor KPNA7 are associated with infantile spasms and
cerebellar malformation. Eur. J. Hum. Genet. 2014, 22, 587–593. [CrossRef]

19. Sharma, M.; Pruitt, K. Wnt Pathway: An Integral Hub for Developmental and Oncogenic Signaling Networks. Int. J. Mol. Sci.
2020, 21, 8018. [CrossRef]

20. Kurayoshi, M.; Yamamoto, H.; Izumi, S.; Kikuchi, A. Post-translational palmitoylation and glycosylation of Wnt-5a are necessary
for its signalling. Biochem. J. 2007, 402, 515–523. [CrossRef]

21. Chen, B.; Dodge, M.E.; Tang, W.; Lu, J.; Ma, Z.; Fan, C.W.; Wei, S.; Hao, W.; Kilgore, J.; Williams, N.S.; et al. Small molecule-
mediated disruption of Wnt-dependent signaling in tissue regeneration and cancer. Nat. Chem. Biol. 2009, 5, 100–107. [CrossRef]
[PubMed]

22. Gao, X.; Hannoush, R.N. Single-cell imaging of Wnt palmitoylation by the acyltransferase porcupine. Nat. Chem. Biol. 2014, 10,
61–68. [CrossRef] [PubMed]

23. Pourebrahim, R.; Houtmeyers, R.; Ghogomu, S.; Janssens, S.; Thelie, A.; Tran, H.T.; Langenberg, T.; Vleminckx, K.; Bellefroid, E.;
Cassiman, J.J.; et al. Transcription factor Zic2 inhibits Wnt/β-catenin protein signaling. J. Biol. Chem. 2011, 286, 37732–37740.
[CrossRef] [PubMed]

24. Morenilla-Palao, C.; López-Cascales, M.T.; López-Atalaya, J.P.; Baeza, D.; Calvo-Díaz, L.; Barco, A.; Herrera, E. A Zic2-regulated
switch in a noncanonical Wnt/βcatenin pathway is essential for the formation of bilateral circuits. Sci. Adv. 2020, 6. [CrossRef]

25. Study, D.D.D. Prevalence and architecture of de novo mutations in developmental disorders. Nature 2017, 542, 433–438. [CrossRef]
26. Scott, E.M.; Halees, A.; Itan, Y.; Spencer, E.G.; He, Y.; Azab, M.A.; Gabriel, S.B.; Belkadi, A.; Boisson, B.; Abel, L.; et al.

Characterization of Greater Middle Eastern genetic variation for enhanced disease gene discovery. Nat. Genet. 2016, 48, 1071–1076.
[CrossRef]

27. Kahrizi, K.; Hu, H.; Hosseini, M.; Kalscheuer, V.M.; Fattahi, Z.; Beheshtian, M.; Suckow, V.; Mohseni, M.; Lipkowitz, B.; Mehvari,
S.; et al. Effect of inbreeding on intellectual disability revisited by trio sequencing. Clin. Genet. 2019, 95, 151–159. [CrossRef]

28. Monies, D.; Abouelhoda, M.; Assoum, M.; Moghrabi, N.; Rafiullah, R.; Almontashiri, N.; Alowain, M.; Alzaidan, H.; Alsayed,
M.; Subhani, S.; et al. Lessons Learned from Large-Scale, First-Tier Clinical Exome Sequencing in a Highly Consanguineous
Population. Am. J. Hum. Genet. 2019, 105, 879. [CrossRef]

29. Shalev, S.A. Characteristics of genetic diseases in consanguineous populations in the genomic era: Lessons from Arab communities
in North Israel. Clin. Genet. 2019, 95, 3–9. [CrossRef]

30. Urreizti, R.; Lopez-Martin, E.; Martinez-Monseny, A.; Pujadas, M.; Castilla-Vallmanya, L.; Perez-Jurado, L.A.; Serrano, M.;
Natera-de Benito, D.; Martinez-Delgado, B.; Posada-de-la-Paz, M.; et al. Five new cases of syndromic intellectual disability due to
KAT6A mutations: Widening the molecular and clinical spectrum. Orphanet J. Rare Dis. 2020, 15, 44. [CrossRef]

31. Desvignes, J.P.; Bartoli, M.; Delague, V.; Krahn, M.; Miltgen, M.; Béroud, C.; Salgado, D. VarAFT: A variant annotation and
filtration system for human next generation sequencing data. Nucleic Acids Res. 2018, 46, W545–W553. [CrossRef] [PubMed]

http://doi.org/10.1002/humu.20982
http://doi.org/10.1136/jmg.2009.073049
http://doi.org/10.1002/humu.23590
http://doi.org/10.1038/ejhg.2013.196
http://doi.org/10.3390/ijms21218018
http://doi.org/10.1042/BJ20061476
http://doi.org/10.1038/nchembio.137
http://www.ncbi.nlm.nih.gov/pubmed/19125156
http://doi.org/10.1038/nchembio.1392
http://www.ncbi.nlm.nih.gov/pubmed/24292069
http://doi.org/10.1074/jbc.M111.242826
http://www.ncbi.nlm.nih.gov/pubmed/21908606
http://doi.org/10.1126/sciadv.aaz8797
http://doi.org/10.1038/nature21062
http://doi.org/10.1038/ng.3592
http://doi.org/10.1111/cge.13463
http://doi.org/10.1016/j.ajhg.2019.09.019
http://doi.org/10.1111/cge.13231
http://doi.org/10.1186/s13023-020-1317-9
http://doi.org/10.1093/nar/gky471
http://www.ncbi.nlm.nih.gov/pubmed/29860484

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References

