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Abstract 

 
Cerebral cortical development involves a complex series of highly regulated steps to generate the 

laminated structure of the adult neocortex. Neuronal migration is a key part of this process. We 

provide here a detailed review of cortical malformations thought to be linked to abnormal neuronal 

migration. We have focused on providing updated views related to perturbed mechanisms based on the 

wealth of genetic information currently available, as well as the study of mutant genes in animal 

models. We discuss mainly type 1 lissencephaly, periventricular heterotopia, type II lissencephaly and 

polymicrogyria. We also discuss functional classifications such as the tubulinopathies, and emphasize 

how modern genetics is revealing genes mutated in atypical cases, as well as unexpected genes for 

classical cases. A role in neuronal migration is revealed for many mutant genes, although progenitor 

abnormalities also predominate, depending on the disorder. We finish by describing the advantages of 

human in vitro cell culture models, to examine human-specific cells and transcripts, and further 

mention non-genetic mechanisms leading to cortical malformations. 
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1. Cortical development in mammals  - a short overview, rodent versus human 
 

1.1 Principal cell neurogenesis 

 

A correctly functioning central nervous system (CNS) relies on the formation of neural 

circuits to control activity. For this, newborn neurons migrate, differentiate, form their dendrites and 

axons, and establish neuronal connections at the correct time and place in the CNS during 

embryogenesis [1,2].  
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In vertebrates, earliest stages of brain development involve segmentation of the neural tube 

into lineage-restricted compartments where a highly elaborated genetic program maintains the head-to-

tail (anteroposterior; AP) and back-to-front (dorsoventral; DV) axes of the CNS [3]. After neural tube 

closure at around embryonic day (E) 30 or gestational week (GW4), neuroepithelial cells (NECs) 

convert into fate-restricted differentiated radial glial cells (RGCs), a process that in the mouse occurs 

at E9-10, and in human embryonic telencephalon at GW5-6. At these stages the ventricular zone (VZ) 

is the only proliferative region [4]. RGCs are polarized with an apical-basal orientation and show 

hallmarks of both astrocytes and NECs. RGC basal processes constitute the scaffold for migration of 

newly born neurons through the intermediate zone (IZ) to the cortical plate (CP). The RGC apical 

process allows attachment to the ventricular lining (VL) and also contains key elements of signaling 

pathways, such as the primary cilium and the centrosomes. Most neurons of the brain are derived, 

either directly or indirectly from RGCs [5]. These cells, expressing the marker Pax6, are either able to 

self-renew, generating two RGCs (symmetric cell division), or give rise by asymmetric cell divisions 

to basal or intermediate progenitors (BPs or IPs) which move basally to form the subventricular zone 

(SVZ). These cells are Tbr2-positive and in rodent give rise to post-mitotic neurons, thus indirectly 

from RGCs [6]. A more recently identified Pax6-positive VZ cell is the short neural precursor (SNP), 

which is similar to an RGC but has only a short basal process, and these cells generate post-mitotic 

neurons directly [7]. SVZ onset occurs at E12 in the mouse and at GW7-8 in humans [4], and 

neurogenesis in the SVZ contributes to the generation of upper-layer neurons [8], as well as other 

neurons in the deeper cortical layers [9].  

In gyrencephalic species, apical RGCs divide asymmetrically to generate a more fate-

restricted type of RG progenitor. Thus, the SVZ is composed of several types of BP: basal or outer 

radial glial (bRG) cells, as well as intermediate progenitors (also called bIPs) [10]. This thickened 

SVZ and particularly its division into an expanded outer SVZ (OSVZ), is predominantly linked to 

neocortex evolution and expansion, as well as formation of folds and fissures [11]. OSVZ progenitors 

undergo expansive proliferative divisions which contrasts the rodent SVZ, where IP cells usually 

divide only once. These cellular mechanisms are hence associated with the evolutionary expansion of 

human neocortex [12]. 

At GW5 in human there is already evidence of the primordial plexiform layer (PPL) or 

preplate (PP), visible also by approximately E11 in the mouse. The earliest born neurons form this 

layer which is later divided (around GW7-8, and accomplished by approximately E13 in the mouse) 

into the more superficial marginal zone (MZ) and the deeper subplate (SP) by the emerging CP 

[13,14]. Later-born neurons arriving in the CP migrate past earlier born neurons, to generate a 

multilayered neocortex [8]. Post-mitotic cortical neurons migrate radially along RGC processes toward 

the pial surface, giving rise to pyramidal neurons [15–17]. After PP splitting, the subsequent waves of 

migrating neurons successfully form in an inverse manner layers II–VI in the mouse, with layer-

specific connectivity, morphological and physiological characteristics. Different classes of projection 

neuron are thus born in overlapping temporal waves [8, 17].  

In humans, the OSVZ forms at GW11, while the neuronal migration peak that in the mouse 

cortex takes place from E13-16, occurs from GW12-20 [12, 16]. The IZ, located above the SVZ (see 

Fig. 1), contains radially and tangentially migrating interneurons (IN), the latter derived from the 

ganglionic eminence (GE). Before beginning radial migration into the CP, principal cells adopt first a 

multipolar morphology, basal to the VZ [18]. Then cells become bipolar, facilitated by different kinds 

of molecules that allow differentiation and locomotion along the basal process of RGCs towards the 

CP [8,16,19]. Extracellular guidance cues also promote the correct positioning of new-born neurons. 

The most well-known is the Reelin signaling pathway (see below). Reelin is secreted from Cajal-

Retzius neurons to activate downstream factors within migrating neurons [16,20]. Cajal-Retzius cells 

are in place from very early corticogenesis [21]. 
 

1.2 Gliogenesis  
 

Neurogenesis is generally followed by gliogenesis in the developing mammalian CNS, with 

the same progenitor domains switching the differentiation program to oligodendrocyte or astrocyte 

production [22]. Glia may constitute 50-90% of the cells in the human brain, and glial numbers are 

thought to be essential for achieving increased brain complexity. This involves the expansion of glial 
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pool size and increased long range conduction across white matter tracts [22]. RGCs in the developing 

mouse and human cortex hence give rise to two main types of glia, astrocytes and oligodendrocytes, 

which are produced both pre- and postnatally. The third major type of glia of different origin is the 

microglia population which constitute the macrophages of the CNS, mediators of neuroinflammation 

which can induce or modulate a broad spectrum of cellular responses.  

Astrocyte dysfunction can lead to developmental and/or psychiatric disorders [23,24]. 

Mutation of the α-2-delta subunit of the voltage gated calcium channel CACNA2D2 which is highly 

expressed in astrocytes and in the neocortex, has been linked with epileptiform activity in the mouse 

brain [25]. Mutations in this gene are also associated with polymicrogyria (PMG), global cortical 

atrophy, corpus callosum dysgenesis, intellectual disability (ID) and epilepsy in three non-related 

patients [26].  

Furthermore, the role of glia in epilepsy has recently been reviewed, especially in association 

with cortical malformations [27]. These authors emphasize that gliosis is a common factor observed in 

histological brain samples from such patients. Glial uncoupling as a consequence of loss of expression 

of certain molecules which are normally expressed in glia could contribute to seizures, and targeting 

glial cell function in the treatment of epilepsy could be a key mechanism. Finally, these authors 

propose the hypothesis that glial dysfunction contributes to pathology through a local proinflammatory 

environment driven by abnormal gliovascular interactions. Further research efforts will elucidate glial 

contributions in this area. 

 

2. Human Malformations of Cortical Development (MCDs).  
 

ID in children comprises 2-5% of the general population [28,29]. This includes neuronal 

migration disorders caused by infectious, toxic or vascular events, as well as genetic disorders with 

Mendelian inheritance, reviewed here, caused by mutations in a single gene. Continual advances in 

genetic technologies allow a more general understanding of MCDs, and numerous new causative 

genes and mechanisms have been identified in MCD patients [30]. Nevertheless, many patients who 

present defined clinical features and likely genetic diseases cannot be diagnosed definitively. In 

addition, advances in neuroimaging technologies, particularly magnetic resonance imaging (MRI) and 

functional MRI (fMRI), allow a delineation of the type of brain malformation, but at the same time 

can make their classification complicated [31]. Therefore, the identification of the underlying genetic 

cause is also essential in order to diagnose and determine prognosis for the affected patients.  

 

2.1 Genetic methods for diagnosis of MCDs 

 
Clinical diagnosis involves standard practices for the identification of specific phenotypic or 

radiographic features, and the analysis of biopsies and metabolites. When there is a clear phenotype 

revealed by MRI, targeted Sanger sequencing of selected candidate genes may be performed (e.g. 

LIS1, DCX, FLNA, see below). Nevertheless, hypothesis-driven approaches based on the ability to 

recognize the most likely disorder associated with defined symptoms, often fails to reach a diagnosis. 

Targeted panels are frequently implemented [30]. Other genomic tests include G-band karyotype 

analysis, the identification of chromosomal abnormalities using fluorescence in situ hybridization 

(FISH) and array comparative genomic hybridization (array-CGH). Array-CGH (also known as 

chromosomal microarray analysis, CMA) has been developed as a method to identify and map sub-

microscopic deletions/duplications simultaneously onto the genome sequence [32]. Moreover, during 

the last decade, the implementation of Next Generation Sequencing (NGS) protocols has been an 

important tool for the diagnosis and classification of patients with rare Mendelian diseases [33]. This 

method is also key to understanding the molecular and cellular bases of certain disorders. Individual 

patients might be the sole cases showing mutations in a particular gene, although worldwide data 

sharing can allow the grouping of several patients, hence better validating these candidate genes. 

For NGS, patient DNA samples are broken down into short fragments and amplified using 

polymerase chain reaction (PCR) or hybridization-based approaches. The regions that are amplified 

could include either a subset of genes (targeted approach) or all the genes in the genome. Sequencing 

all protein-coding regions of genes is referred to as whole exome sequencing (WES), whereas if the 

target is the entire genome, the method is called whole genome sequencing (WGS) [30, 34]. WES may 
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also be extended to target functional non-protein coding elements (e.g., micro RNA, long intergenic 

noncoding RNA, etc.). While WGS has a greater sensitivity to detect pathogenic variations in a single 

individual gene (including outside of the coding region), WES is currently more accessible and 

powerful for novel disease gene discovery [35]. Sequences are processed bioinformatically, aligned 

and compared using a set of filters to determine the significance of the variants [36].  

As different populations and ethnic groups differ in their genomic variations, databases 

containing common variants from healthy individuals are essential for determining the significance of 

a given variant. Some examples include dbSNP, 1000 Genomes project, Exome Aggregation 

Consortium (ExAC), and Exome Sequencing Project (ESP), although certain ethnicities are 

underrepresented in these databases [34]. WES has been shown to improve the diagnostic yield to 25% 

for patients affected with neurological disorders and/or congenital anomalies with Mendelian 

inheritance [33]. Indeed, WES has been shown to be very useful to discover new de novo mutations 

associated with epileptic encephalopathy or with severe IDs [37, 38]. However, there are some 

limitations on the use of WES, for instance some somatic variants may be missed if read depth or the 

alternate-allele read frequency is low [39]. Somatic mutations are post-zygotic events that lead to two 

or more populations of cells with distinct genotypes in an organism [40]. The better the sequence 

coverage, including the breadth and uniformity of the reads, the better is the probability and accuracy 

to find de novo variants. In the case of somatic variants, the use of WES with very high coverage aids 

their detection [39]. This is also the case with WGS which also has the advantage to identify structural 

and non-coding variants potentially associated with a disorder, although with a higher cost.     

 

2.2. Neuronal migration disorder classification and mutant genes 
 

MCDs can be diagnosed in utero, with the most severe disorders (lissencephaly, PMG and 

large heterotopia) detected during pregnancy with fetal ultrasound and fetal MRI [41]. For disorders 

detected after birth, children develop early MCD-related symptoms, such as developmental delay, 

epilepsy and ID, even during the first year of life depending on the severity of the malformation [42]. 

In some cases, additional extra-neurological features may be evident including facial dysmorphia and 

skin abnormalities. MRI is used as one criteria of classification and diagnosis, as well as karyotypes 

and molecular screens when there is a likely genetic origin of the pathology. As mentioned above, 

NGS is currently a key tool for the identification of mutated genes in patients, especially those cases 

remaining after screening for mutations in the known associated genes. Unraveling the genes involved 

in MCD has shown that each cortical disorder is heterogeneous with similar phenotypes explained by 

different mutated genes [30, 43].  

MRIs from patients that do not respond to drug treatments for epilepsy have revealed a higher-

than-expected prevalence of MCDs (8–14% of cases) [44]. These are indeed often associated with 

recurrent seizures, due to the incorrect positioning of cortical neurons, or neuronal defects leading to 

alterations in cortical circuitry and a subsequent imbalance between excitatory (glutamatergic) and 

inhibitory (γ-aminobutyric acid GABAergic) systems [45]. The latter system is involved in the normal 

regulation of electrical discharges, preventing spontaneous abnormal electrical discharges and 

seizures.  

The severity of clinical manifestations in MCD patients correlates with the extent of the brain 

malformation. Neuronal migration disorders of the type I lissencephaly spectrum (including agyria, 

pachygyria and subcortical band heterotopia or SBH) are grouped together based on MRI images and 

refer to partial or complete failure of newborn neurons to move correctly out of the proliferative zones, 

to cross the IZ and enter into the developing CP. It is also possible to distinguish generalized 

abnormalities of migration, mainly including lissencephalies (LIS) versus more localized 

abnormalities such as regions of heterotopia or cortical dysplasia. There are another set of 

abnormalities due to defects in the pial limiting membrane and/or terminal phases of migration (mostly 

type II ‘cobblestone’ lissencephaly, COB or polymicrogyria, PMG). These over-migration phenotypes 

may involve the detachment of basal processes of RGCs [16, 42] (see below). MCDs concerning 

apical abnormalities of the neuroependyma (related to the position where neurons start migrating), 

mainly include periventricular heterotopias (PVH). 

We summarize here genetics and mechanisms of the most common neuronal migration MCDs 

in human, following the classification proposed by Barkovich and collegues [42]. Disorders are 
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resumed in Fig 2 and corresponding mouse models in Tables 1-6. We mainly focus on single genes 

which when mutated have been shown to be involved in neuronal migration abnormalities. Future 

more optimal classifications may further involve pathways, linking together multiple mutant genes 

[42], and already the transitions between MCDs are being broken down by the identification of gene 

mutations spanning multiple linked malformations.  
 

2.2.1. Type 1 lissencephaly spectrum (LIS/SBH) and related disorders 
 

Classical (type 1) lissencephaly (cLIS, see Table 1), refers to a spectrum of related neuronal 

migration disorders which include a smooth, thickened and disorganized cortex without gyri (agyria or 

‘smooth brain’); simplified and abnormal gyri (pachygyria) and misplaced or ectopic neurons which 

form SBH (or double cortex) [42, 46]. Generally, agyria is characterized by the absence of deep sulci 

in more than one lobe, and a cortex thickness of 10–20 mm, while in pachygyria, gyri are simplified 

and wider than in the normal cortex, and the thickness of the cortex is 4–9 mm [31]. In SBH, a 

superficial cortex which may be grossly normal or show aberrant gyration, is separated by a thin layer 

of white matter from a band of grey matter. 

It has been estimated that 40 to 75% of patients with cLIS including also Miller Dieker 

Syndrome (MDS, see below) have heterozygous mutations involving LIS1 (approximately to 60%) or 

hemizygous DCX mutations (12%), meaning that many of lissencephaly patients have other mutations. 

Of these, rare cases of cLIS are for example, caused by mutations in TUBA1A [47, 48], and also in 

DYNC1H1 and KIF2A [49]. 

Irrespective of the causal gene, patients with cLIS typically demonstrate severe to profound 

hypotonia, intractable epilepsy and feeding problems [50]. The overall incidence of lissencephaly is 

rare and estimated around 1.2/100,000 births. Clinical presentation of cLIS may vary depending on the 

severity. The most severe cases, prenatally detected using ultrasound performed during the second 

trimester of the pregnancy, show an absence of primary sulci, confirmed by fetal cerebral MRI 

performed from 30 GW. Most patients present with hypotonia or severe neurological distress, or 

develop seizures during the first year of life [51].  

Imaging studies for patients with cLIS also reveal a smooth surface brain with diminished 

white matter and a shallow vertically oriented Sylvian fissure. Remarkably, when the lissencephaly is 

not complete, the defects (agyria, or severe forms of pachygyria or SBH) are typically more severe in 

either anterior or posterior regions of the brain, e.g. parieto-occipital regions for LIS1-associated, and 

fronto-temporal regions for DCX-associated lissencephaly [52]. Thus, the neuroradiological 

appearance is often graded using a six-point grading system based on the severity and anterior-

posterior gradient of the abnormalities. Only grade I actually deserves the name of lissencephaly; 

grades 2–4 are cases of pachygyria [42] and at the end of the spectrum, grades 5 and 6 apply to SBH.  

 According to Friocourt and colleagues [53], the first detailed neuropathological description of 

lissencephaly was reported in 1956 by Crome who introduced the notion of a “four-layered” cortex. 

On gross examination, brain weight is either normal or reduced. When the hemispheres are smooth, 

there are poorly defined central and Sylvian fissures. When present, gyri are broad, small in number 

and coarse, with a failure or a delayed operculization of the Sylvian fissure. The cortical ribbon is 

thicker than in a normal brain (10–20 mm vs. the normal 4 mm) and poorly delineated from the white 

matter which is markedly reduced, leading to an inverted proportion between the white matter and the 

cortical ribbon [53]. On microscopic examination, the CP exhibits a characteristic four-layered pattern. 

The molecular layer I contains Cajal–Retzius cells located close to the pia. Layer II is composed of 

densely packed pyramidal neurons which are mainly observed in its upper part, and underlined by an 

irregular sheet of granular cells. Layer III consists of scattered fusiform, rounded or multipolar 

neuronal elements. Layer IV is particularly poorly delineated from the underlying white matter and 

composed of pleiomorphic neuronal cells, with misoriented pyramidal neurons. The reduced white 

matter contains multiple arrested post-mitotic neurons. The remaining subependymal cell layer is also 

poorly delineated from the deep white matter and sometimes contains PVHs. Moreover, anomalies of 

infratentorial structures and cortico-spinal tracts are also frequently observed, but these are typically 

less severe than found in cases of lissencephaly with cerebellar hypoplasia [54]. 
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2.2.1.1a LIS1 (Platelet Activating Factor Acetylhydrolase 1b Regulatory Subunit 1, 

PAFAH1B1)  
 

The first gene identified to be causative of lissencephaly was LIS1, localized on chromosome 

17p13.3. LIS1 belongs to the non-catalytic alpha subunit of the intracellular Ib isoform of platelet-

activating factor acteylhydrolase, which is a heterotrimeric enzyme that specifically catalyzes the 

removal of the acetyl group at the SN-2 position of platelet-activating factor (identified as 1-O-alkyl-

2-acetyl-sn-glyceryl-3-phosphorylcholine) [55]. LIS1 also associates with microtubules (MTs) [56] 

(see below). This gene was found deleted in MDS patients [57], a contiguous gene deletion resulting 

from deletions of 17p13.3 including LIS1 [58– 60]. cLIS can also occur as isolated forms due to other 

LIS1 mutations (isolated lissencephaly sequence or ILS, isolated SBH). MDS is more severe deleting 

LIS1 and adjacent genes, in particular 14-3-3ε (YWHAE, tyrosine 3- monooxygenase/tryptophan 5-

monooxygenase activation protein, epsilon) [57]. The 14-3-3ε protein binds to phospho-serine 

containing proteins and mediates intracellular signal transduction. Approximately 80 % of individuals 

with MDS have a de novo deletion and approximately 20 % have inherited a deletion from one of the 

parents who presents a balanced chromosome rearrangement [61]. Heterozygous LIS1 mutations show 

an equal frequency in males and females, as expected from an autosomal disorder. Gene dosage is 

clearly very important, with these mutations leading to haploinsufficiency [56]. As well as MDS, it has 

also been proposed that 60% of the remaining mutations that cause the disorder involve the disruption 

of splicing of LIS1 variants [62]. Moreover, it has recently been shown that a recurrent LIS1 intronic 

mutation disrupts LIS1 transcript splicing and is responsible for cLIS of variable severity [63]. Other 

types of point mutations are observed e.g. [62] including cases of somatic mosaicism [39]. 

 

2.2.1.1b Animal models and functional studies  

Mouse models of Lis1 (Pafah1b1) revealed that homozygous knockout (KO) mice died in 

embryogenesis soon after implantation suggesting an essential role of this gene in early embryonic 

development [64]. Brain abnormalities displayed by heterozygous (+/-) mutant mice mainly disrupt 

the hippocampus. However, 5% of Lis1
+/− 

mutant mice die from seizures at 3–5 weeks of age. More 

severe defects are observed by lowering the amounts of Lis1 further, by crossing with a hypomorphic 

allele [64]. In this case, the phenotype involves cortical, hippocampal and olfactory bulb 

disorganization resulting from delayed neuronal migration, by a cell-autonomous neuronal pathway. 

The Lis1 phenotype is hence dosage-sensitive, and a critical role for Lis1 in neuronal migration 

throughout the brain is suggested. The heterozygous phenotype in mice however, appears milder than 

the phenotype observed in patients with heterozygous LIS1 mutations.  

Another Lis1 mouse model gave rise to a shorter Lis1 protein that initiates from the second 

methionine (M63) and elicits a different phenotype. In heterozygote mutant embryos (Lis1/sLis1), 

athough the CP does form in occipital regions, the process is slowed or delayed and as a consequence, 

the width of the CP is reduced at E14.5 [65]. The authors showed that these Lis1 mutants show no 

progenitor abnormalities in either cell cycle length or interkinetic nuclear migration (INM), despite the 

fact that the overall organization of RGCs seems affected. In both mouse models (Lis1
+/− 

and 

Lis1/sLis1), adult brain cortices are normal, but hippocampal abnormalities were observed only in 

Lis1
+/− 

mice [64,65]. Altogether, dose-dependent disorganization of cortical layers, hippocampus, 

cerebellum and olfactory bulb due to cell autonomous neuronal migration defects is observed in mice 

with severely decreased levels of Lis1 [64].  

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/deletion/
https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/chromosome/
https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/rearrangement/
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In utero electroporation studies performed in rat embryos showed that down regulation of Lis1 

in neuronal progenitors induced the accumulation of multipolar progenitor cells within the SVZ of the 

neocortex. Moreover, a complete failure in progression from the multipolar to migratory bipolar state 

was observed. RGC proliferation failed and INM was abolished [66]. This is hence a severe phenotype 

generated by acute inactivation. In other studies, LIS1 was also shown to be important for cell 

proliferation during neurogenesis, as well as for neuronal migration and survival [67]. Furthermore, 

loss of Lis1 showed perturbed mitotic progression resulting in a prolonged cell cycle that induced 

anaphase onset delay in cKO mouse embryonic fibroblasts (MEFs) [68]. 

At the protein level, LIS1 has been shown to form a homodimer through N terminal 

associations [69], while it interacts through its C-terminal β-propeller with cytoplasmic dynein 

(DYNC1H1) and its regulatory partner dynactin (DCTN) [70-73]. DYNC1H1 belongs to a group of 

MT-activated ATPases that function as molecular motors, being the primary minus-end-directed MT 

motor protein. DCTN is involved in dynein-mediated retrograde transport of vesicles and organelles 

along MTs by recruiting and tethering dynein to them. Thus, DCTN binds to both dynein and MTs 

providing a link between specific cargos, assisting cargo loading and increasing processivity. In vitro 

studies in mammalian cells showed that dynein is important for LIS1’s role in cell division [70], and 

for INM in mammalian neural progenitor cells. Indeed, dynein regulated by LIS1, is the force 

generator for nuclear movement in RGCs [74]. Additionally, experiments performed in migrating 

neural cells demonstrated that Lis1 and dynein RNAi inhibit centrosomal and nuclear movement, 

whereas myosin II inhibition blocks only nuclear translocation [74].  

LIS1 binds other proteins such as NDE1 [75] and its paralogue NDEL1 [76]. NDE1 is a 

spindle-associated gene and mutations in humans cause a severe microlissencephaly syndrome that 

reflects both morphological and quantitative defects in RGCs [76-79]. Blocking NDE1 self-association 

induced defective centrosomal duplication, and this defect was at least partially responsible for spindle 

mis-assembly [74]. Pawlisz and col. [80] showed that Nde1 null and Lis1 heterozygous double mutant 

mice have an 80% thinner and severely disorganized cortex, presenting reduced numbers of radial 

neuronal units, due to the loss of progenitors and a consequence of failures in mitotic spindle function. 

A dramatic increase in neuronal differentiation was shown at the onset of corticogenesis which in the 

mutant led to overproduction and abnormal development of early-born PP neurons and Cajal–Retzius 

cells, at the expense of progenitors. 

Ndel1 loss of function, like Lis1 or dynein, impairs neuronal positioning and induces the 

uncoupling of the centrosome and nucleus. Shu and col. [81] showed that overexpression of Lis1 

partially rescued the positioning defect caused by Ndel1 RNAi but not dynein RNAi, whereas 

overexpression of Ndel1 was not able to rescue the phenotype induced by Lis1 down-regulation, 

strongly suggesting that Ndel1 interaction with Lis1 is essential for dynein function. Lis1 and dynein 

colocalize at mitotic kinetochores, and microinjection of an anti-Lis1 antibody in mammalian cells 

was shown to interfere with the attachment of chromosomes to the metaphase plate, leading to 

chromosome loss and a delayed mitotic progression [70]. Ndel1 and Nde1 also colocalize with Lis1 at 

the MTOC in mitotic embryonic neuroblasts or fibroblasts [69] and were shown to interact directly 

with dynein [71,81,83]. Nde1 is hence required for targeting Lis1 to the cytoplasmic dynein complex 

to generate persistent motor forces [72], while Ndel1 has been implicated in the process of Lis1 

recruitment to dynein, to act as a scaffold protein [81,84]. Lis1 also appears essential for precisely 

controlling mitotic spindle orientation via Lis1/Ndel1/dynein-mediated cortical MT capture [70,77]. 

This can help regulate symmetric versus asymmetric divisions of neural progenitor cells.  

LIS1 and NDEL orthologs in Saccharomyces cerevisiae (Pac1 and Ndl1, respectively) were 

shown to be important for concentration of dynein at the plus ends of MTs [84,85]. This favors dynein 

at the cell membrane, where it positions the nucleus during cell division. Moreover, Lis1 is required 

there for the proper distribution of three distinct dynein cargoes such as endosomes, peroxisomes and 

nuclei [56,86].   

Thus there are multiple roles for LIS1, intensively studied since its identification in 1993. 

Heterozygote LIS1 mutations in human reveal likely neuronal migration defects underlying 

disorganized cortical layers and gyral abnormalities. Abnormal neuronal migration can also be 

observed in mouse mutants. Varying Lis1 amounts in the mouse and in in vitro systems, reveals as 

well effects in dividing cells via multiple mechanisms. The human LIS phenotype might be due to a 
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combination of LIS1 functions in nuclear positioning and organelle transport, as well as in mitotic 

spindle function and cell cycle progression. It should be noted that a proportion of LIS1 cases also 

exhibit microcephaly, and so it seems likely that certain mutations combined with particular genetic 

backgrounds will have a detrimental effect on progenitors, perhaps as well as during migration. It 

becomes important to dissect out these possible effects, potentially with the use of temporally and 

spatially controlled knockouts.  

 
2.2.1.2a Doublecortin (DCX) 

 

The DCX gene is located on chromosome Xq22.3–q23, and mutations cause lissencephaly 

mostly in males (X-linked LIS or XLIS), whereas DCX mutations in females frequently give rise to 

SBH [87,88]. A minority of males have SBH [52], often due to mosaic DCX mutations. The product of 

DCX is a cytosolic microtubule-associated protein (MAP) with two doublecortin domains (DC) which 

bind MTs and several potential regions for regulation by phosphorylation and protein interaction, such 

as proline and serine rich regions  [89–91]. DCX nucleates and stabilizes MTs and is highly expressed 

in migrating and differentiating neurons, but appears to be little expressed in progenitors. This protein 

is potentially the best characterized of the neuronal migration classical MAPs [89,90,92-94].  

In XLIS, neuronal migration in the cortex is severely disrupted, leading to the formation of an 

abnormal four-layered cortex. In hemizygous DCX-mutated males, the brain surface is agyric or 

pachygyric, the anterior areas being more severely affected, with hypoplasia of the frontal lobes 

(anterior-posterior gradient, [95]. The corpus callosum is variably affected, described as thick, thin or 

absent. The cortical ribbon is thick and poorly delimited from the white matter and generally 

recognized as 4-layered. However, with further investigation some DCX brains have been described as 

having an ill-defined but six-layered cortex [53]. With a relatively normal layer I, layer II consists of a 

thin band containing an admixture of pyramidal and granular neurons. Layer III is poorly delimited 

and paucicellular and made up of granule and immature neurons. Within the superficial white matter, 

layer IV forms a thick ribbon of scattered, sometimes clustered pyramidal cells and immature neurons. 

The extra abnormal layers are adjacent in the white matter and composed of large nests of arrested 

migrating neurons, arranged in a radially and columnar pattern [96]. The cerebellum and the brainstem 

are macroscopically normal. 

Most of missense mutations causing cLIS are located in the evolutionary conserved DC 

domains of DCX, suggesting the importance of MT binding for DCX function during brain 

development [91,97,98]. Mutations in DCX have been found in families, with females presenting SBH 

and males presenting LIS. Also 80-90% of sporadic DCX mutations are found in females, versus 25% 

in males with SBH [31,99]. De novo mutations show a higher proportion of nonsense and frameshift 

changes, and are likely therefore to lead to a more severely perturbed protein [98]. Indeed, maternal 

germline or somatic mosaicism may explain the difference between sporadic SBH and XLIS in males 

[39,95,100]. The 10% of SBH patients showing no DCX mutations are likely to have mutations in 

other genes such as TUBA1A or occasionally LIS1 [101,102].  

 

2.2.1.2b Animal models and functional studies  

DCX is predominantly expressed in post-mitotic neurons and shows developmental regulation. 

In developing neurons Dcx has been shown to have a specific subcellular localization, enriched at the 

ends of neuritic and leading processes [89,103]. It has been shown to play a role limiting the number 

of leading processes during migration [92,94]. Mutations in MAPs which stabilize MTs, such as Dcx, 

Dclk, Tau, Map2 and Map1b, can impair cell polarization, formation of the leading process, neurite 

outgrowth and/or lead to excessive branching that hinders migration [16].  

Like Lis1 mutants, Dcx KO mutations in the mouse induce no major neocortical malformation 

although hippocampal lamination defects are observed [104,105]. Dcx
−/Y

 mice show abnormally 

laminated CA3 hippocampal pyramidal cells, a dual or dispersed layer of pyramidal cell somata with 

potentially aberrant connectivity associated with mossy fibers [106]. Pyramidal cells displayed 

morphological abnormalities, as they were smaller with a reduced total dendritic length, and were 

more excitable than WT cells. In vitro hyperexcitability and spontaneous epilepsy are characteristic of 

this mouse model [107].  
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Lack of severe neocortical abnormalities suggests a functional redundancy with Dcx-related 

genes, involving genetically redundant pathways [93,108]. However, acute down-regulation of Dcx in 

the developing rat cortex by RNAi led to disruption of radial migration [109]. In addition, Pramparo 

and col. [110] demonstrated by time-lapse video-microscopy in embryonic neocortical slices that Dcx
-

/Y 
neurons do have defective migration velocities, similar to Lis1

+/-
 neurons, as well as multidirectional 

movements, abnormal morphology and increased branching [110]. This is similar to previous data 

showing the same defects in IN populations [92,94]. Pramparo and col. [110] also detected RGCs with 

abnormal spindle orientations in Dcx
-/Y 

mutant mice, similar to Lis1
+/-

 cells, leading to mild 

proliferation defects in vivo and in vitro. Moreover, a genetic interaction in double mutant males 

(Lis1
+/-

; Dcx
-/Y

) was shown, resulting in severe defects of proliferation of neuronal precursors, 

neurogenesis and neuronal migration.  

Dclk (Doublecortin-Like Kinase 1) is a protein kinase that belongs to the DCX family. Gene 

mutations cause no obvious migration abnormalities, although mice mutant for both Dcx and Dclk 

show perinatal lethality, disorganized neocortical layering and hippocampi [93,108]. Dcx
-/y

; Dclk
-/-

 

mutants have axonal defects in the corpus callosum, anterior commissure, subcortical fiber tracts and 

the internal capsule. Lamination defects of the hippocampus observed in these animals were more 

severe than previously reported in Dcx KO mice [104] but appeared similar to hippocampal defects 

seen in Cdk5 KO mice [108,111]. In Dcx
-/Y

; Dclk
-/-

 animals, as in Cdk5 KO mice, hippocampal cells 

appeared to be less packed in the dentate gyrus, with a dispersion of neuronal cell bodies. The stratum 

pyramidale (SP) in fields CA3, CA2 and CA1 showed multiple, disorganized layers with an irregular 

influx of white matter in no consistent pattern. The cingulate cortex was also affected in contrast to 

Dcx and Dclk single KO mice, which show no apparent neocortical defects [108]. Double mutants of 

Dcx and Dclk2 have also been generated, however in this case the hippocampus is the most affected 

structure [112]. 

Dcx mutations in mice have been shown to lead to defects in IN migration [92,94]. This was 

shown both during embryogenesis [92] and in the rostral migratory stream of the adult [94]. 

Videomicroscopy revealed morphological defects (excessive branching) during migration, expected 

due to the loss of a MAP. These defects lead to slowed neuronal migration. The down-regulation of 

Dcx in rat embryos also showed slowed IN migration during development [113], also observed with 

the down-regulation of Dclk, although branching defects were not observed in Dclk-mutant migrating 

INs [113]. Further information about Dcx and branching was obtained by the study of the stromal cell-

derived factor-1 (Sdf11), a modulator of IN migration speed and leading process branching in the 

mouse [114]. Sdf1 reduces IN branching frequency while promoting stream migration. The Sdf1 

signaling pathway leads to the activation of the calpain protease which cleaves cortactin, reducing 

Arp2/3 activity, consolidating the actin network and leading to a reduced branch lifetime. Sdf1 

signaling was however also shown to activate Dcx, favorising binding and bundling of MTs, 

stabilizing the MT array and reducing neuronal branches [115]. In addition to bundling MTs in 

processes, Dcx influences nuclear movement and also promotes MT elongation [89,90,94,97,116].  

Transcriptome studies have also been performed in Dcx
-/Y 

mice [110,117]. In the Khalaf-

Nazzal and col. study [117], an analysis of the abnormal double layer in the hippocampal CA3 region 

was performed, showing that one layer is likely to be due to migration of early born pyramidal neurons 

to abnormal superficial regions [117]. This is interesting since although all hippocampal neurons are 

deleted for Dcx, clearly they can be distinguished in two different populations, potentially related to 

different modes (Dcx dependent/ independent) of migration.  

The Dcx mutant phenotypes showing abnormal neuronal migration can be associated with the 

required regulation of MTs by Dcx. An extensive clinical study also made the association of patient 

mutations with predicted effects on MTs [98]. In a separate study, the analysis of different DCX 

patient mutations in vitro showed either loss-of-function or the activation of different cell pathways 

including increased autophagy [118]. Transcriptional studies also reveal increased cell stress [117]. 

Thus, DCX alleles may cause dysfunction by different mechanisms [118]. This may help to explain 

variable severities in patients, including the small percentage (∼15%) which also show microcephaly 

[98].  

2.2.1.3a Aristaless Related Homeobox (ARX) and interneuronopathies 
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The ARX (aristaless-related homeobox) gene encodes a homeodomain transcription factor 

which is essential for brain development and patterning [119]. This gene is located in Xp22.3 and loss-

of-function mutations are associated with infantile spasms and X-linked lissencephaly with abnormal 

genitalia (XLAG) characterized by an unusual three-layered cortex and agenesis of corpus callosum, 

or alternatively X-linked non-syndromic ID. 

Patients with XLAG present occipital-predominant lissencephaly, particularly anterior 

pachygyria and posterior agyria or a simplified gyral pattern, as well as agenesis of the corpus 

callosum, and abnormal basal ganglia [120]. In the most severe form of XLAG, patients show 

hydranencephaly with a large occipital cavity. Female carriers of ARX mutations causing XLAG have 

a risk of agenesis of the corpus callosum with no cortical defects. In boys, abnormalities of external 

genitalia range from a hypoplastic penis or undescended testes to complete female appearance, while 

the karyotype is 46 XY. Patients with XLAG show intractable seizures soon after birth, suggesting 

major perturbations between excitatory projection neurons and inhibitory INs. 

Approximately, 5-10% of X-linked ID cases are associated with ARX mutations [119]. 

Mutations in non-coding regions close to the ARX gene have also been associated with ID and/or 

autism spectrum disorder (ASD) and infantile spasms [121]. Polyalanine expansions account for over 

half of all mutations in ARX. Missense and polyalanine expansions hence generate an extremely broad 

spectrum of phenotypes, associating malformation and non-syndromic cases, and showing a strong 

correlation between genotype and phenotype [120]. De novo mutations can give rise to the previously 

mentioned conditions, but in addition, hydraencephaly with abnormal/ambiguous genitalia, Proud 

syndrome (agenesis of corpus callosum with abnormal genitalia), West syndrome, X-linked myoclonic 

epilepsy with generalized spasticity and developmental delay, Partington syndrome, ASD, 

developmental delay with severe feeding problems, intracranial hemorrhage and seizures [122]. ARX 

has also been found mutated in atypical cases e.g. a boy presenting infantile spasms, PMG, PVH and 

cleft lip/ palate [123]. In particular, X-linked West syndrome, X-linked myoclonic epilepsy with 

spasticity and ID, Partington syndrome (ID, ataxia, and dystonia), and non-syndromic forms of ID 

have not been reported to present brain imaging abnormalities [124]. Poirier and col. [125] have also 

reported a patient presenting eye rolling combined with atypical hypsarrhythmia, severe ID and non-

ictal dyskinetic movements. Thus a huge variety of syndromic and non-syndromic phenotypes are 

possible. 

Neuropathological reports for XLAG syndrome are rare [54,126–128]. In all reported cases, 

the cortical ribbon is of intermediate thickness (less than 10 mm) and the corpus callosum is absent. 

Several diencephalic structures are not identified. With histological analysis, XLAG is characterized 

by a three-layered cortex with a global decrease in neuron number affecting massively INs. The 

molecular layer contains a few Cajal–Retzius cells lying under the pia. Layer II is composed of 

numerous densely packed pyramidal neurons. Layer III, whose thickness increases in the posterior 

lobes, is irregular in width and less cellular, and contains small-to-medium-sized neurons, with among 

them randomly dispersed pyramidal cells of various sizes. In the diencephalon, striatal and thalamic 

structures are disorganized. The caudate nuclei are markedly reduced in size and cellularity, and so are 

the putamen, the pallidum and the thalami. Most hypothalamic nuclei are not identified and their 

absence has been correlated with some clinical hallmarks of the disease. 

Moey and col. [129] and Fullston and col. [121] have shown that certain missense variants 

early on in the ARX gene induce a premature termination of the protein (amino acid residue 12 or 27) 

in patients with early-onset infantile spasms. In these cases they show that a reinitiation of translation 

is possible (e.g. at methionine residue 41) producing lower levels of an N-terminal truncated protein. 

The authors conclude that low levels of the truncated protein are enough to improve the patients’ 

phenotypes compared with severe loss-of-function XLAG patients. This is hence another way to 

account for certain variable phenotypes. Of note, heterozygous female carriers can show a variety of 

psychiatric conditions such as anxiety, depression and schizophrenia jointly with learning disability 

[130]. Genomic variations in ARX have also been reported in some unaffected individuals [131]. 

Nevertheless, in general, different types of ARX mutations lead to severe phenotypes. 
A high proportion of GABAergic neocortical INs are generated in the medial ganglionic 

eminence (MGE) of the ventral telencephalon and reach the cortex by tangential migration, also 
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termed non-radial cell migration. They migrate from the MGE to the cortex during embryonic 

development, guided by a combination of chemoattractive and repulsive cues [132]. IN dysfunction 

and perturbations of their migration have been associated with severe neurological and psychiatric 

illnesses, including epilepsy, ASD and schizophrenia [133]. Indeed, “interneuronopathies” is a term 

which refers to aberrant migration and differentiation of GABAergic INs which do not reach their 

proper destination in the neocortex [134]. This phenomenon also occurs mildly in human type-I cLIS, 

as well as relevant mouse models, although this is usually to a lesser extent, compared to XLAG 

[16,46,96,134,135]. Particularly, in LIS1 and DCX samples, defective migration was suggested by the 

presence of heterotopic calretinin- and calbindin-positive cells in the VZ/ SVZ or IZ. In addition, few 

GABAergic INs were detected in the CP. In comparison, an ARX case in this study showed an almost 

complete absence of INs in the CP, as well as a paucity of Cajal-Retzius cells in layer I, suggesting 

that ARX is important for correct migration of several neuronal types [96]. Mutations in TUBA1A (see 

below) also can include GE abnormalities [136]. Thus, IN migration defects of different severities are 

frequent occurrences, also associated with MCDs.  

 

2.2.1.3b Animal models and functional studies  

Arx is expressed in several areas of the nervous system, and in the floorplate Arx together 

with FoxA2, directly induces Sonic hedgehog (Shh) expression through binding to an Shh floor plate 

enhancer (SFPE2) [137]. Nkx2.2, induced by Shh, then down-regulates Arx expression, showing 

hence a regulatory loop during vertebrate development. These data suggest that Arx plays a role as a 

context-dependent transcriptional activator, which may help explain how mutations in this gene are 

associated with a wide variety of phenotypes in affected patients. Different types of mutation also 

contribute to variability. Missense mutations found in patients in either the N- or C-terminal nuclear 

localization signal (NLS) regions lead to aggregates of ARX both in the peri-nuclear region of the 

cytoplasm and inside the nucleus [138]. These mutations did not prevent the interaction of ARX with 

Importin 13, a mediator of the nuclear import process, however they lead to inadequate accumulation 

and incorrect distribution of ARX [138].  

Arx mutant mice die perinatally as a consequence of hypoglycemia related to pancreatic 

defects [139]. However, neuropathological analyses and study of Arx in the mouse show perturbed 

INs, confirming that this gene has an important role in their migration from the subpallium during 

brain development [138,140]. Mouse mutants also showed ectopic accumulation of neurons in ventral 

proliferative zones close to the ventricles [141], mimicking hence a ventral PVH phenotype. Arx KO 

mice also show hypoplasia of the olfactory bulbs, suggesting that IN migration routes are similarly 

perturbed in the adult [140].  

During development Arx is also expressed in pallial VZ progenitors. Loss of Arx specifically 

from these cells (Arx
F/Y

; Emx1
Cre/Cre 

mice) resulted in less anxious, less social, hyperactive mice, 

resembling mildly affected human ARX patients [142]. In addition, mice presented reduced cortical 

thickness, a hypoplastic corpus callosum and anterior commissure, consistent with perturbations in 

cortical projection neuron production and connectivity. Mutant mice were shown to have reduced size 

of brains and proliferation defects, especially affecting IPs [143]. This had an overall effect on upper 

layer neurons. Thus, Arx plays a role regulating pallial progenitors as well as being involved in 

subpallial mechanisms. 

Conditional loss of Arx from developing INs in the neocortex and hippocampus induces a shift 

of these precursors to more ventral locations, which persists in the adult nervous system, leading to 

reduced numbers of INs in the cortex at early and late postnatal periods [144]. Conditional 

Arx
−/y

;Dlx5/6
CIG

 male mice and half of the Arx
-/+

;Dlx5/6
CIG

 female mice exhibit different seizure types 

in early-life, including those that resemble infantile spasms which evolve throughout development. No 

specific anatomical defects were detected in this mouse model, although both male and female mutants 

showed a reduction of calbindin INs in the neocortex, as well as a more subtly reduced calretinin INs 

[145]. This study also found that 8/25 (32%) human females heterozygous for ARX mutations, had 

seizures, neurocognitive deficits, and/or agenesis of corpus callosum, suggesting that disruption of 

these IN subpopulations contributes to the pathogenesis of developmental epilepsy in both males and 

females.  
 

2.2.1.4a Reelin (RELN) and pachygyria 
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Reln codes for a large extracellular glycoprotein, a serine protease, abundantly synthesized and 

secreted by Cajal-Retzius cells in the MZ, and involved in the positioning of post-mitotic neurons 

during migration in the developing cortex [146-148]. Cajal-Retzius cells are also localized in the 

hippocampus during embryonic development and disappear soon after birth (1-2 postnatal weeks), as 

soon as neuronal migration and layer formation are completed. Reln has multiple functions in the brain 

and also plays a role in neuronal morphology and synapse formation, e.g. in hippocampal connections 

during forebrain development, promoting the branching of axonal projections from the entorhinal-

hippocampal pathway [149].  

Autosomal recessive mutations in Reelin (RELN) were identified in patients with a form of 

lissencephaly and cerebellar hypoplasia [150,151]. The association of cortical and cerebellar defects 

are also observed in patients with TUBA1A mutations and less commonly in patients presenting 

TUBB2B and CDK5 mutations [101,136,152–154]. The rare mutations in RELN or its receptor VLDLR 

(Very Low Density Lipoprotein Receptor) lead to frontal predominant mild lissencephaly (diffuse 

pachygyria) with severe hippocampal and cerebellar hypoplasia [150,155]. In rare cases, patients with 

RELN or VLDLR mutations may show pontocerebellar hypoplasia (PCH), a neurodegenerative 

disorder with prenatal onset mainly affecting infratentorial structures, leading to combined 

pontocerebellar hypoplasia and atrophy at birth [156,157].  

 

2.2.1.4b Animal models and functional studies  

The spontaneous mouse mutant for Reln, reeler, is a well-studied model mimicking the human 

phenotype, with a disorganized, inverted lamination pattern in the cortex and hypoplastic cerebellum 

featuring a decreased number of Purkinje cells [148]. The reeler phenotype was observed in several 

original mouse mutants displaying either a complete loss of transcription of the gene [199] or Reln 

protein that lacks a C-terminal portion [64,158]. These mouse strains present neurological phenotypes 

including tremors, ataxia, cerebellar hypoplasia and malformation of cellular layers throughout the 

brain.  

Another more recent mutant of Reln, a truncated variant containing a deletion of the C-

terminal region (CTR), shows different cortical defects with no cerebellar hypoplasia [159]. This 

mutant (Reln
CTRdel

), carries a chemically induced splice-site mutation that truncates the Reln protein. 

This induces the intracellular accumulation of the mutant protein causing signaling defects. 

Interestingly, brains of Reln
CTRdel 

mice do not present an inversion of the cortical layers. However, 

some cortical neurons (Cux1-positive cells), over-migrate and are observed in the MZ, whereas other 

Cux1-positive cells migrate less and forms small ectopic clusters within the deep layers of the mouse 

cortex [159]. The differences in this mutant are likely to be related to the different signaling pathways 

initiated by Reln, involving either Vldlr or ApoER2. This particular mutation is likely to only affect 

binding to Vldlr. 

Indeed, Reln binds both cell-surface receptors Vldlr and ApoER2 (apolipoprotein E receptor 

type 2) on migrating neurons, and induces clustering of the receptors and activation of the intracellular 

adaptor phosphoprotein Disabled-1 (Dab1). This is phosphorylated by Src family kinases (SFK) at 

different sites, which initiates a signaling cascade to induce neuronal migration [160], including 

Crk/Rap1 signaling affecting cell adhesion, and phosphatidylinositol-3 kinase PI3K/Akt and mTOR 

signaling [161,162]. Dab1 is then ubiquitinated leading to proteasome degradation, suggesting that this 

sequence of activation and shutoff may be crucial for the execution of multiple steps in neuronal 

migration [162]. During radial migration, neurons require Dab1 for glia-independent somal 

translocation, but not for glia-guided locomotion. During somal translocation, Dab1 function allows 

neuron translocation stabilizing their leading processes in a Rap1-dependent manner [162]. After 

binding to Vldlr on the cell surface, Reln has also been shown to be internalized into vesicles. ApoE 

has also been shown to reduce the level of Reln-induced intracellular tyrosine phosphorylation of 

Dab1 in mouse cortical neurons in vitro [163]. Vldlr and ApoER2 double mouse mutants have a reeler-

like phenotype, involving inversed cortical lamination, hippocampal and cerebellar defects. Hence 

disruption of both pathways is required to lead to this severe cortical phenotype [159]. Dab1 mutants 

(one of which is known as scrambler), also have similar defects. 

Reln canonical pathways, involving the activation of the ApoER2/Vldlr/Dab1 signaling, 

appear to mediate many Reln-dependent functions during pre- and postnatal brain development and 

https://www.omim.org/entry/600514?search=Reelin&highlight=reelin#6
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function [160]. However, SFKs that are central in Reln signal transduction allow the activation of two 

distinct branches: PI3K-Akt- and MEK-Erk1/2- dependent signaling cascades, which converge on 

downstream effectors, as was reported in cortical neurons in vitro [161]. A non-canonical pathway is 

hence known, involving the induction of Erk1/2, p90RSK, and immediate early genes and was 

suggested to mediate at least some postnatal functions of Reln signaling [161] which may also be 

related to neuropsychiatric disorders. 

Reln also binds to the extracellular domain of ephrin Bs, which interact at the membrane with 

Vldlr and ApoER2 in neurons [164]. Clustering of ephrin Bs leads to the recruitment and 

phosphorylation of Dab1, which is necessary for Reelin signaling. Compound mouse mutants (Reln
+/−

; 

Efnb3
−/−

 or Reln
+/−

; Efnb2
−/−

) and triple ephrin B1, B2, B3 KOs show neuronal migration defects that 

recapitulate the ones observed in the neocortex, hippocampus and cerebellum of the reeler mouse 

[165]. Loss of function of ephrin Bs severely impairs Reelin-induced Dab1 phosphorylation. Dab1 

activates additionally other signaling pathways, eg involving PI3K. Interestingly, the activation of 

ephrin Bs can rescue the phenotype of neuronal migration defects in reeler slices, allowing neurons to 

reach layers II-III [165]. Ephrin B induces the formation of a macromolecular complex required for 

Src recruitment/activation and Reln signaling. Sentürk and col. [165] concluded that ephrin Bs are 

essential components of the Reln receptor/signaling pathway controlling neuronal migration during 

nervous system development.  

Interestingly, He and col. [166] demonstrated that during cortical development, sister 

excitatory neurons progressively and selectively develop gap junctions with each other while they 

migrate. This accurate electrical synapse formation depends on inside-out radial migration. Indeed, 

inactivation of Reln or knockdown of Dab1 disrupted clonal inside-out neuronal migration and 

impaired electrical synapse formation between sister neurons. Moreover, elevated levels of 

EfnA/EphA-mediated signaling, which was shown to laterally disperse clonally related excitatory 

neurons, also prevented electrical coupling. Mutations in the Reln pathway are hence key for the 

elucidation of such mechanisms. 
The Rho family of small GTPases, RhoA, Rac and Cdc42, are significant contributors for 

orchestrating neuronal development including many cellular processes, such as cytoskeleton stability 

during neurite outgrowth and branching, cell polarity and vesicle trafficking [167-169]. Leemhuis and 

col. [169] showed that Reln-treated neurons have increased growth cone motility and these are 

enlarged with abundant filopodia. This stimulated motility occurred via ApoeR2, activating Cdc42 

through the PI3K cascade, which resulted in axonal filopodia formation [169]. More recently, Clasp2 

(cytoplasmic linker associated proteins), an MT plus-end tracking protein that specifically accumulates 

in the growth cone, was also shown to be a key cytoskeletal effector downstream of the Reln 

activation pathway, orchestrating cytoskeletal dynamics during neurite extension and motility during  

brain development [170].  

Reelin activation of the PI3K/Akt/mTOR pathway may not normally play a crucial role in the 

early events leading to layer formation and corticogenesis. However, the activation of a specific AKT 

isoform, AKT3, in focal MCDs was shown to be responsible for local, non-cell autonomous cortical 

migration defects, leading to drug-resistant epilepsy [171]. In this study it was shown that restricted 

cells exhibiting postzygotic brain-specific somatic mosaic AKT3 mutations showed activation of the 

PI3K-AKT-mTOR pathway. Importantly, mutation-expressing neural progenitors in the mouse brain 

showed misexpression of Reln, due to a derepression of reelin transcription, involving Foxg1. These 

mechanisms are hence involved in perturbed migration of restricted mutated and surrounding cells, 

leading to this focal malformation. De novo heterozygous mutations in FOXG1 can also lead to 

cortical malformations associated with Rett-like symptoms, postnatal microcephaly and abnormalities 

of the corpus callosum [172]. 

Reln is clearly a potent, multi-functional protein with different receptors and signaling 

pathways, expressed in several cell types and even in the adult brain. Signaling pathways involving 

this protein revealed mutations in patients for several components, representing one of the first 

examples of an assembled biochemical ‘pathway’ for MCDs, identified via ‘phenocopy’ mouse 

mutants and biochemical studies [146,148,163]. Putting together pathways is now being made easier 

with the use of NGS technologies in patients with similar disorders.  
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2.2.2a. Tubulinopathies  
 

In recent years it has been shown that mutations in certain cytoskeletal proteins are viable in 

the heterozygote state, causing a range of of MCDs now grouped together ‘functionally’ as 

tubulinopathies. MT function in particular has been revealed as highly vulnerable during cortical 

developmen [232]. MTs have multiple functions, they are essential components of the mitotic spindle 

in dividing cells and during neurogenesis, they are constantly remodeled during neuronal migration, 

and once neurons reach their final position, helping to generate and stabilize axonal processes to 

mediate cell communication via synaptogenesis [139]. Tubulin-related cortical dysgeneses, (see Table 

2), refer to MCDs involving mutations in tubulin genes: α-tubulin (principally TUBA1A), β-tubulin 

(TUBB2B, TUBB2A, TUBB3, TUBB(TUBB5)) and -tubulin (TUBG1) [47,49,152,153,174,175]. 

MCDs present in most individuals with mutations of tubulin or tubulin motor genes include a wide 

spectrum of morphological abnormalities with overlapping characteristics of LIS and PMG by brain 

imaging and neuropathological examinations [49,176]. 

Mutations in the tubulin α-1A (TUBA1A) gene have been found in patients presenting a wide 

spectrum of MCDs [49,136,176–179]. As well as the cLIS spectrum, brain malformations include 

lissencephaly with cerebellar hypoplasia, or with corpus callosum agenesis, and centrally predominant 

pachygyria, PMG-like cortical dysplasia, generalized PMG-like cortical dysplasia, simplified gyral 

pattern with areas of focal PMG, and microlissencephaly often in combination with dysplastic basal 

ganglia, corpus callosum abnormalities, and hypoplasia or dysplasia of the brainstem and cerebellum 

[47,175,177,178]. Clinical features include motor and intellectual disabilities, epilepsy and ocular 

impairments. It has been shown that 1% of children with cLIS present a recurrent mutation in the 

TUBA1A gene, and 30% of children with lissencephaly and cerebellar hypoplasia (LCH) also present 

TUBA1A mutations [136]. 

Mutations in TUBB2B were first linked to asymmetric PMG, and originally 5 different 

heterozygous mutations were found in this gene [153]. Two disease-associated mutations were shown 

to lead to impaired formation of tubulin heterodimers. Patient manifestations included seizures and 

severe neuromotor impairment, and PMG was associated with dysmorphic basal ganglia, agenesis of 

corpus callosum, cerebellar dysplasia and brainstem hypoplasia. Moreover, neuropathological 

examination of a fetus showed absence of cortical lamination with ectopic neurons in the white matter 

and in the leptomeningeal spaces as a consequence of breaches in the pial basement membrane [153]. 

TUBB2B mutations were also identified in symmetric PMG and pachygyria, complex malformations 

of cortical development, and lissencephaly [176,180]. The analysis of somatic mutations performed by 

Jamuar and col. [39] in a cohort of 158 patients with MCDs, also found a patient with a pathogenic 

mutation in TUBB2B presenting frontal pachygyria, parietal, occipital and temporal PMG, a small 

dysplastic cerebellum, hypoplastic pons and hypoplastic optic nerves. In addition, this gene was 

associated with fetal akinesia deformation sequence with microlissencephaly [181]. TUBB2A 

mutations found in two patients are associated with simplified gyral patterning and infantile-onset 

epilepsy [174]. 

Clinical manifestations of patients with TUBB3 mutations are different and milder compared 

to patients with TUBA1A mutations [182,183]. Originally, TUBB3 gene mutations were shown to be 

associated with various neurological syndromes which all have in common an ocular motility disorder, 

congenital fibrosis of the extraocular muscle type 3 (CFEOM3). However, missense mutations in 

TUBB3 were also found in nine patients with cortical disorganization, axonal abnormalities associated 

with pontocerebellar hypoplasia, but with no ocular motility defects [182]. Indeed, MRI of patients 

showed a common complex cortical dysgenesis with frontally predominant microgyria or gyral 

disorganization and simplification, dysmorphic and hypertrophic basal ganglia, cerebellar dysplasia, 

hypoplastic brainstem and hypoplastic corpus callosum. The mutated βIII-tubulin results in a reduction 

of heterodimer formation, suggesting that mutated MTs are less stable than control ones.  

Breuss and col. [184] reported that mutations in TUBB5 cause microcephaly with structural 

brain abnormalities in three patients. Certain mutations showed a diminished yield of heterodimer 

formation, or failed to incorporate. The E401K mutation has been the most studied (see below) and 

FLAG-tagged variants of Tubb5 containing this mutation failed to incorporate into the MT 

cytoskeleton in Neuro2A cells [184]. 
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It is known that all mutations identified in the tubulin isotypes (TUBA1A, TUBB2B, TUBB3 

and TUBB5) are heterozygote missense mutations. This could suggest dominant-negative phenotypes 

through abnormal protein function, which in addition to haploinsufficiency, may contribute to the 

mechanisms underlying MCDs [183]. Indeed, MTs with altered characteristics could have an impact 

on multiple mechanisms during migration including nuclear-centrosome coupling, leading process 

stabilization, the growth of new processes and growth cone navigation. 

 

2.2.2b Animal models and functional studies  

An N-ethyl-N-nitrosourea (ENU) mutagenesis screen allowed the identification of a mouse 

mutant with a mutation (S140G) in the guanosine triphosphate (GTP) binding pocket of α-1 tubulin 

(Tuba1a) affecting tubulin heterodimer formation in vitro. Mice showed abnormalities in the laminar 

architecture of the hippocampus with subtle abnormalities in the neocortex, coherent with impaired 

neuronal migration [152]. Heterozygous mice (Jna/+) were hyperactive, weighed ∼30% less and brain 

size was also proportionally smaller. It was through the identification of this mouse mutant, that 

TUBA1A was proposed as a candidate gene for LIS. Hippocampal disorganization included an 

additional layer of pyramidal cells in the stratum oriens throughout the pyramidal cell subfields into 

the subiculum, most marked in the CA3 region where the neurons were loosely packed. Subtle 

abnormalities were also detected in the neocortex, related to wavy layers in the visual, auditory and 

somatosensory cortices, with motor and retrosplenial cortices unaffected. The phenotype was rescued 

by Tuba1a expression in a BAC clone (Jna/+/BAC mice) [152]. 

Downregulation of tubulin beta-2b (Tubb2b) by shRNAs electroporated into progenitor cells 

in the VZ of E15 rat neocortices showed a significant arrest of cells within the SVZ/IZ at E20. This 

neuronal migration defect was rescued by overexpression of a resistant Tubb2b [153]. In vitro studies 

of plasmids expressing missense mutations identified in patients showed defective formation of 

functional alpha/beta-tubulin heterodimers that were compromised in their ability to properly assemble 

into well-defined MTs [153]. A separate ENU mutagenesis screen allowed as well the identification of 

a mouse mutant (also called the brain dimple (Brdp) mutation) with a Tubb2b missense mutation at a 

highly conserved residue (N247S) [185]. Homozygous mutant mice die soon after birth, and presented 

brains which were severely reduced in size, with expanded ventricles, and reduced olfactory bulbs, 

midbrain and cerebellum, and with thinning of the cortical epithelium. Within the cortex, brdp mutants 

have wave-like perturbations in the CP and a hypoplastic, irregular VZ. Analysis of the brain also 

showed an increase in RGC proliferation but a reduced CP suggesting an increase of neuron cell death, 

which was then confirmed by a TUNEL assay. 

Tubb3 knockdown experiments in the developing mouse cortex showed as well a significant 

arrest in radial migration in which the majority of neurons were blocked in the IZ with only a few 

neurons found in the CP [183]. Defects in numbers of progenitor cells were also observed, especially 

the Tbr2+ population. Although TUBB3 overexpression leads to the rescue of the shRNA migration 

phenotype, the overexpression of other β tubulin subunits (TUBB1, TUBB2B and TUBB4A) does not 

completely rescue the migration phenotype [183]. These results support the non-functional redundancy 

of these β-tubulins during cortical development and the functional specificity of Tubb3. 

 In order to analyze the effects of TUBB5 (also termed TUBB) during cortical development, 

the generation of two conditional Tubb5 transgenic mouse lines were reported: a conditional knock-in 

of the E401K patient mutation and a conditional KO [186]. Both lines were generated by crossing with 

Nestin-Cre mice to drive expression in progenitors. Heterozygous Tubb5
E401K/+

; Nestin-Cre mice 

showed no significant reduction in brain size compared to controls (Tubb5
E401K/+

), although 

homozygous E401K mice (Tubb5
E401K/E401K

; Nestin-Cre) and heterozygous Tubb5 null alleles 

(Tubb5
fl/+

;Nestin-Cre), both presented significant reductions in total brain and cortical volume. Other 

brain regions were also affected, including the corpus callosum, cerebellum, hippocampus and 

putamen [186]. No major defects in the laminar structure of the cortex were detected, despite a 

significant reduction in Cux1-positive superficial neurons. Ectopic Sox2+ progenitors and an increased 

mitotic index were also detected in the homozygous E401K mutant mouse. Defects in spindle 

orientation have been attributed to the ectopic localization of progenitors, in some cases leading to the 

depletion of the progenitor pool and premature production of postmitotic neurons, which has been 

proposed to be the underlying cellular mechanism in microcephaly. However, the authors conclude 
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that the spindle orientation defects in the knockin model do not majorly affect the number of 

progenitors, and are hence unlikely to account for the severe microcephalic phenotype observed in 

adulthood. Indeed, mitotic progression defects were also observed only in homozygous E401K mutant 

animals, suggesting that the dosage of functional Tubb5 is important for the phenotype. Finally, the 

authors conclude that E401K mutation acts by a complex mechanism, involving subtle gain-of-

function effects, and distinct defects during mitosis leading to p53-dependent apoptosis resulting in a 

smaller brain size in Tubb5 mutant mice.  

Finally, the ablation of Tubg1 cause embryonic lethality in mice [187]. Therefore, to study the 

effects of this gene on neuronal migration in utero electroporation at E14.5 was performed in mouse 

embryos [49]. Downregulation of γ-tubulin arrested cell migration and this phenotype was 

substantially rescued by a WT human cDNA, suggesting that proper levels of Tubg1 are essential for 

normal MT behavior and neuronal migration.   

 

2.2.3. a     Periventricular nodular heterotopias (PVH) and ventricular lining (VL) abnormalities 

 
During normal human brain development, from the 6

th
 to the 24

th
 week of pregnancy, neurons 

formed close to the ventricles migrate outward to form the cortex in six layers (see section 1). In PVH, 

some neurons fail to migrate to their proper position and form nodules of grey matter located around 

the walls of the lateral ventricles, associated with breaks of the VL, disrupting the integrity of the 

neuroependyma [188]. Amongst neuronal migration MCDs, PVH may represent up to 31% of cases 

[189]. This disorder can occur as an isolated malformation or associated with other brain 

malformations, such as e.g. temporo-occipital PVH with hippocampal malformation and cerebellar 

hypoplasia, or associated with fragile-X syndrome, with Ehlers-Danlos syndrome (EDS) and with 

microcephaly, amongst others [190,191]. Clinical manifestations are heterogeneous, but learning 

difficulties and seizures are included as the most common features [43].  

Mutations in two genes, FLNA and ARFGEF2 (see below), were previously associated with 

this pathology (see Table 3) [16,190]. FLNA encodes a large (280 kDa) cytoplasmic actin-binding 

protein that crosslinks actin filaments and links them to membrane glycoproteins. This protein is 

involved in remodeling the cytoskeleton to allow changes in cell shape and migration. Mutations in 

FLNA are associated with classical X-linked bilateral PVH [87,173,190]. Hemizygous males are rarely 

observed and assumed to be frequently embryonic lethal. PVH hence generally manifests in females, 

also associated with cardiovascular complications and Ehlers–Danlos syndrome [188,190,192]. FLNA 

mutations have been reported in all familial cases and in approximately 40% of sporadic patients 

[39,192].  

A rare autosomal recessive form of PVH due to ARFGEF2 gene mutations has also been 

reported in children with microcephaly, severe developmental delay and early-onset seizures [193]. 

Frameshift, missense and nonsense mutations were identified. ARFGEF2 encodes the brefeldin A 

inhibited guanine exchange factor-2 (BIG2), a protein kinase A anchoring protein (AKAP) which 

regulates Golgi-vesicle trafficking through its Sec7 domain [193]. The congenital microcephaly 

observed in ARFGEF2 PVH patients might suggest progenitor defects rather than post-mitotic neural 

migration impairments [193,194].  

Rare mutations in several other genes were also found in PVH, accounting for a small number 

of patients. Mutations in two cell adhesion molecules were identified, specifically FAT4 (atypical 

cadherin 4, a member of the protocadherin family) and DCHS1 (dachsous 1, cadherin-related 1) 

[195]. Patients reported with biallelic mutations in DCHS1 and FAT4 present as a consequence Van 

Maldergem syndrome-2 which includes PVH [195]. Moreover, a role of the heterotrimeric G-protein 

(Gαi2) was recently suggested in cortical development, and the encoding gene (GNAI2) was found 

mutated in a single PVH patient [196]. Another candidate gene playing a role in this cortical 

malformation is C6orf70 (ERMARD, for ER-membrane associated RNA degradation), found mutated 

in a patient with PVH [197]. 

 
2.2.3b Animal models and functional studies  

Flna KO male mice die by E14.5 and present several vascular and cardiac abnormalities, 

including an abnormally thickened and malformed outflow tract valve and a single ventricle, which 
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demonstrate that Flna plays an important role in cardiac morphogenesis. Analysis of the brains showed 

a normal distribution of α-catenin, β-catenin, zonula occludens-1 and F-actin, unlike VE-Cadherin 

(Cadherin 5), which was abnormally located in Flna KO progenitors [198]. Apical complex integrity 

is essential for the correct positioning of RGCs, as well as their cell polarity and division at the VZ 

[5,199]. The analysis of Flna KO mutant males at E14.5 showed a smaller but grossly normal brain 

presenting a thinner CP that was normally positioned, with no migration deficits or arrested neurons in 

the VZ. Conditional KO male mice (Cre recombination performed in ES cells) died at birth, showing 

cardiac abnormalities similar to Flna KO mice, although less severe [198].  

A recent study in the mouse developing cortex showed however, that conditional deletion of 

Flna in neuronal progenitor cells highly resembles PVH in humans [200]. Loss of the mitogen-

activated protein kinase kinase kinase 4 (Mekk4 or Map3K4) in mice, a regulator of FlnA 

phosphorylation, leads to a similar phenotype [201]. Double mutant mice (Flna 
flox/y; Emx1Cre+

; Flnb 
-/-

) 

reveals periventricular nodules, variable in size, number and distribution, present in both cerebral 

hemispheres, and containing mixed neurons and glia cells. Mouse phenotypes were consistent with 

radiological and pathological studies in FLNA patients, and suggested that PVH caused by Flna loss is 

a condition in which additional neurons are generated without compromising production and migration 

of neurons destined for the neocortex [200]. Indeed, this work demonstrated that the Flna-phenotype 

primarily results from an increased neurogenesis of mislocalized IPs present in the periventricular 

space. The expanded IP pool increases neuronal production without affecting cell fate. Interestingly, 

other factors contribute in a non-cell-autonomous manner to this phenotype, an EMT (epithelial-

mesenchymal transition)-like event was observed in RGs, changing the extracellular environment, as 

well as increased local angiogenesis and vascular activity. Through an interaction with β-arrestin, Flna 

normally blocks the excessive communication between blood vessels and neural progenitors by 

attenuating growth signals and acting as a cell signaling modulator [200]. This block is lost in the cKO 

of Flna, contributing to the phenotype.  

In another study, FLNA was shown to form a functional complex with Meckelin 

(MKS3/TMEM67), a protein that directs centriole migration to the apical membrane and is involved in 

the formation of the primary cilium [202]. Particularly, a patient was described with Meckel–Gruber 

syndrome (MKS)-like ciliopathy with both MKS and cerebellar heterotopia, presenting an unusual in-

frame deletion mutation in the meckelin C-terminus. The mutation disrupted the meckelin–Flna 

interaction, leading to impaired cilia formation and reduction of RhoA activity. Flna was shown to be 

necessary for optimal cilia formation and for the correct positioning of the basal body in patient-

derived fibroblasts and murine epithelial cell line (inner medullary collecting duct, IMCD3). 

Moreover, meckelin distribution at the apical cell surface and ventricles was disrupted in the Flna
Dilp2

 

mouse [202,203]. Finally, loss of meckelin or Flna causes a deregulation of Wnt signaling, as was 

previously reported in the pathogenesis of ciliopathies [204]. Authors hence suggested that some of 

the features of PVH caused by FLNA mutation may be due to impaired ciliogenesis. These data further 

suggest a role for FLNA in progenitor cell fate and proliferation [202].  

A null mouse model for Arfgef2 is embryonic lethal, and heterozygous mutants did not reveal 

abnormalities [205]. However, Sheen and col. [193] previously demonstrated that Big2, the Arfgef2 

encoded protein, plays a role in vesicle and membrane trafficking from the trans-Golgi network. 

Inhibition of Big2 perturbed adhesion molecules such as E-cadherin and β-catenin by preventing their 

transport from the Golgi to the cell surface. Furthermore, treatment with Brefeldin A (BFA) inhibited 

migration of cerebellar granule cells and inhibited spreading of cells derived from the SVZ, suggesting 

that Arfgef2 function is required for neuronal migration [193]. Using a gene-trap line with vector 

integration in the Arfgef2 gene, reporter gene expression is activated in 4-cell stage embryos 

suggesting that this gene is essential for early embryonic development [205]. In addition, it was shown 

that Arfgef2 function is not compensated by Arfgef1. It remains difficult to know the exact function of 

this gene and conditional KO mice are required. Nevertheless, via membrane trafficking, it is likely 

Big2 plays a role regulating cell adhesion and cell-cell junctions which could be important in 

progenitor zones.  

Finally, in rare mutation cases, reducing the expression of Fat4 and Dchs1 in the mouse cortex 

induces an increase in progenitor cell number and reduces the differentiation to neurons, resulting in 

an ectopic accumulation of Pax6-positive cells close to the ventricles [195]. More recently, mutations 

were also found in several patients in the NEDD4L gene, which codes for the E3 ubiquitin ligase. This 

https://www.google.fr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiGgIzP9c7TAhUBSRoKHQfmCLcQFgglMAA&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpubmed%2F10082419&usg=AFQjCNFB0dHUhslxdWANIVk_xYYL9emVCw&sig2=IcX-G9xPvplC6wVRogmeXw


18 
 

work suggested that disruption of mTOR and AKT signaling pathways is involved in the 

neurodevelopment of this pathology [189]. Defects in progenitor cells, neuronal positioning and 

terminal translocation were identified by in utero electroporation. Furthermore, down-regulation of the 

α subunit, Gαi2, or C6orf70, affects neuron morphology and induces migration defects during 

corticogenesis in rodents [196,197].  

Thus, by the study of multiple genes, there are indications of changed progenitor cell fate which 

re-occur linked to this pathology. Neuronal migration defects are also identified, although these may in 

some cases be secondary to RGC defects. For other more rarely mutated genes, acute gene knockdown 

by in utero electroporation has revealed either progenitor and/or neuronal migration defects. 

Progenitor defects most probably cannot be excluded in the latter models. 
 

2.2.4. a Type II lissencephaly (cobblestone) 
 

Cobblestone lissencephaly (COB-LIS) is a severe brain malformation in which so-called 

‘overmigration’ of neurons and glial cells into the arachnoid space results in the formation of cortical 

dysplasia, including dysmyelination, cystic cerebellar dysplasia and brainstem hypoplasia [206]. 

Disorganized cerebral and cerebellar cortices and multiple coarse gyri with agyric regions arise due to 

breaks of the basement membrane (BM). COB-LIS patients may have a broader spectrum of 

conditions referred to as Walker-Warburg syndrome (WWS), muscle-eye-brain disease (MEB) and 

Fukuyama congenital muscular dystrophy (FCMD) [43,207].  

The gene dystroglycan (DAG1) codes for a major extracellular matrix receptor in muscle, and 

in the CNS it is present in RG basal endfeet (also known as the glia limitans), making a link with 

laminin in the basal lamina. Rare mutations have been identified in this gene in WWS [208,209]. 

Dystroglycan (DG) is subjected to a post-translational cleavage to generate the peripheral membrane 

protein α-DG, and the transmembrane protein β-DG. Then the α-DG undergoes O-linked 

mannosylations mediating the binding to extracellular matrix proteins such as laminin, agrin, neurexin, 

pikachurin and perlecan. β-DG interacts with the actin cytoskeleton via dystrophin, utrophin, plectin 

and together, α-DG and β-DG link the cytoskeleton to the extracellular matrix [210]. Indeed, these DG 

complexes are necessary for the deposition of other BM proteins and in the organization and turnover 

of the BM [211]. MEB, FCMD and WWS (see Table 4) have been associated with aberrant 

glycosylation of α-DG [207,212–214].  

Symptoms are present at birth and may vary within a wide spectrum, usually with severe 

structural brain findings (including lissencephaly and ventriculomegaly), various developmental 

abnormalities of the eyes (e.g., unilateral or bilateral microphthalmia and retinal dysplasia), hypotonia, 

progressive muscle weakness and degeneration, delayed speech and motor functions as well as 

seizures [215]. This spectrum of disorders is associated with a poor perinatal prognosis depending on 

the severity of the malformation. 

COB-LIS has most often been associated with mutations in genes which are required for the 

maturation of α-DG into a functional receptor and are consequently identified as causing secondary 

dystroglycanopathies, the most common form of congenital muscular dystrophies. These genes 

include POMT1, POMT2, POMGNT1, FKTN, FKRP, LARGE, ISPD, GTDC2, TMEM5, POMK, 

B4GAT1, B3GALNT2 (see Table 4) [212, 213,215-225]. Other mutations are rare, described in only a 

few patients with WWS, and include genes encoding BM constituents, such as LAMB1, LAMC3 and 

COL4A1, and the transmembrane and tetratricopeptide repeat containing 3 gene, TMTC3 

[215,218,226], coding for a protein for which its link is currently unclear.  

In addition, GPR56 (G protein-coupled receptor) mutations have been reported in 14 patients 

with bilateral frontoparietal PMG (see below), and the phenotypes associated with these mutations 

were proposed as COB-like cortical dysgeneses due to the pathophysiological similarities with COB-

LIS [227]. Indeed, homozygous or biallelic mutations in the GPR56 ligand, COL3A1 were also 

recently found associated with a COB-like malformation [228]. Nevertheless, one third of the studied 

COB-LIS cases has not been genetically linked to any mutation and remain unexplained [215,218]. 

Non-genetic causes are still recognized for COB-LIS, including prenatal vascular problems and viral 

infections [43]. 

 
2.2.4b. Animal models and functional studies  
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Targeted loss of DG or mutations of enzymes involved in the glycosylation of α-DG in the 

developing brain, have been shown to recapitulate many aspects of WWS and MEB, indicating DG as 

central to disease pathogenesis (See Table 4) [210,229–232]. 

Two mouse models with a deficiency in fukutin-related protein (FKRP) were generated, the 

first one with a missense mutation and a neomycin cassette, FKRP-Neo
Tyr307Asn

 (FKRP KD) and the 

second with the FKRP
Tyr307Asn

 mutation alone [210,232]. FKRP
Tyr307Asn

 homozygous mice have a gross 

brain and heart anatomy indistinguishable from controls. On the other hand, homozygous animals for 

FKRP-Neo
Tyr307Asn

 die at or soon after birth. In addition, FKRP KD mice present a reduced muscle 

mass and hypoglycosylation of α-DG. Mutant mice showed a disruption of the neuronal layering of 

the cortex and partial fusion of the intrahemispheric fissure. Defects in the pial BM were also 

observed, including laminin γ1, perlecan and collagen IV disorganization. The RGC scaffold was 

highly disorganized, which correlated with both the degree of dyslamination and an absence of 

glycosylated α-DG. Thus, this mouse model recapitulates some of the features of MEB, displaying a 

marked reduction in the glycosylation of α-DG at the pial BM, associated with BM defects and a 

neuronal migration disorder [210,232]. Moreover, Booler and col. [210] showed in FKRP KD 
embryonic mouse brains (E12.5), that the multifocal disruption to the BM was associated with 

disorganization of the PP and its failure to split.  

Booler and col. [210] made a comparative study analyzing the brain defects present in 

different mouse models of dystroglycanopathies. This study demonstrated that the mislocalization of 

Cajal-Retzius cells was correlated with a rostro-caudal and medio-lateral gradient of the lesions and 

the severity of the brain phenotype, where FKRP KD mice exhibit the most severe brain phenotype 

and Large
myd

 mice the mildest. Indeed, there is no apparent CP or MZ in FKRP KD mice, whereas in 

Pomgnt1 KO mice, the CP and MZ are apparent below a substantial extracortical layer. The Large
myd

 

mice, on the other hand present a relatively organized CP, but neurons from the CP apparently migrate 

through the MZ and the pial BM. Other brain regions were also found affected [210]. Moreover, 

disruption to the RG scaffold was present in all of the mouse models, the glia limitans being disrupted 

to a variety of degrees, and most extensively affected in FKRP KD mice.  

Mutant mice of the integrin-related family, such as FAK (focal adhesion kinase) [233] and Ilk 

(integrin-linked kinase) [235], have been associated with  features that resemble human COB-LIS, 

including cortical migration and basal lamina integrity defects, but mutations of these genes have not 

been identified in human patients.  

Finally, several genes related to human mutations or downregulation of dystroglycanopathies 

have been assayed in morpholino (MO) injected Zebrafish or Drosophila models (See Table 4, e.g. 

FKRP, FKTN, ISPD, POMK, B4GAT1, B3GALNT2, POMGNT2). The vast majority of these models 

showed characteristics that resemble the human pathology, such as hypoglycosylation of α-DG, 

embryos with small heads, hydrocephalus, incomplete brain folding, reduced eye size, delayed ocular 

development, retinal degeneration, defects in muscle fibers and severely impaired motility 

[221,224,225,235,236]. These are hence useful models for revealing defects related to individual 

genes.  

 

2.2.5a  Polymicrogyria (PMG) 
 

PMG refers to an excessive number of abnormally small gyri that produce an irregular cortical 

surface with a lumpy aspect, associated with abnormal neuronal migration [237]. PMG can affect part 

of the brain or the whole brain, and there can be overlapping features with COB-LIS as mentioned 

above [227]. PMG exist also as an isolated malformation or it may be associated with other brain 

malformations, such as corpus callosum agenesis and hypogenesis, cerebellar hypoplasia, PVH and 

SBH in patients that may present microcephaly, normocephaly or macrocephaly [237].  

PMG can occur as a result of both genetic and environmental factors [16,43,237]. The exact 

mechanisms causing this heterogeneous disorder remain to be elucidated, indeed some genes 

identified in PMG patients have been found to be involved in migration, others in progenitors, as well 

as centrosome function and cilia location (see below and Table 5). Clinical presentations include a 

high incidence of epilepsy, ID and there is a variable age of onset [16,43,237].  
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Only in a small minority of patients, mainly represented by consanguineous families, has a 

defined genetic cause been identified, e.g. associated with autosomal recessive mutations in GPR56, 

RTTN (rotatin) and PRICKLE1 (Prickle Planar Cell Polarity Protein 1) genes (see Table 5) 

[176,227,238,239]. The most severe outcomes of PMG occur in children with severe microcephaly (-3 

SD or smaller). Patients with severe congenital microcephaly and PMG have for example, shown 

mutations in WDR62 (WD repeat-containing protein 62), NDE1, RTNN and RAB3GAP1/2 and RAB18 

[240–242]. PMG with microcephaly or normal brain size, corpus callosum dysgenesis and cerebellar 

hypoplasia may also be related to tubulin and MT-motor gene mutations such as KIF1B binding 

protein, TUBA1A, TUBB, TUBB2B, TUBB3, and DYNC1H1 (see Tables 1 and 2) [156,199,237].  

Mutations in PIK3R2, PIK3CA, AKT3, CCND2 and MTOR, involved in the mTOR pathway, 

have also been associated with PMG [243–249]. Mutations in these genes also cause 

hemimegalencephaly (HMG), which is a developmental disorder characterized by the enlargement and 

malformation of a cerebral hemisphere [250]. Other genes including the transcription factor PAX6 

[251] are recognized in PMG (see also Table 6). Furthermore, copy-number variants have also been 

shown associated with PMG, showing deletions in a wide number of chromosomes [43].  

As mentioned above, mutations in GPR56 can also give rise to bilateral frontoparietal PMG, as 

well as cerebellar and white matter abnormalities [227,252,253]. Bae and col. [254] also found a 

mutation in a non-coding region of the gene, present in five individuals with PMG (and see below).  
 

2.2.5b Animal models and functional studies  

PMG is often described as abnormal late cortical organization and is inconstantly associated 

with abnormal neuronal migration, overmigration of cells, thickening and duplication of the pial 

collagen layers and increased leptomeningeal vascularity [237]. Indeed, the maintenance of pial 

integrity is essential for the proper anchoring of the basal RGC endfeet, ensuring the correct migratory 

scaffold for neurons. Certain mouse models have contributed to these ideas. Concerning non-coding 

mutations present in GPR56, the mutated element normally contains two copies in tandem of 15- base 

pair (bp), but all affected individuals have a homozygous deletion of one 15-bp repeat, and the parents 

are heterozygous with no obvious clinical signs. The GPR56 transcript variants differ between mice 

and humans, and this regulatory element apparently directs lateral cortical expression. This was shown 

by generating a transgenic mouse with the 23-kb human GPR56 upstream region (WT and mutant) 

driving green fluorescent protein (GFP) expression. The 15-bp deletion shows no lateral cortex 

expression in the mouse and is likely to disrupt perisylvian GPR56 expression in human. GPR56 also 

interacts with various regionally expressed transcription factors, and controls progenitor proliferation 

in different brain regions. Reduced proliferation occurs when Gpr56 is absent, while overexpression 

enhances proliferation and progenitor number. Furthermore, in Gpr56 KO mice, neurons over-migrate 

through breached pial BM, or under-migrate forming irregular cortical layers. Gpr56 was shown to 

stabilize the BM of RGCs and it localizes to the basal processes [253], where it was shown to bind to 

extracellular matrix proteins (eg. collagen type III) [255]. The histopathology of BFPP hence strongly 

resembles a COB-LIS malformation [253]. Both conditions are hence linked to abnormal progenitors. 

Alternative promoters and regional interactors in PMG help explain expression and function in 

particular brain regions and hence specific MCD phenotypes. 

 The fact that PMG can be associated with primary microcephaly (MCPH) also suggests that 

progenitor abnormalities could contribute to this MCD. Mutations in ASPM (abnormal spindle-like 

microcephaly-associated) and WDR62 represent more than half of all MCPH cases [256]. Both Aspm 

and Wdr62 are genetically and biochemically tightly linked. In mice lacking Wdr62, Aspm, or both, 

gene dose-related centriole duplication defects were detected during cell division that parallel the 

severity of the microcephaly. Disrupted apical complexes and increased ectopic basal progenitors are 

also observed, suggesting premature delamination of RGCs from the VZ [257]. These proteins, share a 

common localization during interphase at mother centrioles, where they physically interact, and with 

other microcephaly proteins converge on CENPJ/CPAP/Sas-4 as a final common target [257]. WDR62 

mutations can also give rise to PMG [258–260], whereas ASPM mutations have been associated with 

anterior predominant pachygyria and simplified gyral pattern [261,262]. Wdr62 down-regulation in rat 

embryos reveals neuronal migration abnormalities, as well as RGC mitotic defects and depletion 

[263]. 
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As mentioned previously, NDE1 is localized at the centrosome and interacts there with other 

proteins, such as LIS1, as part of a multiprotein complex that regulates dynein function, highly 

important during neuronal migration and in progenitors [71,76]. Mutations of this gene were found in 

patients with very severe form of microcephaly, ACC and fetal brain disruption (FBD)-like cortical 

malformation, profound ID and early onset seizures [78,264]. The effect of NDE1 on cortical 

thickness is due to alterations in neuronal progenitor fate [80]. Particularly, the loss of NDE1 increases 

the number of differentiated PP cortical neurons and Cajal-Retzius cells which are produced during 

early corticogenesis, depleting the neuroepithelial cells and RGC pool for neuron production at later 

stages of development. This is a consequence of failures in the assembly and orientation of the mitotic 

spindle which requires NDE1 function [77,80,264]. On the other hand, loss of its paralogue NDEL1 

prevents the migration of neurons into the CP, although the motility within the IZ or SVZ is not 

affected [264,265]. NDE1 mutations also give rise to rare cases of PMG, it remains unclear how this 

arises, but RGC perturbations are also likely to affect basal endfeet attachment at the BM. De novo 

missense mutations in DYNC1H1 have also recently been associated with PMG [39,266]. Thus 

although this MCD is less well-known in terms of mechanisms, some common themes are emerging. 

  

3. Atypical rare cases, consanguineous families and contribution of recent NGS studies.  
 

Patients showing MCDs such as SBH, pachygyria, lissencephaly with or without 

microcephaly, congenital microcephaly, or PMG, and sometimes syndromic forms, were also reported 

with mutations in genes other than the classical ones described for a particular disorder. In some cases, 

the spectrum of phenotypes for a particular gene was widened by identifying unexpected mutations in 

other MCDs. Cases are often atypical, sometimes exhibiting de novo sporadic mutations, or 

alternatively, homozygous mutations were identified in consanguineous families. Some examples are 

EML1, CRADD, ACTG1 and KATNB1 (see Table 6) [267-271]. Related genes, such as α-E-catenin, 

Ccdc85C, Rapgef2/Rapgef6, Afadin and RhoA induce similar, severe phenotypes (e.g. SBH or PVH-

like phenotypes) in the mouse when they are down-regulated or suppressed during cortical 

development (see Table 6) [195,272-276]. However, no mutations in these latter genes have been 

reported in human, and in some cases constitutive phenotypes are lethal in the mouse (See Table 6). 

Conditional mutant Afadin and RhoA mice resemble the HeCo phenotype, with mutations in the Eml1 

gene.  

Echinoderm Microtubule Associated Protein–like 1 (EML1), a MT binding protein, was 

shown to be mutated in the spontaneously arisen HeCo (Heterotopic Cortex) mouse presenting 

bilateral SBH. Mutations were subsequently identified in two non-related families with giant ribbon-

like heterotopia [267]. Human EML1 mutations are thus associated with a severe and atypical giant 

form of SH, epilepsy and ID. HeCo mice show ectopic progenitors and EML1 has a cell cycle–

dependent localization, it is enriched on spindle MTs and in midzone regions of mitotic neuronal 

progenitors. HeCo mice show an increased proportion of oblique mitotic spindle orientations in apical 

RGs, which may favor asymmetric inheritance of apical membrane, leading to detached ectopic 

progenitors which divide in the region that the heterotopia develops [267]. Early and late born neurons 

are perturbed in their migration due to an abnormal migration substrate (RG basal processes), later-

born neurons become trapped within the white matter forming the heterotopia in mutant mouse brains. 

The detailed molecular mechanisms leading to the production of ectopic progenitors and SBH in this 

model have not yet been identified, although it seems clear that migration perturbations are secondary 

to the progenitor abnormalities [267].   

More recently, an interesting study identified a mild variant of lissencephaly, after review of 

more than 1,400 LIS phenotype patients [268]. The phenotype was referred to as TLIS or ‘‘thin” 

lissencephaly, and is characterized by anterior-predominant pachygyria with shallow and unusually 

wide sulci, a mildly thick cortex (5-7 mm) in at least the frontal regions and megaencephaly. Patients 

present mutations in the CRADD gene, which encodes a protein containing a caspase-recruitment-

domain and death domain (DD), required for activation of caspase-2-mediated apoptosis. The 

phenotype includes mild to moderate ID and in some cases epilepsy. Cradd
 
KO mice recapitulate the 

human phenotype. These data suggest that CRADD/caspase-2 signaling is required for normal 

development of the human neocortex and for normal cognitive function. Decreased caspase-2-

mediated apoptosis during human development results in this MCD [268]. 
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Deleterious mutations in the KATNB1 gene were found in ten patients of consanguineous 

parents with a spectrum of MCD disorders, including microcephaly co-occurring or not with LIS, 

microlissencephaly, or less severe abnormalities such as PVH or SBH [271,277]. The encoded protein 

is the p80 regulatory subunit of the MT-severing enzyme Katanin. Katanin is composed of catalytic 

p60 (KATNA1), and regulatory p80 (KATNB1) subunits, and acts by disrupting contacts within the 

MT polymer lattice. The C-terminal region of KATNB1, is known to interact with the p60/KATNA1 

catalytic subunit and NDEL1, while the N-terminal region, is known to interact with the molecular 

motor protein Dynein and LIS1 [262]. Loss of KATNB1 orthologs in zebrafish (katnb1) and flies 

(kat80) results in microcephaly, recapitulating one of the human phenotypes. Indeed, kat80 loss of 

function affects asymmetrically dividing neuroblasts, which display supernumerary centrosomes and 

elicit spindle abnormalities during mitosis, leading to cell cycle progression delays and reduced cell 

numbers [271]. Severe brain abnormalities in patients are likely to be explained at least in part by loss 

of the ability of p80 to regulate MTs. Hu and col. [277] showed that patient-derived cells had 

decreased levels of both p80 and p60 proteins, as well as mitotic and signaling abnormalities. More 

recently, it was demonstrated that p80 regulates MT remodeling in combination with its interacting 

partner NuMA (nuclear mitotic apparatus protein) and cytoplasmic dynein, and that p80 is essential 

for aster formation and maintenance in vitro [278]. Notably, patient mutations in KATNB1 were unable 

to elicit aster formation. In the same study, it was shown that p80 and/or NuMA down-regulation 

induces neural progenitors to exit the proliferation phase and prematurely commit to neuronal 

differentiation, in addition to delaying neuronal migration in the mouse embryonic brain [278].  

Mutations in SRPX2 (Sushi Repeat Containing Protein, X-Linked 2) give rise to rolandic 

epilepsy, speech dyspraxia and ID, and in rare cases have been also linked to bilateral perisylvian 

PMG (BPP) (See table 6). SRPX2 is expressed at various embryonic stages from the proliferative 

VZ/SVZ to the CP. Srpx2 downregulation lead to altered position of projection neurons in the 

developing rat cerebral cortex [279]. It was demonstrated that Srpx2 influences acetylation of alpha-

tubulin in vitro, where the expression of Srpx2 induced an increase in the acetylation activity and the 

silencing had the opposite effect. Moreover, the migration deficit was improved by prenatal 

administration of tubacin, a specific inhibitor of tubulin deacetylase HDAC6, and prevented the 

epileptiform activity caused by Srpx2 silencing in utero [279]. 

Of note as well, a recent study revealed two male siblings with a mutation in FLNA, predicted 

to lead to a loss of function caused by protein truncation, although other mutations are typically lethal 

in males [280]. However, the patients did not present PVH, but other health complications including 

visceral abnormalities. Functional studies demonstrated that the mutation (4 bp insertion) induced in-

frame skipping of the mutated exon, leading to a mutant FLNA missing an internal region of 41 amino 

acids, but its capacity to induce focal adhesions was comparable to those of the wild-type protein. This 

is hence likely to explain the ameliorated symptoms of these affected male patients [280]. A further 

atypical phenotype for FLNA mutations was revealed by studying alternative splicing [281]. Using 

RNA-seq and the ‘mixture-of-isoforms’ (MISO) model, a percentage spliced in (PSI) value was 

assigned to each exon by estimating its abundance compared to adjacent exons [281]. The results of 

this study suggest that most splicing switches occur between neural progenitors in the VZ and neurons 

in the CP, and cytoskeleton genes such as FlnA, have differentially spliced exons in mouse and 

human. Indeed, differentially spliced exons lead to protein domain alterations, changes in subcellular 

localization and interactions with other proteins. Interestingly, this study shows that a highly 

conserved exon of FlnA is normally skipped in E14.5 neural progenitors (VZ) and most adult tissues, 

but included in mRNAs from E14.5 neurons, in adult cortex and cerebellum. Moreover, a particular 

intronic mutation in FLNA causing a PVH phenotype in both males and females of an affected family, 

promotes abnormal exon inclusion (‘poison’ exon) in neural progenitors, creating a cell-type- and 

tissue-specific FLNA partial loss of function and an atypical PVH syndrome. The inclusion/exclusion 

of ‘poison’ exons in the developing cortex was shown to be antagonistically regulated by Ptbp1 and 

Rbfox1/2/3 factors, which are expressed in neural progenitors and neurons, respectively. Rbfox1/2/3-

induced splicing causes Ninein to be translocated from the centrosome in progenitors to non-

centrosomal loci in neurons, although Ptbp1 expression is required for apical RG position by 

maintaining Flna and Flnb expression in progenitor cells [281].   

Finally, a good example of the high power of WES for clinical diagnosis is the recently 

published work from the Deciphering Developmental Disorders (DDD) team (DDD Study, 2017) [35]. 
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This project aimed to deeply analyze all genomic data from the UK National Health Service and the 

Republic of Ireland to try and find a diagnosis for as many affected children as possible. The DDD 

study recruited 4,293 individuals with severe undiagnosed developmental disorders, and most of them 

were the only affected family member. Using WES analysis of trios, this study allowed the 

identification of 94 genes enriched in damaging de novo mutations (DNMs), including fourteen new 

genes that were not previously statistically compelling for DD causation: CDK13, CHD4, CNOT3, 

CSNK2A1, GNAI1, KCNQ3, MSL3, PPM1D, PUF60, QRICH1, SET, KMT5B, TCF20 and ZBTB18. 

Moreover, several new disorders were identified linked to known DD-associated genes, but with 

different modes of inheritance or molecular mechanisms. Interestingly, of the 285 individuals with 

truncating or missense DNMs in known seizure-associated genes, 56% of individuals had no coded 

terms related to seizures and/or epilepsy. However, nearly three times as many individuals with 

seizures had a DNM in a seizure-associated gene compared to individuals without seizures. These data 

illustrate the power of studying a large sample size. This work also showed that a much higher 

proportion of truncating than missense DNMs affected known DD-associated genes. DNMs are 

associated with approximately half of severe DDs, and are split roughly equally between loss of 

function and altered function. Finally, this study allowed an estimation of the mean birth prevalence of 

dominant monogenic DDs to be around 1 in 295, which is greater than trisomies 13, 18 and 21. This 

study is clearly important, and large, collaborative MCD cohorts in the future could be analyzed in a 

similar integrated manner. 

 

4. Stem cell models as tools for the study of MCD mechanisms. 
 

Stem cells (SC) cells are specialized cell types with hallmark properties of self-renewal and 

the ability to differentiate into other cell type(s) [282]. In 2007, Takahashi and Yamanaka described 

the induction of pluripotent SC properties from mouse embryonic and adult fibroblasts by the transfer 

of four factors (Oct3/4, Sox2, c-Myc and Klf4) under ES cell culture conditions. These cells were 

named induced pluripotent stem cells (iPSCs). The same is true for adult human fibroblasts, giving 

rise to human iPSCs after the introduction of the same or similar factors [283,284]. Human iPSCs 

were found similar to human ES cells in many features [283].  

Human SCs (hESCs) are also a valuable model. Both hESCs and iPSCs during neuronal 

differentiation undergo morphogenetic changes characterized by the formation of neuronal rosettes, 

which are radially organized columnar epithelial cells [285,286]. These are the 2D neural tube 

structures which recapitulate the apical-basal polarity similar to that of the neural tube, useful for the 

study of brain development [287]. On the other hand, neurospheres are aggregates of neural SCs 

(NSCs) that can be used to address the self-renewing capacity but are likewise not well organized and 

thus, limited to model certain characteristics of brain development [287]. Neurospheres represent very 

early characteristics of neurogenesis, whereas brain organoids, 3D structures exhibiting multiple cell 

types [287], recapitulate the cellular and molecular events comparable to the first-trimester of fetal 

neocortex development, which may include forebrain, midbrain, and hindbrain regions with functional 

electrophysiological properties, gene expression, progenitor polarity and cortical layering [288,289]. 

One advantage of 3D culture over monolayer cultures is the capacity of cells to differentiate and self-

organize into epithelia, as they would in the embryo. The potential application of organoid systems are 

many [287,288]. This includes the possibility of analyzing species-specific cellular processes and one 

example of this is that bRG-like cortical cells can be produced from human, but not mouse, iPSCs 

[288,290,291]. 

From the perspective of this review, iPSC-derived cell investigations have been key to further 

study and characterize neurodevelopmental events during early embryogenesis, as well as to study 

molecular bases of human pathologies (e.g. MCDs such as microcephaly) in human in vitro models. 

Patient-derived iPSCs have also been shown to be useful for screening drug candidate libraries [293]. 

Moreover, a transcriptome-wide profiling study of single cells showed that cerebral organoids are able 

to recapitulate many of the molecular pathways that control normal human cortical neurogenesis 

[289]. Interestingly, the use of iPSCs and cerebral organoids in the study of the mechanisms that give 

rise to severe microcephaly-induced by ZIKV (Zika virus), has lead to amazing advances for the 

characterization of the mechanisms involved in the development of such a pathology (see below) [292, 

294–297].  
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An interesting study previously mentioned in section 3, focuses on the molecular bases of 

microcephaly and lissencephaly involving the gene KATNB1 (p80) [278]. In this work, brain 

organoids were generated from human iPSCs from microcephaly patients carrying mutations in this 

gene. Mutant brain organoids showed fewer Tuj1+ neurons, and these neurons failed to migrate 

compared to controls [278]. Another interesting study involved the generation of patient-derived 

iPSCs to study the molecular bases of MDS, as previously mentioned, a severe LIS MCD 

characterized by nearly absent cortical folding often associated with reduced brain size, craniofacial 

dysmorphisms, ID and intractable epilepsy (see section 2.2.1) [298]. In this work cerebral organoids 

derived from control and MDS-iPSCs showed apoptosis of NECs leading to a reduced size, consistent 

with the clinical manifestation of the patients’ microcephaly. A more frequent incidence of horizontal 

vs vertical cleavage planes and a significantly reduced average cleavage angle was observed in the 

MDS neuroepithelium (implying inappropriate progenitor divisions), as well as defective radial 

migration of cortical neurons was observed in 5 week organoids compared to control. Defective 

neuronal migration was rescued with a ring chromosome containing a compensatory copy of the 

chromosome 17 [298]. It was also shown that MDS bRG cells remained in mitosis for prolonged 

periods prior to cytokinesis and thus, authors suggest the possible involvement of bRG cell 

dysfunction in the pathogenesis of human LIS [298]. A second study has also used patient-specific 

forebrain-type organoids to study MDS pathology [299]. Premature neurogenesis was found to reduce 

the expansion of MDS patient-specific organoids, characterized with a panel of parameters. A switch 

from symmetric to asymmetric cell division of apical RGCs was observed, as well as alterations of the 

N-Cadherin/β-Catenin signaling pathway, showing that a reduction of Wnt activity leads to premature 

neurogenesis. These alterations in MDS-derived organoids were rescued by Wnt activation [299]. 

Thus, these studies highlight the potential of organotypic cell-culture models to contribute to the 

understanding of developmental mechanisms underlying MCDs. 
 

5. Non-genetic origins of MCDs (illustrated by Zika virus infection) – highjacking the 

same pathways, use of the same models. 
 

Congenital microcephaly is due to reduced neuronal production or increased cell death 

[16,42,46,199]. A large proportion of microcephaly cases remain unexplained as they have not been 

linked to any genetic origin. Possible explanations for some of these cases may include exposure to 

certain infections during pregnancy, the so called TORCHS factors, such as toxoplasmosis, rubella, 

cytomegalovirus, herpes virus, and syphilis; as well as severe malnutrition, exposure to harmful 

substances, such as alcohol, certain drugs, toxic chemicals or interruption of the blood supply during 

development [300,301]. Zika virus (ZIKV) carried by mosquitos, now joins the list of viral TORCH 

pathogens [302]. 

Crescent reports of a possible association between ZIKV infection and increased incidence of 

microcephaly and lissencephaly among neonates and Guillain-Barré syndrome (GBS) in Americas 

attracted global attention [303,304]. Vertical transmission from infected mothers was supported by the 

detection of ZIKV in the amniotic fluid of two pregnant women whose fetuses were diagnosed with 

microcephaly [305]. ZIKV was found in fetal brain tissue presenting microcephaly with almost 

complete agyria, hydrocephalus, together with multifocal dystrophic calcifications in the cortex and 

subcortical white matter [306]. Moreover, ZIKV infection has been reported to induce not only 

atrophy of the cortex and brainstem, but also cerebellar hypoplasia, macrocephaly, hydranencephaly, 

brain and spinal cord inflammation, arthrogryposis, ventriculomegaly, pulmonary hypoplasia, and 

architectural distortion of the spinal cord presenting severe neuronal loss and microcalcifications 

among others features [307,308]. 

Li and col. [309] demonstrated that ZIKV infects mainly progenitor cells in the mouse, leading 

to smaller brain sizes 5 days after the infection (E18.5), cell-cycle dysregulation, neural progenitor cell 

(NPC) defects in differentiation and increased active caspase-3 positive cells. Moreover, ZIKV infects 

human NPCs derived from iPSCs, increases cell death and deregulates cell-cycle progression, 

resulting in attenuated hNPC growth [297]. RNA-seq analysis showed downregulation of cell-cycle-

related genes as well as upregulation of genes associated with transcription, protein transport, and 

catabolic processes, consistent with increased caspase-3 activation [297]. Similarly, ZIKV infection in 

https://www.cdc.gov/parasites/toxoplasmosis/gen_info/pregnant.html
https://www.cdc.gov/rubella/index.html
https://www.cdc.gov/cmv/congenital-infection.html
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human NSCs growing as neurospheres and brain organoids reduces their viability and growth through 

caspase 3/7–mediated cell death [295].  

Based on the role of NSCs in other forms of microcephaly, Nowakowski and colleagues [296] 

hypothesized that human RGCs may selectively express proteins that facilitate the entry and 

infectivity of ZIKV during neurogenesis. Using single-cell RNA-seq they found a candidate viral entry 

receptor, AXL (Receptor Tyrosine Kinase), which is highly expressed by human RGCs, among other 

cell types and conserved in developing mouse and ferret cortex and in human cerebral organoids.  

Analyzing human NES cells in organotypic fetal brain slices, and a ZIKV-infected 

microcephalic brain, it was shown that ZIKV infects both neocortical and spinal NES cells as well as 

RGCs, causing disrupted mitoses, super-numerary centrosomes, structural disorganization, and cell 

death. NES cells and RGCs presented centrosomal depletion and mitochondrial sequestration of 

phospho-TBK1 during mitosis, a phosphorylated TANK binding kinase 1 (pTBK1), involved in 

antiviral innate immunity and cell proliferation [310]. These authors also demonstrated that antiviral 

nucleoside analogs, such as Sofosbuvir, inhibit ZIKV replication and cytopathology in NES cells, 

unraveling some components of the cellular mechanisms that may be involved in ZIKV pathogenesis. 

Related to this, organoids treated with ZIKV showed a significant decrease in the neuroepithelium and 

overall organoid size, and the innate immune receptor Toll-like-Receptor 3 (TLR3), expressed in 

NPCs, was found upregulated in cerebral organoids and neurospheres [294]. These authors conclude 

that TLR3-activation triggers multiple genetic cascades regulating axogenesis, cell proliferation and 

anti-apoptotic pathways within NPCs and neurons which may strongly contribute to the ZIKV-

mediated microcephaly phenotype.  

More recently, the ZIKV strains isolated in the last outbreak (H/PF/2013 (ZIKV-AS) and FB-

GWUH-2016 (ZIKV-AM)) were characterized by Gabriel and col. [311], showing that ZIKV targets 

and replicates in proliferating NPCs, leading to premature differentiation associated with centrosome 

perturbation, NPC depletion, disruption of the VZ, impaired neurogenesis and cortical thinning. 

Altogether, recent evidence linking microcephaly with ZIKV infection through targeted-NPCs and the 

huge amount of research dedicated to the study of the effects of this virus and mechanisms of action, 

not only contributed to the development of an effective antiviral vaccine that could prevent ZIKV 

effects, but also provided potential fundamental clues of cortical development impairment under other 

pathological conditions which lead to MCDs.  
 

6. Conclusions and perspectives 
 

The development of the human neocortex is a complex and dynamic process that occurs over a 

period of many weeks. Any disruption to the normal process can lead to severe MCDs. The disruption 

of neuronal migration, differentiation and cell fate can lead to abnormalities of gyration. Abnormal 

layering of the cortex, as well as heterotopia (PVH, SBH or double cortex formation) are almost 

always associated with epilepsy. Disruption of progenitor number and function leads to microcephaly, 

but also increasingly progenitor abnormalities are associated with PVH and PMG. BM defects due to 

detachment of RGC basal endfeet also lead to COB-LIS, these disorders in patients are characterized 

by severe infant epilepsy, ID and behavioral deficits.  

  As described here, NGS techniques sometimes lead to some surprises. We have reviewed 

several cases where a defined MCD is linked with a mutation in a particular gene which is already 

known for its association with a different MCD phenotype (e.g. ASPM, see Table 6). These 

occurrences are indeed increasing, and the spectrum of phenotypes linked to single genes are widening 

because of such data. This phenotype variability is currently hard to explain, however genetic 

background is likely to play a strong role. Patient mutations revealed in large cohorts e.g. in epilepsy 

genes, can occur even if no epilepsy has yet been recorded in that patient. Future work should search 

for genetic backgrounds which may protect against these pathologies. There are also further cases 

where a particular expected mutation was not identified [35,39,312]. All scenarios hence exist. This 

latter situation may suggest MCDs that might be associated with non-coding or regulatory sequence 

mutations. This represents a new focus for mutation identification.  

Animal models of these disorders have helped us understand the role of many MCD genes and 

the mechanisms in which they act during normal cortical development. Interestingly, acute down-

regulation using in utero electroporation often shows severer phenotypes than mouse KOs. In some 
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cases off-target effects may aggravate the phenotype [171], in other cases functional compensation in 

KOs may have occurred, as suggested by severer phenotypes observed with double gene KOs (e.g. 

[94,108]). The reasons for these mouse-human differences remain unknown. These issues complicate 

the analyses, and in many cases phenotypes do not resemble those of human patients. For cLIS-related 

genes, defects are firmly linked to MT dysfunction [173]. Indeed, the LIS phenotype is mainly caused 

by mutations in genes which encode MT binding-proteins, cytoskeleton subunits including tubulin, but 

also actin, and motor proteins. The requirement for an intact MT cytoskeleton is likely to be related to 

the dynamic nature of the migration process, involving extensive changes in cell morphology. A 

question which remains concerning these genes is their involvement or not in other cell types and in 

particular progenitors. RGC progenitor defects will also likely have a secondary impact on migrating 

cells which is a confounding factor. Transplantation experiments in animal models can help clarify 

primary roles, although it still remains a mystery concerning which cell populations are affected in the 

human brain. In vitro human cell models and the use of gyrencephaly species such as the ferret may 

help clarify mechanisms. 

The Reln gene when mutated in the mouse reveals a phenotype which appears to mimic well 

the human disorder. Its highly constrained expression in Cajal-Retzius cells during development 

shows that these cells are critical and highly conserved. Type II COB-LIS genes are numerous, and 

biochemical pathways are becoming clearer related to the BM. These disorders are described as over-

migration phenotypes, with a distinction that they do not affect the migration of neurons themselves, 

but instead the cortical boundaries, including mis-localization of Cajal Retzius cells. COB-LIS 

mechanisms affecting basal endfeet of RGCs can also perhaps be likened to PVH mechanisms 

affecting the apical aspects. On the other hand, PVH genes may also play a role during neuronal 

migration itself. Perturbing either end of RGCs can also impact the other extremity, presumably via a 

global detachment process, combined with the retraction of both apical and basal processes (e.g. 

observed in the cKO of RhoA, [273]). These phenotypes should hence be systematically assessed. It is 

also interesting that COB-LIS phenotypes often also involve hydrocephaly, and this malformation can 

arise by multiple mechanisms. One thing is however clear, defects in highly specialized RGCs 

spanning the cortical wall can potentially account for a large proportion of these MCDs. 

 Common PMG mechanisms still need to be clarified, although once again progenitor cell 

defects are prominent. This is interesting related to the fact that this MCD as well is often described as 

a post-migration, cortical organization phenomenon, related to the aspect of the multiple small gyri 

and fused shallow sulci, giving the brain a lumpy appearance, which is sometimes difficult to 

distinguish from COB-LIS on MRI. Overlap between these MCDs is indeed observed eg due to 

mutations in GRP56 [227]. Other gene mutations giving rise to PMG, are associated with different 

progenitor mechanisms (eg perturbed centrioles, spindles and primary cilia). Mechanisms still 

however, need to be further elucidated, as well as how the multiple small gyri actually develop which 

still remains a mystery. As PMG has been associated with environmental factors, it would be 

interesting to address the interaction of environment with specific mutations which have not been 

described to generate any phenotype in animal models, but have strong effects in humans. Indeed, this 

could particularly be interesting in cases where the same gene is mutated in different MCDs. Another 

important point to be mentioned is that many MCDs described here are characterized by the presence 

of seizures in humans, nevertheless most of the animal models lack this characteristic. Human/ rodent 

differences in this respect need to be better understood. 

Although animal models have provided valuable insights into the pathogenesis of MCD, there 

are still many cases where they have not reproduced many of the features observed in the 

corresponding human conditions (see Table 1). One possible explanation for this observation could be 

the low proportion of bRGCs in lissencephalic animal models such as mice and rats [11,298,313-315]. 

Particularly, there is a known debate on the use of lissencephalic species in the study of abnormalities 

of gyration presented in humans. Gene expression studies have shown that at the molecular level 

proliferative zones present differential profiles among lissencephalic (eg. mouse) and gyrencephalic 

species (e.g. the ferret and humans), particularly related to the SVZ [316–320]. Furthermore, 

differentially expressed genes within the developing human brain may have an elevated substitution 

rate in humans and in other species, particularly in conserved non-coding sequences (CNSs) [321], 

which may also help explain some human disorders. Human-specific non-coding regions of DNA, 
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including human-accelerated CNSs (HACNSs), have also been shown to play important roles in 

human brain development by regulating genes having key roles in temporal and spatial dynamics 

compared to the mouse [322,323]. These differences need to be further studied to have the best chance 

of understanding human conditions.  

Finally, during the last decade, the use of new technologies such as the generation of brain 

organoids from patients’ samples have allowed incredible advances in the study of the molecular 

mechanisms leading to MCD. One example has been intense studies related to the recent ZIKV 

outbreak. The use of these models have provided further insights into the understanding how this virus 

could infect specifically RGCs and the mechanisms that lead to RGC death, giving rise to 

microcephaly and lissencephaly in affected individuals. Increasing use of these models is expected in 

the future. 
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Figure 1. Comparison between cortical development in gyrencephalic and lissencephalic brains  

A. Lateral view of an adult gyrencephalic brain (top left) and a developing brain slice (coronal view, 

lower left). The different color circles represent each developing cortical region (indicated on the 

right). The location and prototypical cell-types present in each region are illustrated (right panels). The 

basal radial glial cells (bRGCs) are mainly present in gyrencephalic species and they are localized 

within the outer subventricular zone (OSVZ).  

B. Lateral view of an adult lissencephalic brain (top left) and a developing brain slice (coronal view, 

lower left). Each developing cortical region is differentially colored and indicated on the right. The 

location and prototypical cell-types of each region are illustrated (right panels). 

In both figures the interkinetic nuclear migration of RGCs in the ventricular zone (VZ) and neuronal 

migration are represented. The division of the subventricular zone (SVZ) into an inner (ISVZ) and 

outer (OSVZ) region, and the presence of sulci and gyri, are the main organizational differences 

between the human and mouse brains.  
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Figure 2. Comparison of human brain malformations of cortical development (MCDs). 

Magnetic resonance imaging (MRI) images of patients with different brain cortical malformations are 

shown: Control, cobblestone lissencephaly (COB-LIS), periventricular heterotopia (PVH), subcortical 

band heterotopia (SBH), agyria/lissencephaly (LIS), congenital microcephaly and the most severe 

phenotype, lissencephaly with microcephaly. Schematic representation of MCDs are included below 

the MRI images. For each MCD, the main genes mutated are shown. Schematic representations of the 

general mechanisms leading to each MCD and main genes mutated are shown below. Control: 

interkinetic nuclear migration of RGCs (grey) and migration of immature neurons (red) are 

represented. Cortical plate (CP) contains mature neurons (blue) and the marginal zone (MZ), Cajal-

Retzius cells (green). The SVZ contains IP cells (light green). COB-LIS: over-migration of neurons 

through a disrupted pial basal membrane (BM) forms the cobblestone phenotype. PVH neurons are 

produced and escape through the ventricular lining forming nodules. SBH: defects in neuronal 

migration (orange neuron) lead to the accumulation of ectopic cells that form an extra cortical layer 

below the normal cortex (note the double cortex). RGC detachment and ectopic proliferation can also 

lead to SBH. Agyria/LIS: The same neuronal migration defects are also observed in LIS. Defects in 

the mitotic machinery, IPs or bRGs also cannot be ruled out. Congenital microcephaly: an increased 

apoptosis of RGCs, premature differentiation to neurons, and defects in spindle formation are the main 

causes of the microcephaly phenotype. LIS with microcephaly: mainly due to increased apoptosis of 

RGCs, premature neuronal differentiation and defects in spindle formation.  
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Table 1. Gene 

(OMIM) 

Inheritance Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical 

malformation 

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation 

(animal vs 

human) 

 Selected References 

Lissencephaly 

Type 1 and 

associated  

LIS1 

(* 601545) 

Lis1/ 
YWHAE 

(* 247200) 

IC 

 

De novo/ 
dominant  

 

17p13/ 

17p13.3 

ID 

Epilepsy 

Miller Dieker 

LIS  

Subcortical laminar 

heterotopia (mosaic LIS1 
mutations) 

Dynein- and microtubule 

(MT)- associated protein; 

Plplays a role in 
progenitors and migrating 

nueurons 

Lis1 KO mouse 

 

Lis1 hypo/-
 

 
 

Lis1 
hGFAP-Cre cKO 

mouse 

 

 
Lis1 KD rat (IUE: 

E16) 

Embryonic lethal 

 

Slowed neuronal 
migration 

 

Thinner cortex, 
depletion 

progenitor pool 

  
SBH 

[30, 57, 64, 66, 324] 

 DCX 
(* 300121) 

XL Xq22.3–
q23 

ID 
Epilepsy 

LIS mostly in males.  
SBH in females 

Also somatic mosaicism 

reported with milder 
phenotype 

 

 

MT-associated protein 
involved in MT stability 

and neuronal migration 

Dcx
−/Y

  KO mouse 

 

 

 
 

 

Dcx/Dclk1 KO mouse 
 

Dcx/Dclk2 KO mouse 
 

 
Dcx KD rat (E15-16) 

No cortical defects. 
Hippocampus 

(mainly CA3) 

lamination defects. 
IN defects 

 

 Perinatal lethal 
 

Hippocampal 

defects 
 

SBH and increased 

susceptibility to 

induced seizures 

[88, 89, 92-94, 104, 
108, 109, 112, 325] 

 ARX 

(* 300382) 

XL Xp22.3 ID 

Epilepsy 
Abnormal genitalia 

Dystonia 

Partington syndrome 
Proud syndrome 

LIS (3-layered) 

Agenesis CC 
(also females reported 

affected) 

Hydranencephaly 

Aristaless-related 

homeobox transcription 
factor which plays a role 

in cerebral development 

and patterning 

Arx KO mouse 

 
 

 

Arx
F/Y

; Emx1
Cre/Cre 

cKO mouse 

 

 
 

 

Arx
−/Y

;Dlx5/6
CIG 

cKO mouse 

Perinatal death, 

smaller brain, 
disorganized cortex 

 

Reduced cortical 
thickness and IP 

progenitors, 

hypoplastic CC, 
social deficits 

 
Seizures, reduced 

IN number 

 [121, 126, 129, 140, 

142-145] 

 RELN 

(* 600514) 

AR 7q22.1 ID 

Epilepsy 

LIS with cerebellar 

hypoplasia 
 

Extracellular glycoprotein 

involved in signaling 
pathways of postmitotic 

neurons 

Reeler mouse 

 
 

 

 
 

Reln
CTRdel 

mouse 

mutant 

Inverted cortical 

lamination, 
disruption of 

neuronal migration 

Ataxia 
 

Overmigration of 

cortical neurons or 
migration defects 

forming ectopic 

clusters 

 [148, 150, 151, 156, 

159, 326] 

 TUBA1A De novo/ 12q13.12 ID LIS  α-tubulin, MT component. Tuba1a 
(Jna/+) 

ENU- Abnormal radial [48, 101, 152, 177, 179] 
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(* 602529) dominant 
 

Epilepsy 
Motor delay 

SBH 
 Microcephaly 

Dysmorphic basal ganglia 

CC dysgenesis, 
Brainstem and Cerebellar 

hypoplasia 

induced mouse 
mutant  

migration in 
hippocampus 

 TUBG1 
(* 191135) 

De novo/ 
dominant 

 

17q21.2 ID 
Epilepsy 

LIS  
SBH,  

Microcephaly; 

CC dysgenesis  

Gamma-tubulin,  MT 
nucleation 

Tubg1 KO mouse 
 

Tubg1 KD mouse 

(IUE: E14.5) 

Embryonic lethal 
 

Arrest of migrating 

cells 

[49,187] 
 

 CDK5 

(* 123831) 

AR 7q36.1 Patients died from 2 

days after birth to 3 

months of age of 
respiratory  failure 

LIS with cerebellar 

hypoplasia 

CC Agenesis  
Microcephaly 

Cyclin-dependent kinase  

(post-mitotic)  

Cdk5 KO mouse Pre/Perinatal lethal. 

Lack of cortical 

lamination and 
cerebellar foliation 

[154, 327] 

 KIF2A 
(* 602591) 

De novo/ 
dominant 

 

5q12.1 ID/ DD 
Epilepsy 

Hypotonia 

LIS 
SBH 

CC dysgenesis,  

Microcephaly 
 

MT motor protein; 
induces MT 

depolymerization 
essential for both bipolar 
spindle assembly and 

chromosome movement  

Kif2a KO mouse 
 

Perinatal lethal 
Hippocampal 

abnormalities 

[49, 328, 329] 

 KIF5C 
(* 604593) 

De novo/ 
dominant 

 

2q23.1-
q23.2 

ID/ DD  
Seizures 

 

Pachygyria 
CC dysgenesis, 

Microcephaly 

 

Kinesin superfamily 
Centrosome/spindle 

integrity; cell cycle 

  [30, 49] 
 

 VLDLR 

(* 192977) 

AR 9p24.2 ID 

Epilepsy 

Ataxia 
 

LIS with cerebellar 

hypoplasia (LCH) 

Pontocerebellar 
hypoplasia (PCH) 

Very Low Density 

Lipoprotein Receptor 

(RELN receptor) which 
plays a role in neuronal 

migration 

Vldlr KO mouse Cortical neuron 

overmigration  

 [155, 157, 159, 330] 

 ACTG1 
(*102560) 

De novo/ 
dominant 

 

17q25.3 Baraitser-Winter 
syndrome 

 

Pachygyria 
Heterotopia 

Microcephaly 

CC dysgenesis 

Gamma actin, cytoskeletal 
protein, functional actin-

based structures involve 

in cell shape, motility, cell 
division, endocytosis 

generates contractile force 

Actg1 KO mouse 
 

 

Some embryonic 
lethality (born one 

third of Mendelian 

ratio). Lower body 
weight. Hearing 

loss in adulthood 

and increasing 
mortality 

[244, 268, 269, 331-
333] 

 ACTB 

(* 102630) 

De novo/ 

dominant 
 

7p22.1 Baraitser-Winter 

syndrome 

Pachygyria  

Microcephaly 
CC dysgenesis  

Beta actin, involved in 

cell proliferation, 
migration, vesicle 

trafficking, G-actin pool, 

and secretion 

Actb KO mouse 

 
 

Embryonic lethal [244, 268, 332-334] 

 NDE1 

(* 609449) 

AR 16p13.11 ID/ DD 

Epilepsy 

 
 

LIS with microcephaly 

Microhydranencephaly 

CC agenesis 

Nuclear migration 

Centrosome duplication 

Mitotic spindle assembly 
Reduced progenitor cell 

division and altered 

neuronal cell fate 
Cilium dynamics and cell 

cycle progression 

Nde1KO  mouse 

 

Smaller brain than 

 -/+ or Wt mice, 

fewer neurons and 
thin superficial 

cortical layers II to 

IV 

 [77-79]  

 DYNC1H1 
(* 600112) 

De novo/ 
dominant 

 

14q32.31 ID 
Epilepsy 

Motor neuron disease 

LIS 
PMG 

Microcephaly 

CC dysgenesis. 

Dynein Cytoplasmic 1 
Heavy Chain 1 MT-

activated ATPases that 

function as molecular 

Legs at odd angles 
(Loa/+), Cramping I 

(Cra/+) and 

Sprawling (Swl/+) 

Abnormal neuronal 
migration and axon 

growth, as well as 

neurodegeneration 

[30, 49, 335] 

https://www.omim.org/geneMap/2/578?start=-3&limit=10&highlight=578
https://www.omim.org/geneMap/2/578?start=-3&limit=10&highlight=578
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Dysmorphic basal ganglia 

Brainstem and cerebellum 

hypoplasia. 

Nodular heterotopias 

 

 

intracellular motors, 

including retrograde 

axonal transport, protein 

sorting, organelle 

movement, and spindle 

dynamics 

mouse models 

missense Dync1h1 

mutations 

 

Loa and Cra 

(missense Dync1h1 
mutation) 

 

Dync1h1KO mouse 

 

 

 

 

Neonatal lethal 

(~24 h after birth) 
 

 

Embryonic lethal 
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Table 2. Gene 

(OMIM) 

Inherita

nce 

Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical 

malformation 

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation 

(animal vs 

human) 

 Selected References 

Tubulinopathies TUBA1A 

(* 602529) 

De novo/ 

dominant 

12q13.12 ID 

Epilepsy 

Ataxia 
Motor delay 

Tetraplegia 

Multiple: 

LIS / Microlissencephaly/ 

PMG-like cortical 
dysplasia 

Can include: 

CC dysgenesis,  
Cerebellar and brainstem 

hypoplasia / dysplasia 

Dysmorphic basal ganglia 

α-tubulin, MT component. 

Heterodimer with β-

tubulin. 

Tuba1a 
(Jna/+) ENU-

induced mutant 
mouse  

Abnormal radial 

migration (mainly 

hippocampus) 
Hippocampal 

disorganization 

 [47, 48, 152, 176, 177, 

179, 336] 

 TUBB2A 

(* 615101) 

De novo/ 

dominant 

6p25.2 Epilepsy 

Global developmental 

delay 

Hypotonia 

Pachygyria / Simplified 

gyral pattern 

Can include: 

CC dysgenesis,  

Cerebellar and brainstem 
hypoplasia / dysplasia 

Dysmorphic basal ganglia  

β -tubulin subunit. β-

tubuline heterodimerize 

with α-tubulin. 

  [176, 337] 

 TUBB2B 
(* 612850) 

De novo/ 
dominant 

6p25.2 ID/ DD  
Epilepsy 

Mild hypotonia 

Optic tract defects 
 

Congenital fibrosis of 

the extraocular muscles 
(CFEOM) 

Cortical malformations 
including  

LIS / Microlissencephaly/ 

PMG-like cortical 
dysplasia symmetric or 

asymmetric 

Can include: 
CC dysgenesis,  

Cerebellar and brainstem 

hypoplasia / dysplasia 
Dysmorphic basal ganglia 

β -tubulin subunit, binds 
to α-tubulin. 

Tubb2b KO mouse 
 

Tubb2 
bbrdp /+

  
heterozygous mutant 

mouse  
 

Tubb2b KD (IUE: 

E15.5) rat 

Perinatal lethal 
 

Abnormal 

hippocampal 
structure  

 

Migration defects 

[30, 47, 173, 176,  180, 
181, 185] 

 TUBB5 

(TUBB) 
(* 191130) 

De novo/ 

dominant 

6p21.33 ID/ DD 

Microcephaly 
 

Non neurological 

phenotype congenital 
symmetric 

circumferential skin 

creases (MIM 156610) 
 

Microcephaly 

Multifocal PMG like 
Cortical dysplasia / 

Simplified gyral pattern 

Can include: 
CC dysgenesis,  

Cerebellar and brainstem 

hypoplasia / dysplasia 
Dysmorphic basal ganglia 

β - tubulin subunit, binds 

to α-tubulin. 

Tubb5 KO mouse 

Tubb5 KI mouse 

Microcephaly 

due to massive 
apoptosis. 

Mitotic progression 

defects 

[184, 186] 

 TUBB3  

(* 602661) 

De novo/ 

dominant 

16q24.3 Epilepsy 

DD/ (ID) 
 

Non neurological 

phenotype: Congenital 
Fibrosis of Extraocular 

Muscles 3A 

(Nystagmus, non 
paralytic strabismus, or 

oculomotor apraxia) 

Cortical malformations 

including  
LIS / Microlissencephaly/ 

PMG-like cortical 

dysplasia  
Can include: 

CC dysgenesis,  

Cerebellar and brainstem 
hypoplasia / dysplasia 

Dysmorphic basal ganglia 

β - tubulin subunit, binds 

to α-tubulin. 
Tubb3

R262C/+
 mouse 

mutant 

 
Tubb3

R262C/R262C
 

mouse mutant 

 

 
 

 

 
Tubb3 KD (IUE: 

E14.5) mouse  

No eye phenotype. 

Thin anterior 
commissures 

 

Perinatal lethal. 
Defects in the 

guidance of 

commissural axons 
and cranial nerves. 

Agenesis/ thin CC. 

 
Migration defects 

 

[47, 182, 183, 338] 

https://www.omim.org/entry/156610


50 
 

 

Table 3. Gene 

(OMIM) 

Inheritance  Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical 

malformation  

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation (animal 

vs human) 

 Selected References 

Periventricular 

nodular 

heterotopia 

FLNA 
(* 300017) 

 

 

 

 

 

 

 

 

 

 

 
 

Dominant X- 
linked 

 

 
 

 

 
 

 

 
 

 

 
 

Xq28 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

ID / DD 
Epilepsy 

Can include:  

cardiac valvular 
dysplasia  

coagulopathy 

Ehlers-Danlos 
syndrome 

Chronic idiopathic 

intestinal 
pseudoobstruction 

(CIIP) 

 
 

PVH in females  
 

 

 
 

 

 
 

 

 
 

 

 

Actin-binding protein, 
regulates 

reorganization of the 

actin cytoskeleton. 
Affects RGCs and IPs 

Interacts with 

meckelin and mediates 
ciliogenesis 

 

 
 

 

 
 

 

 

Flna KO mouse 

(Flna
K/y

 males) 

 

 

 
 
 

Flna cKO mouse 

(Flna 
flox/y; Emx1Cre+

) 

 

Flna cKO; Flnb KO 

mouse 
(NPCs double mutant 

mouse) 

 
 

Flna 
Dilp2 hemizygote 

mutant mouse (Dilp2: 

dilated pupils 2) 
 

 
 

 

 
 

 

 
 

 

 
 

Flna KD MO 

Zebrafish 

Similar to FLNA 
mutations in males. 

Embryonic lethal, 

abnormal vessels, 
cardiac defects. 

Die at birth 

 
Mild phenotype in 

neuroependyma.  

 
PVH, mislocalized of 

IPs, increased IP 

neurogenesis. Loss of 
epithelial-like features 

of mutant RG cells. 

 
Embryonic lethal 

(E15.5). Cardiac 
defects. At E13.5 PVH 

and intraventricular 

heterotopia. Broad 
midline, fusion of the 

fourth ventricle with 

the aqueduct and the 
presence of severe 

oedema. Disruption of 

VZ, meckelin 
distribution, cilia 

formation and basal 

body position. 
 

Increased mortality, 
hydrocephalus, eye 

defects, cardiac 

oedema, body axis 

defects, among others.  

[30, 190, 191, 198, 200, 
202] 

 ARFGEF2 

(* 605371) 

AR 20q13.13 ID/DD 

Epilepsy 
Postnatal 

Microcephaly 

Dystonia 

PVH 

Thin CC 

ADP Ribosylation 

Factor Guanine 
Nucleotide Exchange 

Factor 2. Regulates 

exchange of GDP for 
GTP and plays an 

important role in 

intracellular vesicular 
trafficking 

Arfgef2
GT/GT 

(gene 

trap insertion) mouse 

 

Arfgef2
GT/+

 mouse 

(het) 

Embryonic lethal 

 
 

Fertile and with no 

obvious malformation 

[191, 193, 194, 205, 

339] 

 FAT4 

(*612411) 

DCHS1 

AR 4q28.1 Van Maldergem 

syndrome-2   

 

PVH Member of the 

protocadherin family 

which binds and 

Fat4 KO mouse 

 
Fat4 KD (IUE: E13-

Perinatal lethal 

 

Increased progenitor 

[194, 340]  
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 Hennekam 
lymphangiectasia-

lymphedema 

syndrome-(without 
PVH) 

 

another protocadherin 
called DCHS1. FAT4 

and DCHS1 form an 

apically located 
adhesive complex in 

the developing brain. 

Cell polarity 

E14)  mouse 
 

 

 
 

 

 
 

 

 
 

number in VZ and 
SVZ. Decreased 

neurogenesis. 

Ectopic accumulation 
at VL.  

Differentiation defects 

between the Pax6+ 
and Tbr2+ states 

 ERMARD 

(C6orf70) 
(* 615532) 

De novo/ 

dominant 

6q27 ID 

Epilepsy 
Developmental delay 

Hypotonia 
Hydrocephalus 

Enlarged ventricles 

Macrocephaly 
Microcephaly 

Micrognathia 

PVH  

CC dysplastic 
Cerebellar abnormalities 

Protein with 2 

transmembrane 
domains localized in 

the endoplasmic 
reticulum. 

Ermard KD  rat (IUE: 

E15) 
 

 
 

Neuronal migration 

defects and PVH 

[197, 341] 

 NEDD4L 
(* 606384) 

De novo/ 
dominant 

18q21.31 ID/DD/ 
Seizures  

 

Toe syndactyly 
Can include: 

Cleft palate 

Dysmorphic features 
 

PVH +/- PMG 
CC dysmorphic 

 

HECT-type E3 
ubiquitin ligase that 

regulates channel 

internalization and 
turnover 

Nedd4l KO mouse 
 

Nedd4l mutant 

overexpression mouse 
(IUE:E14.5) 

 

Perinatal lethal 
 

Abnormal distribution 

of neurons, increased 
progenitor number, 

migration 

abnormalities 

[189, 342] 

 

Van Maldergem syndrome is characterized by dysmorphic facies, tracheomalacia, deafness, renal hypoplasia microtia, ID, and skeletal dysplasia. And periventricular nodular 

heterotopia 
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Table 4. Gene 

(OMIM) 

Inheritance Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical 

malformation 

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation 

(animal vs 

human) 

 Selected References 

Congenital 

muscular 

dystrophy-

dystroglycanopat

hy with brain and 

eye anomalies 

(type A), which 

includes both the 

more severe 

Walker-Warburg 

syndrome 

(WWS) and the 

slightly less 

severe muscle-

eye-brain disease 

(MEB) 

DAG1 

(* 128239) 

AR 3p21.31 2 different forms of  

muscular dystrophy-

dystroglycanopathy 
(MDDG):  

 type A19: a severe 
form with brain and 

eye anomalies, 

(WWS) or (MEB);  

 type C9 a milder 

limb-girdle form 
 

Classic features of 

Walker-Warburg 

syndrome, including 
cobblestone 

lissencephaly, enlarged 

ventricles/ hydrocephalus, 
cerebellar and brainstem 

hypoplasia 

 
Bilateral multicystic white 

matter disease with 

macrocephaly 

Dystroglycan, 

component of 

dystrophin-
glycoprotein complex 

that links the 

extracellular matrix 
and the cytoskeleton, 

especially in skeletal 

muscle. After O- and 
N-glycosylation, and 

proteolytic processing 

generates alpha and 

beta subunits. Involved 

in laminin and BM 
assembly, sarcolemmal 

stability, cell survival, 

peripheral nerve 
myelination, nodal 

structure, cell 

migration, and 
epithelial polarization 

Dag1 KO mouse  

 

Dag1 T190→M 
mutant mouse 

 

 
 

GFAP
-Cre

/DAG1
lox/-

 

GFAP
-Cre

/ 

Dag1
lox/lox 

 

mouse 

 

 
 

 

Sox2
cre/DAG1

F/− 

mouse 

Embryonic lethal 

 

No structural brain 
abnormalities 

Neuromuscular 

abnormalities 
 

KO: resembles 

COB LIS. 
Macrocephaly. 

Heterotopia and 

other abnormalities 

in several brain 

regions (e.g. 
cerebellum) 

 

Axon guidance 
defects, 

fragmentation of 

the BM 

[208, 209, 230, 343] 

 POMT1 

(* 607423) 
POMT2 

(*607439) 

 

AR 9q34.13 

 
14q24.3 

3 different forms of 

MDDG1:  

 type A1, a severe 

form with brain and 

eye anomalies 
formerly designated 

Walker-Warburg 
syndrome (WWS) or 

muscle-eye-brain 

disease (MEB);  

 type B1, a less severe 

form with ID;  

 type C1, a milder 
limb-girdle form, 

previously 
designated 

LGMD2K 

Classic features of 

Walker-Warburg 
syndrome, including 

cobblestone 

lissencephaly, enlarged 
ventricles, cerebellar 

hypoplasia 

 
Classic features of MEB: 

pachygyria-type cortical 

malformation, septal and 
CC defects, 

leukoencephalopathy, 

cerebellar dysplasia with 
cysts and severe 

hypoplasia of the pons 

 

Protein O-

Mannosyltransferase 1 
and 2, requires 

interaction with each 

other for enzymatic 
function 

Pomt1 KO mouse Embryonic lethal [69, 215, 216, 218, 296, 

344] 

 FKRP 
 (* 606596) 

AR 19q13.32 3 different forms of 
MDDG:  

 type A5, a severe 
form with brain and 

eye anomalies 

formerly designated 
Walker-Warburg 

syndrome (WWS) or 

muscle-eye-brain 
disease (MEB);  

 type B5, a less severe 

Classic features of WWS 
 

 

Classic features of MEB 
 

Fukutin Related 
Protein, targets medial 

Golgi apparatus and is 

necessary for 
posttranslational 

modification of 

dystroglycan 

Fkrp KD MO 
Zebrafish 

 

Fkrp-Neo
Tyr307Asn/ 

Tyr307Asn  
mutant 

mouse 

 

Fkrp KD mouse 

Hydrocephalus 
 

 

Perinatal lethal 
 

 

 
Completely 

disorganized 

cortex. Incomplete 
formation of the 

interhemispheric 

[210, 218, 225, 232, 
345] 
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form with or without 
ID;  

 type C5, a milder 

limb-girdle form, 

previously 

designated 
LGMD2K 

fissure. 
Hydrocephalus. 

Defects in the pial 

BM. Disruption of 
RG scaffold. 

Mislocalization of 

Cajal Retzius cells 

 FKTN 

(* 607440) 

AR 9q31.2 3 different forms of 

MDDG:  

 Type A4: a severe 

congenital form with 
brain and eye 

anomalies formerly 

designated 
Fukuyama congenital 

muscular dystrophy 

(FCMD), (WWS), or 
(MEB);  

 Type B4: a less 
severe form without 

ID;  

 Type C4: a milder 
limb-girdle form, 

previously 

designated 
LGMD2M 

Classic features of WWS 

 
 

Classic features of MEB 

 

Fukutin, putative 

transmembrane 
protein, localized in 

cis-Golgi apparatus 

where it may be 
involved in the 

glycosylation of alpha-

dystroglycan  
 

Fktn KD MO 

Zebrafish 
 

 

 
 

 

 
 

Hydrocephalus [212, 218, 225] 

 POMGNT1 

(* 606822) 

AR 1p34.1 3 different forms of 

MDDG:  

 type A3: a severe 

congenital form with 
brain and eye 

anomalies, (WWS) 

or (MEB);  

 type B3: a less severe 

congenital form with 
ID;  

 type C3 a milder 

limb-girdle form 

Classic features of WWS 

 

 

Classic features of MEB 

 

Protein O-Linked 

Mannose N-

Acetylglucosaminyl 

transferase 1 located in 

the Golgi apparatus 

Pomgnt1 KO mouse COB-like 

phenotype 

including 

extracortical layer 

(with ectopic 
neurons and glial 

cells), disorganized 

lateral cortex, 
ventricular dilation 

(hydrocephalus), 
defects in the pial 

BM, disruption of 

the radial glial 
scaffold, 

mislocalized Cajal 

Retzius cells. 

[210, 213, 215, 218] 

 POMGNT2 

(* 614828) 

AR 3p22.1 MDDG: 

  type A8: a severe 

congenital form with 
brain and eye 

anomalies, (WWS)  

 

Classic features of WWS, 

including cobblestone 

lissencephaly, enlarged 
ventricles, cerebellar 

hypoplasia 

Protein O-Linked 

Mannose N-

Acetylglucosaminyl 
transferase 2, involved 

in the biosynthesis of 

the phosphorylated O-
mannosyl 

trisaccharide, a 

carbohydrate structure 
present in alpha-

dystroglycan (DAG1) 

Pomgnt2 KO mouse 

 

 
 

 

 
 

 

 
 

 

 

Perinatal death. 

Embryos with pial 

basement 
membrane 

disruption. Ectopic 

clusters of subplate 
neurons and Cajal 

Retzius cells, lost 

polarity and 
misoriented 

neurons. 

 

 [223, 235, 346] 
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Pomgnt2 KD MO 

Zebrafish 

Embryos with short 

body, thick and 

poorly developed 

tail, and no 

discernible eyes or 

head structures 
 LARGE 

(* 613154) 

AR 22q12.3 MDDG:  

 type A6: a severe 
congenital form with 

brain and eye 

anomalies, (WWS) 
or (MEB) 

  

Classic features of WWS 

 

 
Classic features of MEB 

 

N-acetylglucosaminyl- 

transferase gene family 
Large 

myd
 mouse Muscular 

dystrophy, 

ophthalmic and 
retinal defects. 

Several brain 

abnormalities (e.g. 
cerebellum). COB-

like phenotype 
(including ectopic 

neurons and glial 

cell, extra cortical 
layer, defects in the 

pial BM, disruption 

of the radial glial 
scaffold, 

mislocalized Cajal 

Retzius cells 

[210, 218, 220, 289, 

347] 

 TMTC3 

(* 617218) 

AR 12q21.32 COB with minimal eye 

or muscle involvement 

(normal CK levels). 

Classic features of WWS 

 

 
 

Transmembrane and 

tetratricopeptide 

repeat-containing 
protein family 

Smile KO mouse Die after ~3 PW. 

Defects in fetal 

lung development 
and alveolarization 

after birth. 

Growth retardation 

[215, 348] 

 ISPD 

(*614631) 

AR 7p21.2 2 different forms of 

MDDG:  

 type A7: a severe 
congenital form with 

brain and eye 
anomalies, (WWS) 

or (MEB);  

 type C7 a milder 
limb-girdle form. 

Classic features of WWS 

 

 
Classic features of MEB 

 

4-diphosphocytidyl-

2C-methyl-D-

erythritol synthases 
required for efficient 

O-mannosylation of 

alpha-dystroglycan 

Ispd  KD MO 

Zebrafish 

 
 

 

 
 

Ispd 
L79∗/L79∗ (ENU-

induced) mutant 
mouse 

Hydrocephalus, 

incomplete brain 

folding, reduced 
eye size. 

Defects in muscle  

Fibers 
 

 

COB LIS–like 
phenotype. Axon 

guidance defects 

[217, 218, 225, 349] 

 TMEM5 

(* 605862) 

AR 12q14.2 MDDG: 

  type A10: a severe 

congenital form with 
brain and eye 

anomalies, (WWS) 

Classic features of WWS 

 

 

Classic features of MEB 
 

Encephalocele 

Transmembrane 

Protein 5 is thought to 

have 

glycosyltransferase 
function 

  [218, 350] 

 POMK 

(* 615247) 

AR 8p11.21 2 different forms of 

MDDG:  

 type A12: a severe 
congenital form with 

brain and eye 

anomalies, (WWS) 
or (MEB);  

 type C12 a milder 

COB lissencephaly 

Microcephaly 

Hypomyelination 
Mega cisterna magna  

Hydrocephaly 

Temporal lobe arachnoid 

cyst  

Protein-O-Mannose 

Kinase 

RIKEN cDNA 

4930444A02 KO 

mouse (ortholog of 
the human SGK196 

or POMK gene) 

 
 

Pomk KD MO 

Hydrocephalus and 

cerebellar 

dysplasia. 
Abnormal neuronal 

migration. 

Behavioral deficits. 
 

Embryos with small 

 [222, 236, 351]  
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limb-girdle form Zebrafish 
 

 

 
 

 

head, delayed 
ocular 

development, 

shortened thicker 
tail, U-shaped 

somites, reduced 

motility 
 B3GNT1 

(B4GAT1) 

(* 605517) 

AR 11q13.2 MDDG:  

 type A13: a severe 
congenital form with 

brain and eye 

anomalies, (WWS) 

Classic features of WWS, 

including cobblestone 

lissencephaly, enlarged 
ventricles/ hydrocephalus, 

cerebellar and brainstem 

hypoplasia 
Anencephaly 

Beta-1,3-N-

acetylglucosa- 

minyltransferase 
family, transmembrane 

protein, essential for 

the synthesis of poly-
N-acetyllactosa- 

mine, a determinant 
for the blood group i 

antigen. Involved in O-

mannosylation of 
alpha-dystroglycan 

(DAG1) 

B3gnt1 KD MO 

Zebrafish 

 
 

 

 

B3gnt1 
LacZ/LacZ 

KO mutant mouse 

 

B3gnt1
LacZ/M155T 

(ENU-induced) 

mutant mouse 

Muscle fibre 

organization 

disrupted, 
hypoglycosylation 

of alpha-DG 

 
Embryonic lethal 

(E9.5) 
 

Majority die 

perinatally, axon 
guidance defects. 

MDDG phenotype, 

COB LIS –like 
phenotype and 

hydrocephaly 

Heterotopia and 
other abnormalities 

in several brain 

regions (e.g. 
cerebellum and 

hippocampus). 

 [224, 349, 352] 

 B3GALNT2 
(* 610194) 

AR 1q42.3 MDDG: 

 type A11: a severe 

congenital form with 
brain and eye 

anomalies, (WWS) 

Classic features of WWS, 
including cobblestone 

lissencephaly, enlarged 

ventricles/ hydrocephalus, 
cerebellar and brainstem 

hypoplasia 

 
PMG, 

leukoencephalopathy and 

cerebellar cyst 

Beta-1,3-N-
Acetylgalactosaminyltr

ansferase 2 that 

synthesizes a unique 
carbohydrate structure, 

GalNAc-beta-1-

3GlcNAc, on N- and 
O-glycans. Involved 

DAG1 glycosylation 

B3galnt2 KD MO 
Zebrafish 

 

Embryos with 
curved body, mild 

retinal 

degeneration, 
severely impaired 

motility and 

hydrocephalus 
 

[221] 

 

 

1
 Eyes anomalies in MDDG, including bilateral retinal dystrophia, severe myopia, cataract, optic nerve hypoplasia, glaucoma, microphthalmia, corneal clouding, and coloboma. 
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Table 5. Gene 

(OMIM) 

Inheritance Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical malformation 

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation (animal 

vs human) 

 Selected 

References 

Polymicrogyria 

(PMG) and 

microcephaly 

GPR56 
(ADGRG1) 

(*604110) 

AR 16q21 ID / Developmental delay 
Epilepsy 

 

Non progressive cerebellar 
ataxia  

 

Spasticity 
 

Dysconjugate 

gaze, variably as esotropia, 
nystagmus, exotropia, or 

strabismus 

Bilateral bifrontoparietal 
PMG (BFPP) and/or 

cobblestone LIS 

 
Brainstem and cerebellar 

hypoplasia / dysplasia + 

cysts 
 

White matter abnormalities  

 

Heterotrimeric G-
protein-coupled receptor 

family member, receptor 

for collagen 
III/COL3A1, involved in 

cell adhesion.  

Controls proliferation of 
progenitors in the 

neocortex 

Gpr56 KO mouse 
 

 

 
 

 

 
 

 

 
 

 

 
Human  GPR56 

transgenic (Tg) 

mouse mutant 
(15-bp deletion in 

Cis- regulatory 

element) 

Overmigration of 
neurons through 

breached pial BM or 

undermigration forming 
irregular cortical layers 

(and neuronal ectopia) 

and disorganization of 
the glial scaffold. 

Mislocalized Cajal-

Retzius cells.  
Cerebellum 

abnormalities 

 
Lateral, cortex or lateral 

ganglionic eminence 

decreased expression of 
GPR56  

[227, 252- 254, 353] 

 RTTN 

(* 610436) 

 

AR 18q22.2 ID/ DD 

Microcephalic primordial 

dwarfism 
Epilepsy 

 

 

PMG / simplified gyral 

pattern 

Microcephaly 

Rotatin, colocalized with 

basal bodies at the 

primary cilium in human 
fibroblasts, with a 

predicted role in its 

structure and function 

Rttn  KO mouse Embryonic lethal [238, 241, 242] 

 PIK3R2 

(* 603157) 
 

 

De novo/ 

dominant 

19p13.11 Overgrowth syndromes  

Megalencephaly-
Polymicrogyria-

Polydactyly-

Hydrocephalus (MPPH) 

syndrome 
1 

  
Megalencephaly-capillary 

malformation (MCAP)
2
 

Megalencephaly (MEG) 

PMG 
Hydrocephalus 

Mega CC.  

Cerebellar tonsillar ectopia 
(Chiari malformation) 

 

Perisylvian bilateral PMG 

Phosphatidylinositol 3-

kinase (PI3K), lipid 
kinase that 

phosphorylates the 

inositol ring of PI and 
related compounds at the 

3-prime position (second 

messengers in growth 
signaling pathways) 

Pik3r2 KO mouse 

 

Smaller body size 

tendency 

[244, 247, 354] 

 AKT3 

(* 611223) 

De novo/ 

dominant 

1q44 Overgrowth syndromes  

Megalencephaly-

Polymicrogyria-

Polydactyly-

Hydrocephalus (MPPH) 

syndrome 1 
 

Megalencephaly-capillary 

malformation (MCAP)2 
 

Megalencephaly (MEG) / 

Hemimegalencephaly 

(HMEG)/ PMG 

 

Enlarged ventricles/ 

Hydrocephalus 
 

Mega CC.  

 
Cerebellar tonsillar ectopia 

(Chiari malformation) 

Member of a 

serine/threonine protein 

kinase family. 

Implicated in many 

biological processes, 

including cell signaling 
in response to insulin 

and growth factors, 

apoptosis, glycogen and 
fatty acid synthesis, 

cellular proliferation, 

differentiation, among 
others 

Akt3 KO mouse  

 

Akt3
Nmf350/Nmf350 

and 
 
Akt3

Nmf350/+ 

ENU-induced 

mice mutant 

 
 

Reduced brain size 

 

Seizures and agenesis 

CC observed. Larger 

brains in adulthood, 

enlarged hippocampus 
 

 [242- 244, 247, 

355-357] 

 MTOR 
(* 601231) 

Post zygotic/ 
mosaic 

1p36.22 ID/DD 
Can include: Autism  

 

FCD type 2a 
3
 to diffuse 

MEG/ PMG 

Mechanistic Target Of 
Rapamycin, member of 

the PIK-related kinases 

Mtor KO mouse 
 

 

Embryonic lethal 
 

 

[243, 245, 249, 358] 
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Epilepsy 
 

Can include: 

Cutaneous pigmentary 

mosaicism 
5
  

 

 
 

 
 

family, involved in 
cellular metabolism, 

growth and survival in 

response to hormones, 
growth factors, cellular 

responses to stresses, e.g. 

DNA damage and 
nutrient deprivation 

 PIK3CA 

(* 171834) 

De novo/ 

dominant 

3q26.32 PIK3CA-related 

overgrowth spectrum 

(PROS)
 3

 

 

 

 

MEG / HMEG/ PMG 

 
Enlarged ventricles/ 

Hydrocephalus 

 
Mega CC.  

 
Cerebellar tonsillar ectopia 

(Chiari malformation) 

 

PIK3-kinase subunit 

alpha, phosphorylates PI 
to generate PIP3, which 

plays a role by recruiting 

PH domain-containing 
proteins to the 

membrane, including 
AKT1 and PDPK1, 

activating signaling 

cascades involved in cell 
growth, survival, 

proliferation, motility 

and morphology 

  [243, 244] 

 CCND2 

(* 123833) 

De novo/ 

dominant 

12p13.32 Overgrowth syndromes  

Megalencephaly-

Polymicrogyria-
Polydactyly-

Hydrocephalus (MPPH) 

syndrome 
1
 

 

Megalencephaly-capillary 

malformation (MCAP) 
2
 

 

MEG/ HMEG/ PMG 

 

Enlarged ventricles/ 
Hydrocephalus 

 

Mega CC.  
 

Cerebellar tonsillar ectopia 

(Chiari malformation) 
 

Cyclin D1, cyclins 

function as regulators of 

CDK kinases, in cell 
cycle progression (e.g. 

G1/S transition) 

Ccnd2 KO mouse 

 

 
 

 

 
 

 
 

Ccnd2 
T280A

 and 
P281R

 mutations 

(IUE E13.5 mouse 

neocortex)  

No obvious 

malformation reported. 

Lack of adult 
neurogenesis. 

Indistinguishable from 

WT. Females sterile. 
Memory impairment, 

learning difficulties 

 
Increased numbers of 

actively dividing cells in 

the CP and decreased cell 
cycle exit 

[246, 248, 359]  

 PAX6 
(*607108)  

De novo/ 
dominant 

11p13 Aniridia  
Can include: 

 ID, ataxia 

 
Anterior Segment 

Dysgenesis  and/or Foveal 

Hypoplasia 

 

Keratitis (corneal 

opacification and 
vascularization and by 

foveal hypoplasia) 

 
Rare ocular phenotypes 

(coloboma, morning glory 

disc anomaly, optic nerve 
hypoplasia/aplasia and 

persistent hyperplastic 

primary vitreous)  

Unilateral PMG and 
absence of pineal gland  

 

CC agenesis and brainstem 
hypoplasia 

Transcription factor 
involved in neural 

development (forebrain 

patterning and cerebral 
cortical arealization) and 

eye development.  

RG cells precursors 

Pax6 KO mouse 

 

Pax6 
Sey/Sey/   

Pax6 
Sey/Neu

 and  

Pax6 
Sey/Neu/+  

mutant mice  

 

 
 

 

 
 

 

 
 

 

 

Pax6 
rSey2/rSey2

 
mutant rat 

Embryonic lethal 
 

Die at birth. 

Absence of eyes 
(homozygous) or 

abnormally small eyes 

(Het.),  impaired radial 

cell migration and 

progenitor proliferation 

(neocortex), smaller 
cortices, thin CP and 

thickened SVZ 

presenting clusters of 
cells towards the IZ. 

Cerebellum 

abnormalities 
 

Thinner cortical wall, 

lamination defects, 
enlarged ventricles 

[251, 360-364] 



58 
 

 

 

Pax6 mutant 

Xenopus 

 

 

Embryos with eye 

defects, persistent eye-

like structure with an 

abnormal retina and no 

lens. Axial defects, some 
death after stage 46 

 RAB3GAP1 

(* 602536) 

# 

AR 2q21.3 Warburg Micro Syndrome 

(WMS) 
6
 

 

Martsolf syndrome  

 
 

PMG 

Microcephaly 
CC hypoplasia, 

Can include cerebellar 

hypoplasia 
 

Catalytic subunit (p130) 

of a Rab GTPase 
activating protein, 

regulator of vesicle 

trafficking and synaptic 
vesicle release 

p130 KO mouse 

 
 

 

 
Rab3-GAP mutant 

Drosophila 

Non morphological 

abnormalities in the 
neocortex and 

hippocampus. 

 
Synaptic dysfunction 

(necessary for normal 
morphological synapses) 

and disrupted 

neurotransmitter release 

[240, 365-  368] 

 RAB3GAP2  

(* 609275) 

AR 1q41 WMS 
6 

 

 

Martsolf syndrome 

PMG 

Microcephaly 

CC hypoplasia, 
Can include cerebellar 

hypoplasia 

Non-catalytic regulatory 

subunit (p150) of a Rab 

GTPase activating 
protein, role in 

neurodevelopment 

  [240, 369] 

 RAB18  
(* 602207) 

AR 10p12.1 WMS 
6 

 

 
Martsolf syndrome 

 

PMG 
Microcephaly 

CC hypoplasia, 

Can include cerebellar 
hypoplasia 

 

Small GTPase family 
that inhibits secretory 

activity in vertebrate 

neuroendocrine cells 

Rab18 KO mouse Congenital nuclear 
cataracts and atonic 

pupils. Neuronal 

cytoskeleton disruption. 
Progressive hind limb 

weakness. 

[240, 370, 371] 

 WDR62  

(* 613583) 

AR 19q13.1 ID/ DD 

Seizures 

 

 

Primary, autosomal 

recessive microcephaly, 

with or without cortical 

malformations 
 

Cortical malformations 

include simplified gyral 
pattern 

PMG / schizencephaly 

 
Microlissencephaly  

Unilateral cerebellar 

hypoplasia. Unilateral 

brainstem atrophy. 

Abnormal CC 

Centrosome/spindle 

localization and nucleus, 

depending on the cell 

phase and on the cell 
type 

Wdr62 KD MO 
Zebrafish 

 

Wdr62 KO mutant 
mouse 

 

 

Wdr62
1-21/1-21 

mutant mouse 

 

 
 

Wdr62 KD rat 

(IUE: E14 and 

E16.5) 

Reduced head and retina 

size 

 

Dwarfism and 
microcephaly. Disrupted 

apical complexes 

 
Smaller body size only at 

early postnatal stages. 

Sterile. Smaller brain 
than normal 

 

Neuronal migration 

defects, progenitor 

spindle and mitotic 

defects. Depletion of 
progenitors 

[258- 260, 372-375] 

 NDE1 

(* 609449) 
 

AR 16p13.11 ID/ DD 

Seizures 
 

 

Microlissencephaly  

Microhydranencephaly 

Centrosome/spindle 

localization. Expressed 
in progenitors. 

Role in microtubule 

organization, mitosis and 
neuronal migration 

Nde1 KO mouse 

 
 

 

 
 

 

 
 

Reduced brain size, 

mainly the cortex, 
normal overall 

patterning. Defects of 

neuronal migration and 
neurogenesis. 

Progressive decrease in 

progenitor number. 
Mitotic defects 

[77- 79, 376] 

http://www.malacards.org/card/warburg_micro_syndrome_1
http://www.malacards.org/card/warburg_micro_syndrome_1
http://www.malacards.org/card/warburg_micro_syndrome_1
http://www.malacards.org/card/warburg_micro_syndrome_1


59 
 

 
Nde1 KD (IUE: 

E16) rat  

 

 
Cell cycle arrest 

progenitor cells, 

impaired neuronal 
migration 

# mutations in all RAB3GAP1 / 2 / RAB18 cause an indistinguishable phenotype ranging from WMS to Martsolf, making it likely that there is some overlap. 
1
MPPH 

2
MCAP syndrome  

The megalencephaly-polymicrogyria-polydactyly-hydrocephalus (MPPH) and megalencephaly-capillary malformation (MCAP) syndromes are highly recognizable and partly overlapping disorders of brain overgrowth (megalencephaly). Both 
syndromes are characterized by congenital or early postnatal megalencephaly, ID/DD, epilepsy, tone abnormalities  
with a high risk for progressive ventriculomegaly leading to hydrocephalus and cerebellar tonsillar ectopia leading to Chiari malformation, and cortical brain abnormalities, specifically polymicrogyria.  
MCAP is further characterized by distinct cutaneous capillary malformations, finger or toe syndactyly, postaxial polydactyly, variable connective tissue dysplasia and mild focal or segmental body overgrowth, among other features.  
MPPH, lacks consistent vascular or somatic manifestations besides postaxial polydactyly in almost half of reported individuals. Postaxial polydactyly, MEG  
3
 PIK3CA-Related Overgrowth Spectrum (PROS)" are clinical entities associated with somatic PIK3CA mutations including, Fibroadipose hyperplasia or Overgrowth (FAO), Hemihyperplasia Multiple Lipomatosis (HHML), Congenital Lipomatous 

Overgrowth, Vascular Malformations, Epidermal Nevi, Scoliosis/Skeletal and Spinal (CLOVES) syndrome, macrodactyly, Fibroadipose Infiltrating Lipomatosis, and the related megalencephaly syndromes, Megalencephaly-Capillary Malformation 
(MCAP or M-CM) and Dysplastic Megalencephaly (DMEG). 
4 FCD type II include cortical dyslamination and large dysmorphic neurons without (type 2a) or with (type 2b) balloon cells 
5
 The mTOR associated skin phenotype could be designated as hypomelanosis of Ito, but the more specific diagnosis of cutis tricolor of the Blaschko-linear type reflects the association with both hypo- and hyperpigmented streaksPigmentary 

mosaicism in skin (cutis tricolor).  
6
 Micro Warburg Syndrome microcephaly, microphthalmia, microcornea, congenital cataracts, optic atrophy, cortical dysplasia, in particular corpus callosum hypoplasia, severe ID, spastic diplegia, and hypogonadism. Martsolf syndrome is a 

clinically overlapping with Micro Warburg but milder disorder with severe ID, cataracts, short stature, primary hypogonadism, and minor digital abnormalities 
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Table 6. Gene 

(OMIM) 

Inheritance Human 

Locus 

Main clinical 

characteristics/ 

Syndromes 

Cortical malformation 

(and other brain 

abnormalities) 

Protein function Animal model 

 

CM phenotype 

correlation (animal 

vs human) 

 Selected References 

Rare 

atypical 

MCDs or 

mutations  

EML1 

(* 602033) 

AR 14q32.2 ID 

Epilepsy 

Ribbon-like subcortical 

heterotopia 
CC agenesis 

Hydrocephaly 

MT binding protein, altered 

progenitor divisions   

HeCo mouse SBH 

Ectopic progenitors. 

[267] 

 ACTG1 

(* 102560) 

De novo/ 

dominant 

17q25.3 Fetal death 

Deafness 

Baraitser-Winter 
syndrome 

Microlissencephaly Gamma 1 actin, cytoplasmic 

actin found in non-muscle 

cells 

Actg1 KO mouse 

 

 

Hearing loss and 

increased mortality in 

adulthood. Lower weight 

[269, 270] 

 CRADD 

(* 603454) 

AR 12q22 Mild to moderate ID   

Epilepsy  
 

Thin LIS (TLIS) 

Megalencephaly 
Pachygyria, shallow sulci, 

reduced number of gyri, mild 

thick cortex 
Hydrocephalus (Chiari 

Malformation) 

Caspase-recruitment-

domain and death 

domain (DD)- required 

for activation of caspase-2-

mediated apoptosis 

Cradd KO mouse Megalencephaly and 

seizures. 

[268] 

 KATNB1 
(* 602703)   

AR 16q21 ID.  Epilepsy 
Polydactyly 

Short stature 

Dental abnormalities 
Global 

developmental delay 

LIS with microcephaly  
SBH 

Severe microcephaly 

CC agenesis 
Agyria, pachygyria 

Enlarged ventricles 

MT severing complex 
Cell division and cell polarity 

Axonal growth 

Assembly and disassembly of 
cilia and flagella 

Kat80 RNAi 
Drosophila 

 

Katnb1 MO Zebrafish  
 

 

Katnb1 
Taily/Taily

 
ENU-induced mouse 

mutant 

 
Katnb1 KO mouse 

Microcephaly phenotype. 
 

Reduction of midbrain 

size. 

 
Smaller size. Male 

sterile. 

 
 

Embryonic lethal 

[271, 278, 377, 378] 
 

 

 GNAI2 

(* 139360) 

De novo/ 

dominant 

3p21.31 ID 

Seizures 
Mutations in this 

gene observed in 

other disorders 

PVH 

 

G protein subunit alpha-i2, 

modulator or transducer in 
various transmembrane 

signaling systems 

Gnai2 KO mouse 

 
 

Gnai2 KD  rat 

Growth delay and lethal 

diffuse colitis. 
 

Delayed radial neuronal 

migration. 

 [196, 379] 

 

 HNRNPK 

(* 600712) 

De novo/ 

dominant 

9q21.32   ID 

Kabuki-like 

syndrome 
Developmental delay 

hypotonia 

PVH 

CC agenesis 

Chromatin remodeling, pre-

mRNA processing, 

metabolism and transport.  
 

  [380] 

 ASNS 

(*108370) 

AR 7q21.3 ID/ DD 

Seizures 

Asparagine 

synthetase syndrome 
Hypotonia 

Hyperkplexia 

Microcephaly 

Encephalopatathy 

Symplified gyral pattern 

Asparagine synthetase 

catalizes the transfer of 

ammonia from glutamine to 

aspartic acid to form 
asparagine 

Asns KO mouse 

 

 

 
 

 

Asns
+/- 

(het) mouse 

Enlarged ventricles, 

reduced cortical 

thickness and area. 

Anxiety-like behavior 
increased.  

 

No brain abnormality 
observed, but anxiety-

like behavior increased. 

[381, 382]  

 FIG4 
(* 609390) 

AR 6q21 Epilepsy (seizures 
with visual 

hallucinations) 
Severe psychiatric 

manifestations 

PMG  FIG4 phoshoinositide 5-
phosphatase and its homolog 

Sac1p is involved in actin  
cytoskeleton organization, 

Golgi function and vacuole 

Fig4 KO mouse Reduction in depth of 
cerebellar fissures.  

Decreased calbindin 
labeling in hippocampus. 

Spongiform 

[383, 384] 

https://www.omim.org/geneMap/9/240?start=-3&limit=10&highlight=240
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Charcot-Marie-Tooth 

Disease (Type 4J) 

 

Yunis-Varón 

syndrome 

morphology degeneration. 

 

 LAMC3 
(* 604349) 

AR 9q34.12 Seizures 
Ocular abnormalities 

Psychomotor delayed 

Occipital pachygyria 
Regions with PMG, LIS 

Thickened occipital cortex 

Laminin Subunit Gamma 3, 
family member of 

extracellular matrix 

glycoproteins, may mediate 
attachment, migration and 

organization of cells into 

tissues during embryonic 
development 

Lamc3 KO mouse Cortical abnormalities 
not determined. 

[385, 386] 

 CENPF 
(* 600236) 

AR 1q41 ID 
Stromme syndrome 

Ocular abnormalities 

Intestinal atresia 
Xiphoid cleft 

Cleft palate 

Micrognathia 

Microcephaly 
Hydrocephalus 

Cerebellar hypoplasia 

CC agenesis 

Centromere protein F 
associates with the 

centromere-kinetochore 

complex, may play a role in 
chromosome segregation 

during mitosis 

Cenpf  KD MO 
Zebrafish 

Hydrocephalus, heart 
defects, axis curvature 

defects, laterality 

malformations, 
pronephric cysts. 

 

[387, 388] 

 IER3IP1 

(* 609382) 

AR 18q21.1 Epilepsy 

Diabetes syndrome 

DD 
Hypotonia Obesity  

Microcephaly (severe in 

some patients with LIS) 

 

Immediate Early Response 3 

Interacting Protein 1 is 

localized to the endoplasmic 
reticulum (ER) and may play 

a role in ER stress response 

by mediating cell 
differentiation and apoptosis 

  [389, 390] 

 PRICKLE1 

(* 608500) 

AR 12q12 Progressive 

myoclonus epilepsy-

ataxia syndrome 

Microcephaly 

PMG 

CC agenesis 

Mild enlarged ventricles 

Prickle Planar Cell Polarity 

Protein 1 is involved in 

planar cell polarity pathway 

that controls convergent 

extension during gastrulation 
and neural tube closure 

Pricke1 KO mouse 

 

Pricke1 
+/-

 (het) mouse 

 

 

Pricke1 (ENU-
induced)  mutant 

mouse 

 
 

 

Pricke1 mut or 
overexpression MO 

zebrafish 

 

 

 
 

pk
sple1

 mutant 

heterozygous 
Drosophila 

 

Embryonic lethal. 

 

Decreased seizure 

threshold. 

 
Decreased seizure 

threshold. 
No cortical abnormalities 

reported. 
 

Decreased gastrulation 
effects, morphology 

abnormalities, reduced 

anterior-posterior length. 

 

Planar cell polarity 

abnormalities, anomalies 
in the body epidermis 

and legs. Seizures. 

[239, 391, 392] 

 

 SRPX2 
(* 300642) 

X-linked Xq22.1 ID 
Epilepsy 

Speech 

dyspraxia 

PMG 
Bilateral perisylvian 

polymicrogyria (BPP) 

 

Sushi Repeat Containing 
Protein, X-Linked 2, ligand 

for the urokinase 

plasminogen activator surface 
receptor. Involved in cellular 

Srpx2 KD
 
(IUE: E15) 

rat  

 

Altered positioning of 
projection neurons 

[279, 393,394] 
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migration and adhesion. 
 EOMES 

(TBR2) 

(* 604615) 

AR 3q26.32 Severe motor delay 

with hypotonia 

Early lethality 
 

Microcephaly 

PMG  

CC agenesis  
 

Transcription factor which is 

crucial for embryonic 

development. 
Expressed in IPs 

Eomes KO mouse 

 

Eomes
CA/CA

; Sox1 Cre 

mouse 

Embryonic lethal 

 

Microcephaly (reduced 
brain but not body 

weight), defective 

neurogenesis. Behavioral 
abnormalities 

[395- 397] 

 DCHS1 

(* 603057) 

AR 

 
 

De novo 

11p15.4 Van Maldergem 

syndrome-1 
 

Mitral valve 

prolapsed- 2 

PVH Transmembrane cell adhesion 

molecule that belongs to the 
protocadherin superfamily 

and is a ligand for FAT4.  

DCHS1 and FAT4 form an 
apically located adhesive 

complex in the developing 
brain 

Dchs1 KO mouse 

 

Dchs1 
+/-  

mouse 

 
Dchs1 KD (IUE: E13-

E14)  mouse  

 

 

Neonatal lethality 

 
Cardiac defects 

 

Increased progenitor 
proliferation and ectopic 

Pax6+ cells. 

Accumulation of 
neuronal precursors at 

the VL. 

Differentiation  defects 
between the Pax6+ and 

Tbr2+ states 

[195] 

 LRP2 
(* 600073) 

AR 2q31.1 Donnai-Barrow 
syndrome 

ID/ DD 

Epilepsy 
Proteinuria 

Donnai-Barrow 

syndrome 

Facio-

oculoacoustico-renal 

syndrome 
Facial dysmorphism 

Ocular phenotype 

PVH 
CC agenesis 

Macrocephaly 

Gene encodes the 
glycoprotein megalin, a 

multi-ligand endocytic 

receptor which binds 
albumin, lipoproteins, sterols, 

vitamin-binding proteins, and 

hormones. 

Cell signaling role 

Lrp2 KO mouse No brain malformation 
described. 

Renal phenotype 

[398,399] 

 ASPM 
(* 605481) 

AR 1q31.3 ID/ DD 
 

Can include: 

Seizures, spasticity, 
thick CC, enlarged 

ventricles 

Microcephaly, anterior 
predominant pachygyria. 

Simplified gyral pattern 

Essential for normal mitotic 
spindle function. Role in 

neurogenesis 

Aspm KO mouse 
 

 

 
 

 
 

 

 

Aspm 
1-25

 and Aspm
1-7

 
(homocygous)  mutant 

mice (gene-trap 

generated) 

Smaller body size and 
cerebellum. Layering 

abnormalities (thick 

layer I and thin layer VI). 
Migration defects 

 
 

Thin cortex, reduced 

progenitor number. 
Apparent normal cortical 

layering 

[261, 262, 400, 401] 

          

Related 

genes 

RhoA 

(* 165390) 

 3p21.31 Decipher 321.47 kb 

copy variant patient 
with global DD (but 

also includes 11 other 

genes) 

- Rho family of small GTPases 

involved in actin cytoskeleton 
remodeling during cell 

morphogenesis and motility.  

RhoA KO mouse SBH 

Perturbed progenitors 

[273] 

 α-E-catenin 

(* 116805) 

 5q31.2 Patterned macular 

dystrophy-2 

- Adherens junctions 

component 
Emx1

Cre/α−catΔex2fl/fl
  SBH.  Neuronal 

migration defects. VL 

[272, 402] 

https://www.omim.org/geneMap/3/755?start=-3&limit=10&highlight=755
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mouse  

 

 
 

α-E-catenin KO  
mouse 

defects. RGC phenotype. 

 

Perinatal lethal 

 MAP3K4 

(* 602425) 

 6q26  - - Mitogen-Activated Protein 

Kinase Kinase Kinase 4 that 
phosphorilates MAPKK 

signal transduction cascade 

Mekk4 KO mice  PVH, neuronal migration 

defects 

[201] 

 NDEL1 
(* 607538) 

 17p13.1 Association with 
schizophrenia  

- NudE Neurodevelopment 
Protein 1 Like 1 is involved 

in MT organization during 

neurite extension. 
Actin reorganization 

Cilium dynamics and cell 

cycle progression 

Ndel1 KO  mouse 
 

Ndel1 
h cKO mouse 

  
 

 

Ndel1KD
 
(IUE: E16)  

rat 

Embryonic lethal. 
 

Thinner cortical upper 

layers. Neuronal 
migration defects 
 

Neuronal migration 

defects 

[264, 403-405] 

 AF6 

(Mllt4) 
(* 159559) 

  6q27 Linked to acute 

lymphoblastic 
leukemias and acute 

myeloid leukemias 

- Actin binding protein that 

regulates cell-cell adhesions 
downstream of Ras activation 

Af6 KO mouse 

 
 

 

 
 

 

 
 

Af6 
flox/flox

 (nestin-Cre 

cKO mouse) 

 

 
 

 
 

 

 
 

 

Af6 
flox/flox

; Emx1
Cre/+ 

(cKO mouse induced at 
E10.5) 

 

 

Embryonic lethal (E10). 

General architecture 
apparently distorted and 

reduced in size. Embryos 

with major defects in the 
embryonic ectoderm 
 

 
Perinatal lethal (P3 or 

P21 depending on the 
genetic background). 

Enlarged ventricles, 

hydrocephalus. Thinner 
cortex. Mislocalized 

progenitors and neurons 

 
SBH and rosette-like 

structures (Tuj1+ cells) 

close to the ventricles. 
Increased size and 

severely disorganized 

neocortex. Disruption of 
adherens junctions. 

Mislocalized progenitors 

and proliferation defects 

 [275, 406, 407] 

 RAPGEF2 

(* 609530) 

 4q32.1 - - Member of the RAS 

subfamily of GTPases. Link 

between cell surface 
receptors and Rap/Ras 

GTPases in intracellular 

signaling cascades. Guanine 
nucleotide exchange factors 

(like RAPGEF2), serve as 

RAS activators 

Rapgef2 KO mouse 

 

 
 

 

 

Rapgef2
 flox/flox

; 

Emx1
Cre/+  cKO mouse 

Embryonic lethal, 

Impaired cell 

proliferation and 
migration. Defective 

yolk sac vascularization.  

 
SBH, disruption of the 

adherens junctions at the 

apical surface, abnormal 
distribution of 

progenitors. 

[276,408] 
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 CCDC85C  14q32.2 - - Coiled-Coil Domain 
Containing 85C, that 

localizes to the apical 

junction of RGCs in the wall 
of lateral ventricles in the 

developing brain 

hhy mutant mouse Non-obstructive 
hemorrhagic 

hydrocephalus and 

subcortical heterotopias. 
Ependymal agenesis 

[274] 

 


