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Genetic heterogeneity of polymicrogyria:
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Paul J. Lockhart,1,2 George McGillivray,4 Simone Mandelstam,1,2,3 Kate Pope,1

Martin B. Delatycki,1,2,4,* Anna Jansen5,8,* and Richard J. Leventer1,2,3

*These authors are joint senior authors.

Polymicrogyria is a malformation of cortical development characterized by overfolding and abnormal lamination of the cerebral

cortex. Manifestations include epilepsy, speech disturbance and motor and cognitive disability. Causes include acquired prenatal

insults and inherited and de novo genetic variants. The proportion of patients with polymicrogyria and a causative germline or mo-

saic variant is not known. The aim of this study was to identify the monogenic causes of polymicrogyria in a heterogeneous cohort

of patients reflective of specialized referral services. Patients with polymicrogyria were recruited from two clinical centres in

Australia and Belgium. Patients with evidence of congenital cytomegalovirus infection or causative chromosomal copy number var-

iants were excluded. One hundred and twenty-three patients were tested using deep sequencing gene panels including known and

candidate genes for malformations of cortical development. Causative and potentially causative variants were identified and corre-

lated with phenotypic features. Pathogenic or likely pathogenic variants were identified in 25/123 (20.3%) patients. A candidate

variant was identified for an additional patient but could not be confirmed as de novo, and therefore it was classified as being of

uncertain significance with high clinical relevance. Of the 22 dominant variants identified, 5 were mosaic with allele fractions less

than 0.33 and the lowest allele fraction 0.09. The most common causative genes were TUBA1A and PIK3R2. The other eleven

causative genes were PIK3CA, NEDD4L, COL4A1, COL4A2, GPSM2, GRIN2B, WDR62, TUBB3, TUBB2B, ACTG1 and FH. A

genetic cause was more likely to be identified in the presence of an abnormal head size or additional brain malformations suggest-

ive of a tubulinopathy, such as dysmorphic basal ganglia. A gene panel test provides greater sequencing depth and sensitivity for

mosaic variants than whole exome or genome sequencing but is limited to the genes included, potentially missing variants in newly

discovered genes. The diagnostic yield of 20.3% indicates that polymicrogyria may be associated with genes not yet known to be

associated with brain malformations, brain-specific somatic mutations or non-genetic causes.
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Abbreviations: AF ¼ allele fraction; AKT ¼ protein kinase B; BGP ¼ bilateral generalized polymicrogyria; bp ¼ base pairs; BPP ¼
bilateral perisylvian polymicrogyria; HC ¼ head circumference; hg19 ¼ human genome assembly 19 (GRCh37) from Genome

Reference Consortium; LOVD ¼ Leiden Open Variation Database; Mb ¼ megabases; MCD ¼ malformation of cortical develop-

ment; MIM ¼Mendelian inheritance of man; mTOR ¼mammalian target of rapamycin; PI3K phosphatidylinositol 3-kinase; PMG

¼ polymicrogyria; PNH-PMG ¼ polymicrogyria associated with periventricular nodular heterotopia; RCH ¼ Royal Children’s

Hospital, Melbourne, Australia; TRD ¼ tubulin-related dysgyria; UZ ¼ Universitair Ziekenhuis (University Hospital Brussels)

Introduction
Polymicrogyria (PMG) is a malformation of the devel-

oping brain characterized by abnormal lamination and

excessive folding of the cerebral cortex. It is one of the

most common brain malformations and accounts for

�20% of all malformations of cortical development

(Leventer et al., 1999). PMG often occurs in association

with other brain malformations and/or multiple con-

genital anomalies (Jansen and Andermann, 2005).

Histologically, PMG is characterized by one or more

undulating or festooning neuronal layers replacing the

normal six-layered cortical architecture and is frequently

associated with thickened leptomeninges (Jansen et al.,

2016). In practice, the diagnosis is usually based on

neuroimaging, the MRI features of which are an irregu-

lar, bumpy appearance of the cortex with apparent cor-

tical thickening and a stippled grey-white matter

junction (Leventer et al., 2010). The clinical consequen-

ces depend on the extent and regions of the brain

affected, associated congenital malformations in the

brain or elsewhere, the underlying aetiology and co-

morbidities. Common manifestations include epilepsy,

intellectual disability, cerebral palsy and oro-motor

impairment.

The aetiologies of PMG are heterogeneous and include

acquired and genetic causes. It has been proposed that

PMG is the common endpoint of many different aetio-

logical processes occurring at specific stages in cortical

development (Jansen et al., 2016). Acquired causes in-

clude congenital cytomegalovirus infection (Crome and

France, 1959) and foetal cerebral ischaemia (Levine

et al., 1974). Genetic causes include chromosomal and

monogenic variants, the latter of which may be inherited

or de novo and can be germline or mosaic. PMG is mor-

phologically heterogeneous, and an identical morphology

does not necessarily imply similar aetiology which makes

diagnosis of the underlying cause challenging. There are

different methods of classification of PMG. It was initial-

ly based on the histological appearance (Friede, 1989).

Subsequently, it was classified according to imaging pat-

terns (Leventer et al., 2010) and the presumed timing of
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the aetiology in cortical development (Barkovich et al.,

2012). Now that mutations in at least 50 genes have

been associated with PMG, these causes can be classified

according to the molecular pathways implicated in the

aetiology (Stutterd et al., 2018). This recent approach to

the classification of cases with suspected genetic aetiology

is useful in clinical practice as it can inform genetic test-

ing and reproductive counselling.

Previous genetic studies of PMG have interrogated the

contribution of mutations in specific genes or pathways in

patient groups with common phenotypic features such as

mammalian target of rapamycin (mTOR) pathway muta-

tions in patients with PMG and megalencephaly (Mirzaa

et al., 2015) or screening patient cohorts for mutations in

tubulin genes (Bahi-Buisson et al., 2014). The proportion

of patients with PMG with an identifiable germline or mo-

saic variant is not known and this clinical question was

the motivation for our study. We performed genomic ana-

lysis of two phenotypically heterogeneous cohorts from

two centres totalling 123 patients. A chromosomal cause

and congenital cytomegalovirus (if indicated) were excluded

where possible, reflective of clinical practice. We tested for

germline and mosaic variants in all genes known to be

associated with PMG at the time of the study to establish

the diagnostic yield and contribution from mosaic muta-

tions and identify any genotype–phenotype correlations.

Materials and methods

Patient recruitment

Patients were ascertained from the Royal Children’s

Hospital (RCH) Melbourne Brain Malformation Research

Database and the Center of Medical Genetics,

Universitair Ziekenhuis (University Hospital Brussels)

Brussel Brain Malformation Database via protocols

approved by the RCH Human Research Ethics

Committee and the Institutional Review Board at

Universitair Ziekenhuis (University Hospital Brussels)

Brussels. Patients were included if there was PMG identi-

fied on MRI or if they had been referred for genetic test-

ing for the indication of PMG. Patients were excluded if

there was evidence of congenital cytomegalovirus infec-

tion from neonatal serology or retrospective testing of a

dried blood spot sample from their Newborn Screening

Card. Patients were excluded if they had a causative

copy number variant detected by chromosome micro-

array. Of the 123 patients included, 55 were recruited

from Australia and 68 from Belgium. Results of non-

diagnostic chromosome microarray were available for 63/

123 patients (55 Australian, 8 Belgium). Congenital cyto-

megalovirus was excluded for 40/123 patients (34

Australian, 6 Belgium) and testing for this was not clinic-

ally indicated for 15/123 (Australian cohort) based on

their clinical phenotype.

Clinical and imaging phenotyping

Patient records were reviewed for information regarding

sex, family history, prenatal risk factors (twinning, ante-

partum haemorrhage or infection), head circumference

(HC), presence and type of congenital malformation and

presence of seizures. All available MRIs (for 112 patients)

were reviewed by the paediatric neurologist supervising

the project at each site (RJL at RCH and AJ at

Universitair Ziekenhuis (University Hospital Brussels)

Brussel). The distribution of PMG was recorded as one

of the six recurrent topographic patterns as described by

Leventer et al. (Leventer et al., 2010): bilateral perisylvian

polymicrogyria (BPP), unilateral perisylvian polymicrogy-

ria, bilateral generalized polymicrogyria (BGP), bilateral

frontal polymicrogyria, bilateral frontoparietal polymicro-

gyria, bilateral parasagittal parieto-occipital polymicrogy-

ria or polymicrogyria associated with periventricular

nodular heterotopia in addition to patterns consistent

with schizencephaly (unilateral or bilateral) or ‘tubulin-

related dysgyria’ (TRD). The latter term describes a pat-

tern of cortical malformation seen in association with dis-

ordered tubulin function in which there is an abnormal

gyral pattern characterized by abnormal sulcal depth or

orientation and narrow gyri separated by abnormally

deep or shallow sulci (Oegema et al., 2015; Mutch et al.,

2016) but is often reported as PMG. The presence and

type of additional brain malformations were recorded.

Genomic analysis

Genomic analysis was conducted at two sites using two

different gene panels. The Australian cohort was tested at

Murdoch Children’s Research Institute (MCRI) using a

custom in-house panel targeting 328 genes including con-

firmed and candidate genes associated with brain malfor-

mations. The Belgium cohort was tested at the Center of

Medical Genetics, Universitair Ziekenhuis (University

Hospital Brussels) Brussel with a custom gene panel tar-

geting 190 genes associated with malformations of cor-

tical development. There were 141 genes common to

both gene lists. The panel gene lists and overlapping

genes are shown in Supplementary File 1. Of the 50

genes associated with PMG in the GeneReviews

Polymicrogyria Overview updated in 2018 (Stutterd

et al., 2018), 43 and 47 are included in the Australian

and Belgiian panels respectively and 42 in the overlap-

ping gene list (highlighted in bold in each gene list in

Supplementary File 1).

Australian cohort: A custom in-house gene panel that

targets 328 genes associated with brain malformations

was developed using the HaloPlexHS target enrichment

system (Agilent Technology). This panel was validated to

detect mosaic variants with a minor allele frequency

above or equal to 2% (Lee et al., 2019, 2020). Fifty

nanograms of genomic DNA from blood or saliva was

utilized to prepare the sequencing library according to
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the manufacturer’s instructions and 2 � 150 bp paired-

end sequencing to a median depth of >600� was per-

formed on a NextSeq (Illumina). The raw data files

(fastq.gz) were analysed using both SureCall software

(Agilent Technology) and Leiden Open Variation

Database v.3.0 build 17 software (Leiden University

Medical Center). The GRCh37/hg19 version of the

human reference genome assembly was used for read

alignment. Variants were filtered out based on quality

(QUAL < 50), population frequency (>1%, The Exome

Aggregation Consortium), region (deep intronic or un-

translated regions) and type (synonymous). High-fre-

quency variants within our cohort of cases were used to

discard variants likely due to a sequencing artefact.

Variant prioritization was performed following two paral-

lel approaches, each of them blind to the other, a clinic-

ally driven approach, previously described by Sadedin

et al. (2015) and a molecular-driven approach

(Supplementary File 2). Variants prioritized by both

methods were then further evaluated by a curation team

composed of a clinical geneticist, a neurologist and a se-

nior medical scientist. Candidate recessive variants and

variants with an uncertain but high chance of clinical sig-

nificance were segregated to inform pathogenicity.

Belgian cohort: Patients with malformations of cortical

development were analysed by the ‘MCD gene panel’, a

custom gene panel that targets 190 genes associated with

malformations of cortical development. The gene content

of the panel is listed in Supplementary File 1. This ana-

lysis was performed at the Center of Medical Genetics,

Universitair Ziekenhuis (University Hospital Brussels)

Brussel in collaboration with the Brussels Interuniversity

Genomics High Throughput core according to standard

procedures with an average coverage of 500�. In short,

0.5 mg deoxyribonucleic acid (DNA) was fragmented into

pieces with an average length of 220 bp. A DNA library

was prepared following the manufacturer’s instructions

(KAPA Biosystems). Next, five DNA libraries were cap-

tured by the use of Roche Nimblegen SeqCap EZ Choice

XL enrichment probes. These fragments were amplified

on the Illumina cBot machine and sequenced on the

Illumina Hiseq1500 instrument or on the Illumina

Novaseq 600 machine. Raw data were quality-controlled

by use of FastQC (v0.10.1) and mapped to the human

reference genome (hg19) with BWA 0.7.10. Mapping

qualities were assessed via overall coverage analysis by

an in-house designed script. The mapped reads were

processed using the GATK 2.7 (Genome Analysis

Toolkit) pipeline (IndelRealaginer, BaseRecalibrator,

HaplotypeCaller) and the detected variants were anno-

tated by Annovar or Alamut Batch.

Data availability

The authors confirm that the data supporting the findings

of this study are available within the article and its

Supplementary material.

Results

Clinical features

One hundred and twenty-three patients were included in

the study. The sex was known for 121 patients, 60% of

whom were male. There were four familial cases in the

cohort, all involving two affected siblings, and the

remaining 115 cases were sporadic. Four patients were

assessed and tested prenatally as foetuses and the remain-

ing 119 patients were children or adults. Eight patients

were born from a twin pregnancy, three dizygotic, two

monozygotic and three with unknown zygosity. One had

a twin sibling who died in utero at four months gestation

and seven had an unaffected twin sibling. Ninety-five of

123 patients had a HC documented at the time of genetic

testing. Of those with a recorded HC, the majority were

normocephalic (60%), 27.3% were microcephalic (<2

standard deviation from mean) and 12.6% were macro-

cephalic (>2 standard deviation from mean). The pres-

ence or absence of congenital malformations outside of

the central nervous system was documented in 77

patients and were present in 40 (51.9%), 10 of whom

had more than one non-central nervous system malforma-

tion. Recurrent malformations were facial dysmorphism,

eye anomalies (blepharophimosis, ptosis, strabismus, ab-

normal palpebral fissures, microphthalmia, cataract and

retinal dystrophy), limb malformations (arthrogryposis,

talipes), capillary malformation, syndactyly, vocal cord

palsy and sensorineural hearing loss. Malformations

documented in single cases only were polydactyly, hemi-

hypertrophy, short stature, hypertrichosis and hypospa-

dias. The presence or absence of epilepsy was document

for 91 patients, for whom it was present in 59.3%.

PMG distribution

Imaging or information on PMG distribution was avail-

able for 112 patients. Forty-four of 112 (39.2%) had bi-

lateral perisylvian polymicrogyria. The next most

common distribution patterns were unilateral perisylvian

polymicrogyria and BGP seen in 18/112 (16%) and 17/

112 (15.2%), respectively. All of the other six distribu-

tion patterns were identified amongst the remaining 33

cases. Tubulin-related dysgyria was identified in five

patients who had been referred for genetic testing based

on an MRI diagnosis of PMG. A review of these MRIs

after recruitment to the study led to re-classification of

the malformations of cortical development as tubulin-

related dysgyria.

Additional brain malformations

Numerous additional brain malformations were identified.

The most common were periventricular nodular heteroto-

pia, abnormalities of the corpus callosum (complete or

partial absence, thin, thick, dysplastic, elongated),

4 | BRAIN COMMUNICATIONS 2020: Page 4 of 12 C. A. Stutterd et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/3/1/fcaa221/6050793 by guest on 25 April 2024

https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa221#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa221#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa221#supplementary-data


abnormal septum pellucidum (cavum, absence or partial

absence), abnormalities of the basal ganglia, brainstem

and cerebellum (hypoplasia, dysplasia, asymmetry), calci-

fications (cortical, subcortical and thalamic), white matter

abnormalities, dysplastic ventricles, subcortical heteroto-

pia and porencephalic cyst. Less common abnormalities

reported in a single patient only (some in the same pa-

tient) were under-rotated hippocampi, hemimegalence-

phaly, cerebellar cysts, hydrocephalus, fused colliculi,

pineal mass, Chiari I malformation, enlarged extra-axial

spaces, posterior PNH, optic nerve hypoplasia and chor-

oid plexus cysts.

Genetic causes

A pathogenic or likely pathogenic variant was identified

in 25/123 (20.3%) patients and a variant of uncertain

significance with high clinical relevance was identified in

one patient. Of the 25 pathogenic or likely pathogenic

variants, 14 were from the Australian cohort and 11

from the Belgium cohort. One patient from the Belgium

cohort was identified to have a variant of uncertain sig-

nificance with high clinical relevance. The variants identi-

fied in these 26 patients involved 13 different genes

(Table 1) and included autosomal recessive variants,

inherited dominant variants and de novo dominant var-

iants, both germline and mosaic. No X-linked variants

were identified. The most commonly implicated genes

were TUBA1A (6/26) and PIK3R2 (5/26). Causative var-

iants were also identified in PIK3CA, NEDD4L,

COL4A1, COL4A2, GPSM2, GRIN2B, WDR62,

TUBB3, TUBB2B, FH and ACTG1. Of the 22 dominant

variants, five were likely mosaic variants based on their

low allele fractions (AFs) and these were identified in two

genes, PIK3R2 and PIK3CA. The lowest AF was 0.09

detected for a PIK3CA variant in a blood-derived DNA

sample. Additional genotypic and phenotypic information

relating to each variant is provided in Supplementary

Table 1. Representative brain MR images from patients

with six of the most commonly identified genes are

shown in Fig. 1.

Tubulinopathies

Eight of the 26 (30.7%) causative or candidate variants

were in tubulin-related genes, six in TUBA1A and one

each in TUBB2B and TUBB3. Parental testing was avail-

able for seven of the eight variants and the variant was

shown to be de novo in each case. Parental testing was

not available for one variant in TUBA1A, which is a

novel missense variant and therefore remains classified as

a variant of uncertain significance. As TUBA1A is highly

intolerant to missense variation (observed number of var-

iants in population is 0.7 compared with expected num-

ber of 260.7; Z score ¼ 5.58) (Lek et al., 2016) and

there is a strong phenotype correlation in this case, the

variant would be reclassified as ‘likely pathogenic’ if

confirmed de novo. None of the TUBA1A variants were

recurrent within the cohort and all were missense. Three

were previously reported variants and three were novel.

The genotype–phenotype correlations identified for this

group are discussed below.

mTORopathies

The second most frequently implicated molecular path-

way was the mTOR-PI3K-AKT pathway, with causative

variants in the PIK3R2 or PIK3CA genes identified in 7

of 26 (26.9%) patients with a causative of candidate var-

iant(s) identified. The recurrent PIK3R2 variant, p.

Gly373Arg was identified in five patients and this variant

alone constituted 20% of the causative and candidate

variants identified in the entire cohort. The AF for the

PIK3R2 variants ranged from 0.14 to 0.5. PIK3CA var-

iants were identified in two patients and were mosaic in

both cases. For one patient, the variant was detectable

only in the patient’s skin sample (AF 0.3) and was not

detected in their blood sample (see Table 1 Pt AJ52: p.

Pro449Ser). The second PIK3CA variant was detected

with a similar AF in the patient’s blood (AF 0.09) and

saliva (AF 0.11) samples. This was the lowest AF for a

causative variant detected in this study.

Collagenopathies

Three patients from two families were diagnosed with

collagenopathies with causative variants identified in

COL4A1 and COL4A2. We identified a novel, maternal-

ly inherited splice variant in COL4A2 (c.2902þ 1G>A)

in two affected sisters, one with intellectual disability and

schizencephaly and the other with PMG, epilepsy and

normal cognitive function. Family segregation studies

showed that the variant was inherited from their mother

who had died from small vessel cerebral disease and

therefore it was classified as likely pathogenic. We identi-

fied a novel, de novo COL4A1 variant (p.Gly948Arg) in

a female with microcephaly, cerebral palsy and BPP, por-

encephaly and multifocal haemorrhagic infarctions.

Evidence of cerebrovascular accident had been identified

on antenatal ultrasound at 35 weeks’ gestation. This is a

novel variant causing substitution of a glycine residue in

the triple amino acid repeat sequence of the triple-helical

domain which is a common mutational mechanism for

collagenopathies.

Other autosomal dominant causes

Two unrelated patients with periventricular nodular het-

erotopia and syndactyly were identified with a recurrent

heterozygous variant in NEDD4L (p.Arg208Gln), inher-

ited from an affected parent in one case and de novo in

the other. These patients have been published separately

by Stouffs et al. (2020). A de novo variant in GRIN2B

(p.Leu813Val) was identified in one patient with micro-

cephaly, epilepsy and BGP with a thin corpus callosum.
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A novel, de novo variant in ACTG1 (p.Arg206Trp) was

identified in a child with BPP without the facial dysmor-

phism that is typical for Baraitser–Winter syndrome. This

finding expands the phenotypic spectrum of ACTG1 to

non-syndromic cortical malformation and expands the

spectrum of associated cortical malformation to include

PMG.

Autosomal recessive causes

Compound heterozygous variants in WDR62

(p.Cys279Tyr and p. Gly494Arg) were identified in two

similarly affected sisters with microcephaly, epilepsy

and cerebral palsy. A novel, homozygous frameshift

variant in GPSM2 (Ser501Alafs*30), was identified in

a child born to consanguineous parents with treated

hydrocephalus, congenital sensorineural hearing loss

and bilateral frontal parasagittal PMG with hypoplastic

corpus callosum, consistent with Chudley–McCullough

Syndrome. A homozygous variant was identified in the

gene encoding fumarate hydratase, FH (p.Asn390Ser) in

one patient born to consanguineous parents with BGP

and agenesis of the corpus callosum. For this patient,

FH activity in fibroblasts and leucocytes was reduced

to 25% and MRI findings are consistent with fumarate

hydratase deficiency (Kerrigan et al., 2000) providing

evidence for likely pathogenicity of this variant for the

PMG.

Chromosomal variants of uncertain

significance

Two patients included in the study have chromosome

copy number variants of uncertain significance that may

be relevant to their PMG. A monogenic cause for PMG

was not identified in either patient and both patients had

Table 1 Genetic results for patients with causative variant identified

Patient

ID

Gene Causative variant Allele

fractiona

(tissue)

Inheritance Variant

class

PMG

distribution

Head

size

CS34 ACTG1 NM_001614.5(ACTG1): c.616C>T; p. Arg206Trp Het De novo LP BPP Norm

CS53 COL4A1 NM_001845.6(COL4A1):c.2842G>C; p. Gly948Arg Het De novo LP BPP MIC

CS40 COL4A2 NM_001846.4(COL4A2):c.2902þ 1G>A Het Maternal (sibling

of CS41)

LP UPP Norm

CS41 COL4A2 NM_001846.4(COL4A2):c.2902þ 1G>A Het Maternal (sibling

of CS40)

LP SCZ Norm

AJ34 FH NM_000143.3(FH):c.1169A>G, p. Asn390Ser Hom Bi-parental LP BGP NR

CS7 GPSM2 NM_013296.5(GPSM2):c.1501delA; Ser501Alafs*30 Hom Bi-parental LP BGP Norm

AJ42 GRIN2B NM_000834.4(GRIN2B):c.2437C>G, p. Leu813Val Het De novo LP BGP MIC

AJ2 NEDD4L NM_001144967.3(NEDD4L):c.623G>A, p. Arg208Gln Het Maternal LP BPP (PNH-PMG) Norm

AJ15 NEDD4L NM_001144967.3(NEDD4L):c.623G>A, p. Arg208Gln Het De novo LP BPP (PNH-PMG) MAC

CS10 PIK3R2 NM_005027.3(PIK3R2):c.1117G>A; p. Gly373Arg 0.14 (blood) Mosaic P BPP Norm

CS27 PIK3R2 NM_005027.3(PIK3R2):c.1117G>A; p. Gly373Arg 0.14 (blood) Mosaic P BPP MAC

CS46 PIK3R2 NM_005027.3(PIK3R2):c.1117G>A; p. Gly373Arg 0.22 (saliva) Mosaic P BGP MAC

CS51 PIK3R2 NM_005027.3(PIK3R2):c.1117G>A; p. Gly373Arg Het Unknown P BFP MAC

AJ57 PIK3R2 NM_005027.3(PIK3R2):c.1117G>A; p. Gly373Arg Het De novo P BGP MAC

AJ52 PIK3CA NM_006218.4(PIK3CA):c.1345C>T, p. Pro449Ser 0.30 (skin)

0.00 (blood)

Mosaic LP BPP MAC

CS3 PIK3CA NM_006218.4(PIK3CA):c.2740G>A, p. Gly914Arg 0.09 (blood)

0.11 (saliva)

Mosaic P BPP MAC

AJ5 TUBA1A NM_006009.4(TUBA1A):c.5G>A, p. Arg2His Het De novo P BPP MIC

CS32 TUBA1A NM_006009.4(TUBA1A):c.598T>C, p. Cys200Arg Het De novo LP BPP MIC

CS37 TUBA1A NM_006009.4(TUBA1A):c.746A>G, p. Asn249Ser Het De novo LP TRD MIC

AJ22 TUBA1A NM_006009.4(TUBA1A):c.958C>T, p. Arg320Cys Het De novo P Unknown NR

AJ58 TUBA1A NM_006009.4(TUBA1A):c.1168C>T, p. Arg390Cys Het De novo P TRD MIC

AJ46 TUBA1A NM_006009.4(TUBA1A):c.1182G>C, p. Lys394Asn Het Unknown VUS TRD Norm

AJ43 TUBB2B NM_178012.5(TUBB2B):c.602G>T, p. Cys201Phe Het De novo LP TRD NR

AJ68 TUBB3 NM_006086.4(TUBB3)c.292G>A, p. Gly98Ser Het De novo LP BPP Norm

CS19 WDR62 NM_001083961.2(WDR62):c.836G>A, p. Cys279Tyr Het Paternal LP BGP MIC

NM_001083961.2(WDR62):c.1480G>A, p. Gly494Arg Het Maternal LP

CS20 WDR62 NM_001083961.2(WDR62):c.836G>A, p. Cys279Tyr Het Paternal LP BPP MIC

NM_001083961.2(WDR62):c.1480G>A, p. Gly494Arg Het Maternal LP

BFP ¼ bilateral frontal polymicrogyria; BG ¼ basal ganglia; BGP ¼ bilateral generalized polymicrogyria; BPP ¼ bilateral perisylvian polymicrogyria; CC ¼ corpus callosum; Comp het

¼ compound heterozygous; CSP ¼ cavum septum pellucidum; Het ¼ heterozygous; Hom ¼ homozygous; LP ¼ likely pathogenic; MAC ¼ macrocephaly; MIC ¼ microcephaly;

Norm ¼ normal; NR ¼ No record; P ¼ pathogenic; PIPO ¼ paediatric intestinal pseudo-obstruction; PNH-PMG ¼ polymicrogyria associated with periventricular nodular hetero-

topia; UPP ¼ unilateral perisylvian polymicrogyria; VUS ¼ variant of uncertain significance.
aThe AF is provided for mosaic cases only (variants with AF <0.33).
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congenital cytomegalovirus excluded. One patient (CS55)

has BPP and nephronophthisis and a homozygous dele-

tion of NPHP1. This interstitial deletion involves

�0.12 Mb at 2q13: arr[hg19]2q13(110 859 672–110 982

530)�0. She has normocephaly and no additional brain

or other malformations. This homozygous deletion is a

known cause for nephronophthisis 1 (MIM#256100) but

has never been reported before in association with PMG.

At least one other gene associated with Joubert syn-

drome, AHI1, is known to cause both nephronophthisis

and PMG (Dixon-Salazar et al., 2004; Utsch et al.,

2006). Therefore, it is possible that the ciliopathy in this

case is the cause for the patient’s PMG however, another

example of this has not been published. The second pa-

tient (CS36) is a male with BPP and a maternally inher-

ited duplication of �0.4 Mb at Xq28: arr[hg19]Xq28(154

132 683–154 536 836)�2. He has normocephaly and no

additional brain or other malformation. The Xq28 dupli-

cation involves seven RefSeq genes including RAB39B.

Duplications of this region, and RAB39B specifically,

have been associated with intellectual disability but not

cortical malformation to date (El-Hattab et al., 2011;

Vanmarsenille et al., 2014).

Genotype–phenotype correlations

Family history

The genetic causes identified were not significantly differ-

ent between male (56%) and female (44%) patients.

There were three sets of affected siblings and one set of

half-siblings included in the study. A genetic cause was

identified in three of these four families, compound het-

erozygous variants in WDR62 for one family and inher-

ited variants in COL4A2 and NEDD4L for two.

Parental consanguinity was reported for four patients,

two of whom had homozygous causative variants affect-

ing GPSM2 and FH, respectively.

Prenatal risk factors

Eight patients tested had been born of a twin pregnancy

and a genetic cause was identified for only one of these

patients. The cause in this dizygous twin was a de novo

heterozygous PIK3R2 variant p. Gly373Arg. A genetic

cause was not identified in the other seven patients born

of a twin pregnancy, two dizygotic, two monozygotic

and two of unknown zygotic status.

Figure 1 Representative MRI images for patients with different molecular diagnoses. Images are T2 axial, T1 or T2 parasagittal.

TUBA1A (patient CS37, aged 2 years at scan) shows an irregular, overfolded, thickened cortex particularly in the frontal regions. This cortical

appearance is now described by some as ‘tubulin-associated dysgyria’. The basal ganglia are dysmorphic, giving the frontal horns a ‘hooked

aspect’ (white arrows). The corpus callosum is thin, the cerebellar vermis hypoplastic and brainstem dysmorphic with a flattened pons and bulky

medulla. COL4A2 (patient CS40, aged 40 years at scan) shows a deep sulcus in the left frontal lobe with PMG branching from its base (white

arrow). WDR62 (patient CS19, aged 15 months at scan) shows extensive right hemisphere PMG and a dysmorphic right lateral ventricle.

NEDD4L (patient AJ15, aged 14 months at scan) shows bilateral PMG centred around the Sylvian fissures (white arrows) and underlying

periventricular nodular grey matter heterotopia (black arrows). PIK3R2 (patient CS10, aged 23 months at scan) shows generalized PMG with

relative sparing of the medial occipital gyri. The Sylvian fissures are abnormally extended and oriented superiorly. PIK3CA (patient CS3, aged five

days at scan) shows posterior perisylvian PMG on the right (white arrows). Other slices showed a similar appearance to the left posterior Sylvian

fissure.
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Head circumference

The highest diagnostic yield was in patients with abnor-

mal head growth, as recorded at the time of genetic test-

ing. A genetic diagnosis was confirmed in 58.3% of

patients with macrocephaly. The genes implicated in this

group were PIK3R2, PIK3CA and NEDD4L. All

patients with an mTORopathy had macrocephaly except

one who was mosaic for the recurrent PIK3R2 variant

with an AF of 0.14 and had a HC within the normal

range. Of the 26 patients in the cohort with microceph-

aly, a genetic cause was identified in eight, giving a

diagnostic yield of 30.8% in this group. The genes

implicated in this group were TUBA1A, WDR62,

GRIN2B and COL4A1. The proportion of these

patients who had an acquired rather than congenital ab-

normality in head growth is not known. The diagnostic

yield according to HC is shown in Fig. 2A. The causa-

tive genes implicated according to head size are shown

in Supplementary Table 2A.

Additional congenital anomalies

PMG can be seen as a feature in numerous genetic syn-

dromes (Stutterd and Leventer, 2014). Of the 40 patients

with congenital malformation outside the central nervous

system, 13 had a genetic cause identified (32.5%). Of the

37 patients with no congenital malformation outside the

central nervous system, a genetic diagnosis was identified

for 8 (21.6%). This is not significantly different. Of the 6/

8 cases of tubulinopathy with records available regarding

presence or absence of congenital malformation, five had

eye abnormalities. These were documented as abnormal

palpebral fissures in four cases, the abnormality of which

was ptosis in two cases with blepharophimosis in one

case. Two patients had strabismus. The presence of con-

genital malformations in association with an mTORopathy

was variable and not all of these patients had features of

the typically associated Megalencephaly-PMG-Polydactyly-

Hydrocephalus or Megalencephaly-Capillary malformation

and polymicrogyria syndromes. Six of the seven patients

Figure 2 Graphical visualization of the diagnostic yield in patient subgroups. (A) Graphical visualization of the diagnostic yield

depending on the HC. (B) Graphical visualization of the diagnostic yield in each morphological subtype of PMG. *Unclassified group refers to

patients for whom MR images or detailed data was not available.
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had macrocephaly, but additional features were only seen

in two; one with capillary malformation and polydactyly

and one with capillary malformation only.

PMG distribution

The PMG distribution was not predictive for diagnostic

yield except in cases recognized as having the distribution

now referred to as ‘tubulin-related dysgyria’ (Oegema

et al., 2015), for whom 4/5 patients had a causative or

candidate tubulin gene variant identified (TUBA1A or

TUBB2B). Outside of tubulin-related dysgyria, the PMG

distribution was not predictive for genotype except in

one patient who had the rare distribution pattern of

frontal parasagittal PMG accompanied by ventriculome-

galy and sensorineural hearing loss which is consistent

with Chudley–McCullough syndrome and, in this patient,

a causative homozygous variant in GPSM2 was identi-

fied. The diagnostic yield according to PMG distribution

is shown in Fig. 2B. The causative genes implicated

according to PMG distribution are shown in

Supplementary Table 2B.

Additional brain malformations

The presence or absence of additional brain malforma-

tions did not correlate with diagnostic yield in this co-

hort. However, additional brain malformations were

present in all patients diagnosed with a tubulinopathy.

The additional brain malformations in these cases

included agenesis/hypoplasia or the corpus callosum, dys-

plastic basal ganglia, brain stem hypoplasia and hypopla-

sia/dysplasia of the cerebellum/vermis, all of which are

recognized malformations in tubulinopathies (Mutch

et al., 2016).

Discussion

Diagnostic yield

In this study, 123 individuals with PMG had sequencing

on a NGS panel and a pathogenic or likely pathogenic

variant was identified in 25 (20.3%), 14/55 patients in

the Australian cohort and 11/68 in the Belgium cohort. A

variant of uncertain significance with high clinical rele-

vance was identified in one additional patient from the

Belgium cohort. Of the 22 autosomal dominant variants

identified, five were likely mosaic variants based on their

low AF (<0.33) and the lowest AF was 0.09. The most

commonly implicated genes were TUBA1A and PIK3R2.

Several genotype–phenotype correlations were identified,

highlighting the importance of clinical phenotyping for

variant prioritization and interpretation. Gene panel ana-

lysis of a heterogeneous group of PMG cases was unin-

formative for 79.7% patients. The causes for the

undiagnosed group may include non-genetic factors, brain

specific somatic mutations or variants in genes not yet

discovered or known to be associated with brain

malformations, the latter of which may be detected using

a broader genetic test such as whole exome or genome

sequencing. Seven of the eight patients born of a twin

pregnancy did not have a genetic cause identified, consist-

ent with previous studies that have identified twinning as

a risk factor for PMG with the causative mechanism

thought to be vascular disruption (Curry et al., 2005).

Monogenic causes

Causative or candidate variants were identified in 13 dif-

ferent genes (Table 1) and included autosomal recessive

variants, inherited autosomal dominant variants and de

novo autosomal dominant variants, non-mosaic and mo-

saic. Despite the predominance of males affected and 16

X-linked genes tested by one or both gene panels, no X-

linked causes were identified. The majority of genetic

causes in this cohort of 123 patients implicated tubulin

genes (31%) or genes in the mTOR-PI3K-AKT pathway

(27%). The significant contribution of tubulin-related

mutations to malformations of cortical development has

been recognized in previous studies. Heterogeneous

cohorts of patients with malformations of cortical devel-

opment screened for tubulin mutations have yielded a

diagnosis in up to 13.3%. (Bahi-Buisson et al., 2014).

Seven of the 26 diagnoses (27%) were in mTOR-PI3K-

AKT pathway-related genes, PIK3R2 and PIK3CA. The

recurrent PIK3R2 variant p. Gly373Arg constituted 20%

of the molecular diagnoses in the entire cohort. Previous

studies have identified this variant at similar frequencies,

in 10 of 40 (25%) patients with Megalencephaly-PMG-

Polydactyly-Hydrocephalus (Riviere et al., 2012) and

19/127 (15%) patients with isolated BPP or

Megalencephaly-PMG-Polydactyly-Hydrocephalus (Mirzaa

et al., 2015). Beyond these two groups of genes, the

causes identified were varied and included isolated and

syndromic causes for PMG. Four of the implicated genes

are not PMG-associated as published in the GeneReviews

Polymicrogyria Overview update in 2018: ACTG1,

COL4A1, COL4A2 and FH (Table 1). These four genes

had been included in both panels due to a speculative as-

sociation with PMG or association with a brain malfor-

mation other than PMG and these findings highlight the

value of broad genetic testing beyond panels that include

only the currently known genetic causes.

Novel potential chromosomal
causes

Two patients included in the study have chromosome

copy number variants of uncertain significance that may

be relevant to their PMG. One patient with BPP and

nephronophthisis has a homozygous deletion of NPHP1,

a known cause for nephronophthisis but never before

reported in association with PMG. As PMG is observed

in at least one other ciliopathy, that associated with

AHI1, it is plausible that the homozygous NPHP1
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deletion in this patient explains both their brain and

renal phenotype, though there are no other published

examples of this. There is one published case of cortical

malformation identified in a foetus with compound het-

erozygous variants in NPHP1, a pathogenic deletion and

a missense variant of unknown significance (Reches

et al., 2018). The second case with a possible novel

chromosomal cause for their PMG is a male with BPP

and a maternally inherited duplication at Xq28 involving

RAB39B. Duplications of this region, and RAB39B spe-

cifically, have been associated with intellectual disability

but not cortical malformation to date (El-Hattab et al.,

2011; Vanmarsenille et al., 2014).

Genotype–phenotype correlations

Several genotype–phenotype correlations were identified.

HC was the most informative clinical feature regarding

the likelihood of identifying a genetic cause. A genetic

diagnosis was confirmed in 58.3% of patients with

macrocephaly and 30.8% in the patients with microceph-

aly. All patients identified as having a causative or candi-

date variant in a tubulin gene had a bilateral distribution

of PMG and additional brain malformations that are rec-

ognized as features of a tubulinopathy (Mutch et al.,

2016). Therefore, the presence of this brain phenotype,

which includes agenesis/hypoplasia or the corpus cal-

losum, dysplastic basal ganglia, brain stem hypoplasia

and hypoplasia/dysplasia of the cerebellum/vermis is high-

ly predictive of a causative variant in a tubulin gene. A

causative homozygous variant in GPSM2 was identified

in a patient with the typical PMG distribution and syn-

dromic features of Chudley–McCullough syndrome,

which is an important genotype to consider in the pre-

natal setting as the neurodevelopmental outcome is typic-

ally good despite extensive CNS malformation. A likely

pathogenic variant in ACTG1 was identified in a patient

with non-syndromic BPP, expanding the spectrum of cor-

tical malformation associated with this gene which has

previously been limited to pachygyria. This finding has

informed the need to monitor this patient for comorbid-

ities associated with the Baraitser–Winter Syndrome.

Use of a gene panel

The strength of a gene panel is in its coverage of genes

and sensitivity to low-level mosaic variants when com-

pared to exome sequencing. In this study, we detected

five causative mosaic variants, three of which were

detected with an AF less than 0.15 in blood, a level that

would not reliably be detected by clinical exome sequenc-

ing. A limitation to the use of a gene panel is that the

genomic analysis is limited to the genes included in the

panel at the time of its design. This technology prevents

future analysis of newly discovered genes and genes not

known to be associated with brain development at the

time of panel design. Additionally, syndromic causes of

PMG may be missed if the causative gene is not typically

associated with PMG. In this case, a clinical assessment

of the patient’s phenotype and family history may be

helpful in determining whether a gene panel or exome

sequencing is the more useful test, though access to these

tests is also dependent on local availability and resources.

A gene panel may be useful to investigate a specific

phenotype with suspected mosaic cause. Outside of this,

a two-step approach to genome-wide testing is recom-

mended with targeted analysis of exome data focused on

genes known to cause PMG and, if negative, an

expanded analysis of the clinical exome.

The current rate of gene discovery is high, predomin-

antly due to the application of next-generation sequencing

to gene discovery projects. Since the PMG Overview in

GeneReviews was updated in 2018 and the panels for

these two cohorts were designed, two genes with signifi-

cant clinical relevance for PMG have been identified.

Heterozygous pathogenic missense variants in SCN3A

were identified by Smith et al. (2018) in 2018 in six un-

related families with speech and oral motor dysfunction

and PMG and Chatron et al. (2019) reported four cases

from two unrelated families with a lethal PMG syndrome

caused by homozygous ATP1A2 truncating variants in

families with a history of migraine in carrier parents. The

rate of new gene discovery and the expanding number of

molecular pathways implicated in cortical development

suggests that diagnoses may have been missed by the

gene panel analysis of this cohort as this technology lim-

its the analysis to those genes included in the panel at

the time of its design.

Clinical contribution to genomic
analysis

A strength of this study is the clinical contribution to pa-

tient phenotyping and variant interpretation. This was

made possible by a close working relationship between

the clinicians and the testing laboratory in both centres.

The cohort was refined to those with potential monogen-

ic cause and this was achieved through clinical interpret-

ation of clinical features, family history and chromosomal

variants as being contributory or non-contributory. An

example of the clinical contribution to variant prioritiza-

tion included the re-classification of the PMG in tubulin-

related dysgyria and subsequent prioritization of tubulin-

opathy-related genes. Where there was a strong pheno-

type match with a gene-disease association identified,

sufficient to strengthen the evidence for pathogenicity,

this led to re-classification of a variant of uncertain sig-

nificance in some cases to likely pathogenic. The geno-

type–phenotype correlations identified in this study can

assist the clinician in prioritizing candidate genes and var-

iants for curation. These correlations also help to identify

patients who are more likely to benefit from genomic

testing thereby optimizing the use of resources, especially

in resource-poor settings.
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Conclusions
Genetic analysis of 123 patients with PMG using deep

sequencing panels identified a cause in 20.3%. Genetic

testing has the highest diagnostic yield in patients with

PMG and abnormal head growth. The highest yield is in

those with macrocephaly, in which a mosaic variant may

be implicated, and deep sequencing should be considered

in these cases. The genetic causes for PMG with micro-

cephaly are unlikely to be mosaic and include recessive

and de novo dominant causes. Where non-mosaic causes

are being considered, whole exome or genome sequencing

is recommended in preference to a gene panel due to the

genetic heterogeneity of PMG and the ability to reanalyse

the data as new genes are discovered. The causes for the

undiagnosed group may include non-genetic factors,

brain-specific somatic mutations or variants in genes not

yet discovered or known to be associated with brain mal-

formation, the latter of which may be detected by whole-

exome or genome sequencing.

Supplementary material
Supplementary material is available at Brain

Communications online.
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