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Abstract

Periventricular nodular heterotopia (PNH) is a brain malformation in which nodules of neurons are ectopically retained along
the lateral ventricles. Genetic causes include FLNA abnormalities (classical X-linked PNH), rare variants in ARFGEF?2,
DCHSI1, ERMARD, FAT4, INTSS, MAPIB, MCPHI, and NEDD4L, as well as several chromosomal abnormalities. We
performed array-CGH in 106 patients with different malformations of cortical development (MCD) and looked for common
pathways possibly involved in PNH. Forty-two patients, including two parent/proband couples, exhibited PNH associated or
not with other brain abnormalities, 44 had polymicrogyria and 20 had rarer MCDs. We found an enrichment of either large
rearrangements or cryptic copy number variants (CNVs) in PNH (15/42, 35.7%) vs polymicrogyria (4/44, 9.1%) (i.e., 5.6
times increased risk for PNH of carrying a pathogenic CNV). CNVs in seven genomic regions (2pl11.2ql12.1, 4pl5,
14q11.2q12, 16p13.3, 19q13.33, 20q13.33, 22ql1) represented novel, potentially causative, associations with PNH.
Through in silico analysis of genes included in imbalances whose breakpoints were clearly detailed, we detected in 9/12
unrelated patients in our series and in 15/24 previously published patients, a significant (P <0.05) overrepresentation of
genes involved in vesicle-mediated transport. Rare genomic imbalances, either small CNVs or large rearrangements, are
cumulatively a frequent cause of PNH. Dysregulation of specific cellular mechanisms might play a key pathogenic role in
PNH but it remains to be determined whether this is exerted through single genes or the cumulative dosage effect of more
genes. Array-CGH should be considered as a first-line diagnostic test in PNH, especially if sporadic and non-classical.
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nodules of heterotopic gray matter fail to migrate into the
developing cortex and accumulate along the walls of the
lateral ventricles. PNH is usually detected using brain
magnetic resonance imaging (MRI) in patients with epi-
lepsy, intellectual disability, or both, and is highly het-
erogeneous in severity and distribution, occurring as
either an isolated abnormality or part of more complex
developmental brain disorders. In the so-called “classical
form”, bilateral clusters of confluent nodules extend along
the walls of the lateral ventricles [1]. Less typical forms
include less prominent bilateral or unilateral nodules of
different size, variably positioned along the lateral ven-
tricles [2]. Genetic etiology of PNH is also heterogeneous,
with single-nucleotide variants (SNVs) or deletions of the
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FLNA gene being the most frequent cause of the classical
X-linked form (Mendelian Inheritance in Man (MIM):
#300049) [1, 3]. Rare variants in other genes account for a
few reports (Supplementary Table 1A). In particular,
biallelic variants in ARFGEF2 [4], INTSS [5], MCPH1I
[6], FAT4, and DCHS1 [7] cause recessive forms of PNH,
with or without syndromic features, while heterozygous
variants in NEDD4L [8] and ERMARD (C6orf70) [9, 10]
have been associated to syndromic dominant forms of
PNH. Heterozygous SNVs in MAPIB have recently been
reported in sporadic and familial epilepsy-associated PNH
[11]. Overall, 24 distinct genomic rearrangements have
been described in 66 patients with PNH, exhibiting either
syndromic or non-syndromic phenotypes (Table 1b,
Supplementary Table 1B).

We present clinical and genetic data on 15 patients
with PNH carrying pathogenic genomic imbalances,
including two parent/proband couples. Eight such
patients had been included in previous publications from
our team [9, 12—14], while seven (five sporadic and two
familial) had not been described before (Table 1a, b). We
report seven genomic regions (2pll.2ql2.1, 4pl5,
14q11.2q12, 16p13.3, 19q13.33, 20q13.33, 22q11) which
represent novel, potentially causative, associations with
PNH.

This series points to an increased prevalence of both
large rearrangements and cryptic copy number variants
(CNVs) in PNH (15/42, 35.7%) with respect to poly-
microgyria (4/44, 9.1%). In spite of clinical and genetic
heterogeneity of PNH, it appears that genes coding for
vesicle trafficking proteins are overrepresented in CNVs
associated with this malformation.

Subjects and methods
Patient ascertainment and genetic investigations

We obtained written informed consent for genetic investi-
gations and publication of the results for all patients parti-
cipating in the study. The Ethics Committee of the Tuscany
Region, Italy, approved this study within the framework of
the EU project “DESIRE” (FP7, grant agreement 602531).

We reviewed clinical and MRI data of 106 individuals
with MCD who were studied with array-comparative
genomic hybridization (array-CGH) and grouped them in
three categories according to the MCD subtype (Supple-
mentary Table 2).

Group 1, including 42 patients with PNH, isolated or
associated with other malformations, including poly-
microgyria, corpus callosum abnormalities, enlarged or
dysmorphic lateral ventricles; group 2, including 44 patients
with polymicrogyria (PMG) only; group 3, including 20
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patients with other MCDs (specified in Supplementary
Table 2).

In all patients in group 1, we ruled out SNVs and dele-
tions/duplications of the FLNA gene using Sanger sequen-
cing and  Multiplex  Ligation-dependent  Probe
Amplification, as previously described [1]. In all the 106
patients we performed array-CGH analysis using the 180K
Agilent platform (Agilent Technologies, Santa Clara, CA,
USA) according to the manufacturer’s instructions and
reporting the genomic coordinates according to the
NCBI37/hgl19 assembly. To confirm the deletions/duplica-
tions identified by array-CGH, we used quantitative SYBR
Green I-based real-time PCR on a LightCycler Real-Time
PCR (Roche Diagnostics, Basel, Switzerland). Primers and
conditions are available upon request.

We classified CNVs as pathogenic or benign considering
their frequency in the general population (http://dgv.tcag.ca/
dgv/app/home) and their inheritance status. In patients 2, 3,
and 5 and their parents, we performed karyotype and
fluorescence in situ hybridization on peripheral blood
lymphocytes by standard procedures to confirm or better
characterize the copy number changes highlighted by array-
CGH and investigate parental carrier status for balanced
chromosome translocations. We evaluated the genomic
context of each CNV using the University of California,
Santa Cruz (UCSC) Genome Browser (https://genome-euro.
ucsc.edu/). Relevant data were submitted to DECIPHER
(DatabasE of Chromosomal Imbalance and Phenotype in
Humans using Ensembl Resources; https://decipher.sanger.
ac.uk/index).

Statistical analysis

To test the hypothesis that patients with PNH might be more
likely to harbor pathogenic genomic imbalances with
respect to those with the other most frequent MCD, we
calculated and compared the frequency of such imbalances
between group 1 (PNH) and group 2 (PMG). We could not
identify pathogenic imbalances in group 3. We calculated
the odds ratio (OR) using the Epilnfo software v6
(http://www.cdc.gov/Epilnfo/) and considered a P value
<0.05 as statistically significant.

To explore whether pathogenic imbalances carried by
patients with PNH were enriched for specific classes of
genes, we used the statistical overrepresentation test tool
available at the PANTHER (Protein ANnotation THrough
Evolutionary Relationships) database website (http:/www.
pantherdb.org/) [15]. We performed the overrepresentation
test in PNH-associated CNVs in our database (15 patients,
Table la, b) and repeated the analysis for those CNVs
whose genomic boundaries were previously published in
detail by other groups (24 patients, Supplementary
Table 1B).
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Patient 7, carrying a complex rearrangement probably
originating from a chromothripsis, was excluded from the
analysis. From genes included in the imbalances, we selec-
ted those to be analyzed based on their expression profile
inferred using the Mouse Genome Informatics (MGI) Gene
Expression Data tool (http://www.informatics.jax.org/gxd).
We performed the statistical overrepresentation test using the
Homo sapiens database, the default settings suggested by
PANTHER, and the Bonferroni correction for multiple
testing. We evaluated gene overrepresentation in the “GO
biological process complete” and the “GO cellular compo-
nent complete” PANTHER datasets. To reduce spurious
observations, we manually reviewed the overrepresented
classes of genes, excluding from further analysis those
unrelated to specific developmental/functional processes
(e.g., cognition, rhythmic processes) and considered as
potentially associated with PNH pathogenesis only those
exhibiting the highest enrichment values.

Results
Clinical features

Clinical features of patients carrying pathogenic CNVs are
summarized in Table la, b. More details on newly reported
patients are available in the Supplementary Clinical Notes and
in Supplementary Figure 1. Eight patients, including a mother
and her son, both exhibiting bilateral PNH, had already been
described in previous publications from our team [9, 12—-14].
These individuals were included in this study only for the
purposes of assessing the prevalence of CNVs in PNH versus
other MCDs and for gene enrichment analysis.

Of the remaining seven patients, five were females
(including a mother and daughter, #6b and #6a), with a
mean age at the time of the study of 15+ 1.3 years (range:
1-47 years).

Epilepsy was present in four patients, with seizure onset
in the first month of life in two and at 8 and 18 years of age
in the remaining two. Seizures were variable in type,
including clonic, myoclonic, tonic, epileptic spasms and
focal, and were drug resistant in three patients (#1, #5, #6b).

All seven patients had intellectual disability, ranging
from mild (#4, #6b) to moderate (#1, #6a) and severe (#2,
#3 and #5). In four patients PNH was part of a syndromic
disorder also featuring dysmorphic facial features
(#1-3, #5).

MRI features

Brain MRI in the seven unreported patients (Table la, b,
Fig. 1) revealed classical bilateral PNH in one (#6b), and

other subtypes of PNH in the remaining six, often asso-
ciated with additional brain abnormalities including dys-
morphic lateral ventricles (five patients), thin or hypoplastic
corpus callosum (four patients), and white matter hyper-
intensities (two patients). Patient 5 exhibited a complex
MCD featuring PNH and bilateral parieto-temporal
polymicrogyria.

Genetic features and CNV enrichment analysis

None of the patients with PNH harbored SNVs/CNVs
involving the FLNA gene. We observed pathogenic CNVs,
either de novo or inherited from an affected parent, in 15
patients from group 1 (PNH: 15/42, 35.7%), and in four
patients from group 2 (PMG: 4/44: 9.1%) (Tables la, b, and
2 and Supplementary Table 2). We identified no pathogenic
imbalances in group 3.

Comparing how frequently pathogenic imbalances
occurred in patients with PNH (group 1) with respect to
those with PMG only (group 2), we found a 5.6 times
increased risk of carrying a causative chromosomal rear-
rangement in the PNH group (OR 5.6, 95% confidence
interval: 1.66 to 18.55, P =0.0053, Table 2).

All pathogenic genomic imbalances identified in patients
with PNH were de novo, except in patients 6a and 13a, who
had inherited pathogenic CNV from their affected mothers
(#6b and #13b). In four patients (#2-5), the genomic lesion
consisted in a cytogenetically visible large rearrangement,
which in patient 5 had resulted from the unbalanced
segregation of a balanced translocation carried by a healthy
parent.

In patient 7, molecular cytogenetic investigations had
demonstrated a de novo complex rearrangement with at
least seven breakpoints, consisting of two non-
consecutive 2p regions translocated at 4q24 and 4q28,
and a 17.6 Mb interstitial 4p15 deletion [16]. This rear-
rangement could have resulted from chromotripsis [17],
although we could not test this hypothesis because no
further DNA was available. We excluded this patient
from the enrichment analysis due to the complexity of
the rearrangement, which was only partially elucidated
by molecular cytogenetics. With the exception of patient
7, all previously reported patients included in this study
(#8—13) carried simple deletions in four distinct genomic
regions: 5ql14.3ql5, 6p25, 6927, 17pl1l1.2 [9, 12-14].
Among the seven previously unreported patients, only
three carried a single cryptic CNV, namely the
16p13.3p13.2 deletion (#1) and the 22ql11.22q11.23
duplication (#6a-b).

All pathogenic CNVs identified in group 2 (PMG, n =4)
were de novo, consisting of simple deletions/duplications
(Supplementary Table 2).
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Patient 1
chr16:9.(6507624 _ 6520292)_(9656566_9673078)del

)€

S s

Patient 3 - 46,XX/46,XX,der(11)t(7;11)(a33;425)
g.chr11:(130800001_gqter)ins
chr7:(136015094_136025156)_(139491831_139514857)/
chr11:(130800001_qter)inschr7:(139514857_7?)

Patient 5 - 46,XY,der(15)t(14;15)(q11.2;q11.1)
g.[chr15:pter_(35758169_35766556)delins
chr14:pter_(31139579_31150530)]

Patient 6b
chr22:9.(23012013_23023650)_(24988402_24997023)dup

Fig. 1 Brain magnetic resonance imaging (MRI) scan of the reported
patients. Patient 1 (16p13.3p13.2 deletion): T2—weighted (W) axial (a)
and T1W coronal (b) sections showing a single heterotopic nodule
(arrows) on the right occipital horn, enlarged lateral ventricles, and
dilated subarachnoid spaces. Patient 2 (19q13.33q13.43 duplication and
20q12.33 deletion): TIW axial (c) and T2W coronal (d) sections
showing few, small, and non-contiguous nodules of gray matter (white
arrows) lining the walls of the lateral ventricles, mostly on the left,
simplified gyral pattern, enlarged dysmorphic lateral ventricles, and
subarachnoid spaces. Patient 3 (7q33q34 duplication and 7q34qter
mosaic duplication): T2W axial section (e) showing a nodule (white
arrow) located along the body of left lateral ventricle, asymmetric lat-
eral ventricles, and diffuse periventricular white matter hyperintensities;
T1W sagittal section (f) revealing four non-contiguous nodules of
heterotopic gray matter (white arrows) protruding into the lumen of left
lateral ventricle, thin corpus callosum, white matter hyperintensities,
and enlarged subarachnoid spaces, mainly in the frontal region. Patient
4 (2p11.2q12.1 mosaic amplification and 2q12.2 duplication): T2W
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Patient 2 - 46,XX,der(20)t(19;20)(q13.33;q13.33)
g.[chr20:(61830372_61845250)_gterdelins
chr19:(49728198_49739575)_qter]

Patient 4 - 46,XX/47, XX+mar/48, XX+2mar
g.=/chr2:[(106527235_106605039)_(107241392_107277414)]add/
[chr2:[(89129532_89143917)_(102866053_102887615)]add][2]

Patient 6a
chr22:9.(23012013_23023650)_(24988402_24997023)dup

Patient 7 - 46,XX,t(2;4)ins(2;4)(4qter-->4q28.3::2p12-->2qter;
4pter-->p15.31::p14-->4024::2p12::4q24-->4028.3::2p12-->2pter)

g.[chr4:qgter_(138565502_137875918)::chr2:(76090296_76279717)_

(79702031_79871279)_(81867870_82019448)_cen_qter] (der2)
and g.[chr4:pter_(20487909_20490678)_(37919488_37929242)del
_cen_(101100001_107700000)::chr2:(79702031_79871279)_
(81867870_82019448)::chr4:(101100001_107700000)_
(138565502_137875918)::chr2:(76090296_76279717)_pter](der4)

axial (g) and T2W coronal (h) sections showing multiple, small, non-
contiguous, asymmetrical nodules of gray matter (white arrows) lining
the wall of the right lateral ventricle and the left frontal horn. Patient 5
(14q11.2q12 duplication and 15q11.1q14 deletion): TIW axial sections
(i, j) demonstrating few scattered, bilateral, and asymmetric nodules of
heterotopic gray matter (black arrows) along the walls of lateral ven-
tricles, hypomyelination, and bilateral parietal-temporal polymicrogyria
(black asterisk); Patient 6a (22q11.22q11.23 duplication): T2W axial
(k) and TIW coronal (1) sections showing multiple, bilateral, asym-
metrical, scattered nodules of heterotopic gray matter in the lateral
ventricles and enlargement of the left lateral ventricle (arrows). Patient
6b (22q11.22q11.23 duplication): TIW coronal (m, n) sections
showing bilateral, diffuse subependymal PNH along both lateral ven-
tricles. Patient 7 (4p15 deletion in a complex rearrangement): T1W
axial sections (0, p) showing multiple bilateral nodules of gray matter
(black arrows) located along the walls of lateral ventricles, most evident
prominent on lateral and superior walls of the right side. For this
patient, MRI images were not previously published
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Table 2 Number of patients with

PNH or polymicrogyria carrying Patient group Patlents with pathogenic genomic Patlents without pathogenic genomic ~ Total
. o7 imbalances imbalances
pathogenic genomic imbalances
Group 1 (PNH) 15 27 42
Group 2 (PMG 4 40 44
only)

PNH periventricular nodular heterotopia, PMG polymicrogyria

Overrepresented classes of genes

All mouse orthologs of the known causative genes for
PNH whose expression data are available in the MGI
database (ARFGEF2, FAT4, FLNA, MCPHI, and
NEDDA4L) are expressed in the cerebral cortex (Supple-
mentary Figure 2). In order to delineate shared dysfunc-
tional cellular processes possibly leading to PNH in
patients with CN Vs in this series, we explored whether the
genes mapping in the different CNVs belonged to specific
subclasses.

Using the MGI Gene Expression Data tool, we found
that out of 1094 known genes mapping in the different
CNVs in group 1, 157 were expressed in the cerebral
cortex (Supplementary Table 3). Among these 157 genes,
the statistical overrepresentation test revealed 25 different
classes with significant overrepresentation (P <0.05) in
both the “GO biological process complete” and the “GO
cellular component complete” PANTHER datasets (Sup-
plementary Tables 4 and 5). The two gene classes with the
highest enrichment were those involved in vesicle-
mediated transport regulation (4.31-fold increase in
Gene Ontology (GO) biological process complete dataset,
P =1.8E-02, Supplementary Tables 4 and 6) and those
encoding plasma membrane receptor complexes (7.79-
fold increase in GO cellular component complete dataset,
P =3.2E-04, Supplementary Tables 5 and 6). Most of the
genes in the latter class also belonged to ion channel
complexes, the second most overrepresented class in the
GO cellular component complete dataset (5.72 fold
increase, P = 8.20E-04, Supplementary Tables 5 and 6).
CNVs found in nine unrelated patients (#2, #3-6, #9, #10,
#12, and #13) harbored at least one of the genes included
in the three above overrepresented classes (Supplementary
Table 7).

The same analysis, performed for previously published
PNH-related CNVs (Supplementary Table 1B), revealed an
overrepresentation of genes encoding for vesicle compo-
nents (2.56 fold increase in GO cellular component com-
plete dataset, P =4.28E-02, Supplementary Table 8) but
did not confirm a statistically significant overrepresentation
of genes encoding for plasma membrane receptor com-
plexes or ion channel complexes.

Discussion

Data gathered over the last 20 years indicate that PNH is not
a single disorder, but rather comprises several subtypes with
considerable clinical, anatomic, and genetic heterogeneity
[18]. Combining all previously published patients with
PNH and CNVs (n =66) and the seven novel reported in
this study, we identified 73 individuals carrying 30 different
genomic rearrangements (Table la, b and Supplementary
Table 1B), 12 of which (40%) involving more than one
chromosome, or consisting of a mosaic supernumerary
marker chromosome. This observation suggests that PNH,
at least in a subset of individuals, might result from the
cumulative dosage effect of more genes.

The diagnostic yield of molecular cytogenetics analysis,
in our PNH cohort, was 35.7%. Comparing the frequency of
pathogenic imbalances observed in patients with PNH with
that observed in those with polymicrogyria only (9.1%), we
estimated that patients with PNH have a 5.6 times increased
risk of carrying a causative de novo chromosomal
rearrangement.

Clinical and brain MRI findings in the seven novel
patients reported here revealed PNH with varying dis-
tribution and size. In patients 6a and 6b, the same genomic
rearrangement was associated with intra-familial phenotypic
variability, leading to classical PNH in the mother (#6b) and
bilateral scattered nodules in her daughter (#6a). Periven-
tricular nodules were accompanied in all patients by addi-
tional, albeit most often minor, brain abnormalities
including dysmorphic lateral ventricles, areas of white
matter hyperintensity, and thin or hypoplastic corpus cal-
losum (Table 1a, Fig. 1). One patient (#5) had associated
bilateral parieto-temporal polymicrogyria, confirming that
these MCDs can co-occur [9, 13, 18, 19]. Patients 1 and 3
had one and three periventricular nodules respectively.
Although isolated heterotopic nodules are a common, rather
unspecific finding, which can also appear at times in
otherwise healthy individuals, their co-occurring with
additional phenotypic anomalies in the above patients
allows defining their phenotype as a syndromic disorder
with isolated heterotopic nodules. Intellectual disability,
though variable in severity, was a constant feature in our
cohort (7/7). Epilepsy was present in 4/7 patients (57%) at
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last follow-up. In addition, 4/7 patients (57%) exhibited
dysmorphic facial features (Table la and Supplementary
Clinical Notes).

Overrepresented classes of genes

In the CNVs we submitted to the overrepresentation test (12
unrelated patients), we found genes involved in the reg-
ulation of vesicle-mediated transport or encoding plasma
membrane receptor complexes to exhibit the highest
enrichment in the “GO biological process complete” (P <
0.05) and the “GO cellular component complete” (P < 0.05)
PANTHER datasets.

FLNA, ARFGEF?2, and MAPIB are implicated in vesicle
trafficking [11, 20] and ERMARD 1is a putative vesicle-
associated protein [9]. The overrepresentation of genes
involved in vesicle-related trafficking in the CNVs observed
in 9/12 unrelated patients in our series (4.31-fold, P <0.05)
and in 15/24 already published by other authors (Supple-
mentary Table 1B) (2.56 fold, P <0.05) further suggests an
association between altered vesicle trafficking and PNH.
Absence of genes belonging to this class in the CNVs of
patients 1, 8, and 11 might be due to either incomplete data
in public databases on expression profile and function for
some of the genes mapping within the CNVs analyzed or to
other classes of genes contributing to PNH pathogenesis in
these three patients.

Although we could not confirm a statistically significant
overrepresentation of genes encoding for components of
plasma receptor and ion channel complexes in PNH-
associated CNVs published by other authors, genes
belonging to these classes might still play a role in PNH
pathogenesis. Loss of the C-terminal dimerization domain
and repeats required for FLNA interaction with membrane
receptors and cell signaling molecules has indeed been
proposed as a possible mechanism for PNH pathogenesis
[21, 22]. In addition, knockdown of KCNK2, KCNK9, or
KCNKI10 (potassium two pore domain channel subfamily K
members 2, 9 and 10) impair the migration of late-born
cortical excitatory neurons destined to become layer II/III
neurons [23], while SCN1B (voltage-gated sodium channel
beta subunit 1) participates as cell adhesion molecule to
cell-cell communication, neuronal migration, and neurite
outgrowth [24, 25]. These observations have been corro-
borated by the recent report of patients carrying SCNIA
variants who, in addition to Dravet syndrome, exhibited
different MCDs including PNH [26].

Candidate genes
Since searching for single candidate genes for PNH within
large rearrangements would be impractical, we limited our

search in relation to two novel, simple cryptic CNVs,
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namely the 16pl13.3p13.2 deletion (#1), and the
22q11.22q11.23 duplication (#6a and #6b).

Patient 1 carried a de novo 16p13 deletion of about 3.1
Mb, containing eight protein-coding genes, five of which
are expressed in the cerebral cortex (Supplementary
Table 7) but none belongs to the three overrepresented
classes. Two of these genes, namely PMM?2 and ABAT, are
associated to recessive disorders (MIM: #212065 and
#613163) whose clinical features are inconsistent with those
observed in patient 1. Among the remaining genes, USP?7,
encoding an ubiquitin-specific protease, is essential for
WASH (Wiskott—Aldrich syndrome protein and SCAR
homolog)-mediated endosomal actin assembly and protein
recycling [27]. This gene has been implicated in neurode-
velopmental disorders in seven individuals with hap-
loinsufficiency [27]. The CNV detected in patient 1| DNA
largely overlaps those reported (Supplementary Figure 3).
Clinical features shared by our patient and those with USP7
haploinsufficiency [27] are developmental delay, seizures,
dyspraxia, hypotonia, strabismus, and cryptorchidism,
whereas our patient exhibited neither autism nor aggressive
behavior.

RBFOXI, also included in the deleted interval in patient
1, encodes a neuron-specific splicing factor previously
implicated in autism, intellectual disability, and epilepsy
which regulates tissue-specific alternative splicing of a
network of neuronal genes involved in cell differentiation
and proliferation, including FLNA [28]. Knockdown of
Rbfoxl1-isol by in utero electroporation causes abnormal
neuronal positioning during corticogenesis in mice, which
has been attributed to impaired radial migration [29]. Both
USP7 and RBFOXI are therefore interesting potential
candidates.

Patients 6a and 6b, a daughter and mother, share an
approximately 2Mb 22qll duplication containing more
than 30 protein-coding genes. According to the MGI data-
base, four of them, including the two morbid genes BCR
and SMARCBI, are expressed in the cerebral cortex (Sup-
plementary Table 7).

BCR, which belongs to the overrepresented class of
vesicle-mediated trafficking genes, has been extensively
studied in the context of chronic myeloid leukemia, as the
BCR-ABL fusion protein, resulting from a recurrent t(9;22)
translocation, is the most frequent cause of this condition
[30, 31]. This gene plays a role in neuronal development
and migration [32, 33], thus representing a good candidate
for the brain phenotype we observed in these two patients.

Numerous loss-of-function variants, either germline or
somatic, have been described in SMARCBI1, which encodes
a member of the SWI/SNF chromatin-remodeling complex,
in association to rhabdoid tumors (MIM: #609322) and
schwannomatosis (MIM: #162091). In contrast, a gain-of-
function or dominant-negative effect has been proposed for
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the missense variants identified in patients with Coffin—Siris
syndrome (CSS, MIM: #614608) [34]. Although PNH has
never been reported in CSS, we cannot exclude a con-
tribution of this gene to the brain phenotype of our two
patients.

Overall, the above data suggest that a complex series of
dynamic and interacting processes regulating neuronal
migration in the developing brain can lead to PNH, as a
consequence of either variants affecting the function of
single genes or the cumulative dosage effect of more genes.

Considering all PNH-associated CNVs, deletions repre-
sent 73.3% (22/30) of imbalances, thus suggesting hap-
loinsufficiency as the most likely pathogenic mechanism.
However, we are aware that establishing pathogenicity of
structural variations only based on their effect on gene
dosage may be quite simplistic, as the impact of CNVs on
the overall genomic architecture remains to be determined.
The expression of genes located far away from the break-
point of CNVs or of translocations may be influenced by the
removal, duplication, or mis-localization of regulatory ele-
ments, whose role in human diseases is increasingly
recognized [35]. Alterations involving the same genomic
region may result in different phenotypes, possibly
depending on the final configuration of topologically asso-
ciated domains [35-37].

Several factors may explain why not all individuals
sharing CNVs at the same locus exhibit PNH on brain MRI,
as observed for example with 6q26-q27 and 5q14.3 dele-
tions [9, 13]. A main reason might reside in the heterotopia
being too small to be picked up by MRI. A second possi-
bility is that isolated or scattered nodules may be missed in
the presence of concomitant malformations that greatly
widen the ventricular surface such as, for example, severe
colpocephaly, or be overlooked or misdiagnosed as a ven-
tricular dimple caused by the depth of a sulcus. Finally, it is
possible that in some conditions, small areas of PNH might
just form as a mere secondary physical consequence of
impaired proliferation or migration—therefore becoming an
inconstant feature—and not as a direct and constant con-
sequence of the primary genetically induced molecular
pathology.

In conclusion, our data demonstrate that genomic
imbalances, either small CNVs or large rearrangements, are
frequently associated with PNH. Array-CGH should be
considered as a first-line diagnostic genetic test in patients
with sporadic, non-classical PNH. In this series, 11/15
patients with PNH and CNVs exhibited this malformation
subtype, corresponding to a 28.9% overall (11/38) diag-
nostic yield, while frequency of variants in FLNA, the major
PNH gene, is around 5% in sporadic non-classical PNH [1].
Gene expression tools suggest that dysregulation of vesicle-
mediated trafficking might play a key role in the patho-
genesis of PNH. To which extent this role is exerted via

single gene mechanisms or the cumulative dosage effect of
more genes remains to be determined.
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