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Abstract

While chromosome 1p36 deletion syndrome is one of the most common terminal subtelomeric microdeletion syndrome,
1p36 microduplications are rare events. Polymicrogyria (PMG) is a brain malformation phenotype frequently present in
patients with 1p36 monosomy. The gene whose haploinsufficiency could cause this phenotype remains to be identified. We
used high-resolution arrayCGH in patients with various forms of PMG in order to identify chromosomal variants associated
to the malformation and characterized the genes included in these regions in vitro and in vivo. We identified the smallest
case of 1p36 duplication reported to date in a patient presenting intellectual disability, microcephaly, epilepsy, and
perisylvian polymicrogyria. The duplicated segment is intrachromosomal, duplicated in mirror and contains two genes:
enolase 1 (ENOI) and RERE, both disrupted by the rearrangement. Gene expression analysis performed using the patient
cells revealed a reduced expression, mimicking haploinsufficiency. We performed in situ hybridization to describe the
developmental expression profile of the two genes in mouse development. In addition, we used in utero electroporation of
shRNAs to show that Enol inactivation in the rat causes a brain development defect. These experiments allowed us to define
the ENOI gene as the most likely candidate to contribute to the brain malformation phenotype of the studied patient and
consequently a candidate to contribute to the malformations of the cerebral cortex observed in patients with 1p36
monosomy.
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Rearrangements of the terminal region of chromosome 1 are
Supplementary information The online version of this article (https:// ~ particularly frequent and represent up to 20% of all unba-
doi.org/10.1038/s41431-020-0659-z) contains supplementary material, lanced rearrangements reported to cause intellectual defi-
Which is available to authorized users. ciency and birth defects in the human genome [1]. Terminal
5< Laurent Villard deletions of chromosome 1 account for up to 67% of all
laurent.villard @univ-amu.fr rearrangements on this chromosome [2] and are causing one

of the most frequent subtelomeric microdeletion syndrome:
1p36 monosomy (MIM 607872) with a frequency of 1 in
Département de Génétique Médicale, Hopital d’Enfants de La 5000 [3]. No common breakpoints have been identified and
IT/E;S;TI’GA;?:EZ% Publique Hopitaux de Marseille, 13385 these terminal deletions have a highly variable size, ranging
' Inserm 1;901 PPGL 13009 Marscille. France from 1 to 12.9 Mb [4, 5]. Th(.a severity of the. phenotype is
’ ’ ’ ’ generally correlated to the size of the deletion and most

1 Aix Marseille Univ, INSERM, MMG, Marseille, France

*  INMED, PPGI, 13009 Marseille, France patients with 1p36 monosomy suffer from intellectual dis-
> Sheba Medical Center, Pediatric Neurology Unit, 52621 ability, growth, cardiac, and hearing defects, facial dys-
Tel Hashomer, Israel morphism, hypotonia, epilepsy, and microcephaly [6, 7].

% Sackler School of Medicine, Tel Aviv University, Tel Aviv, Israel The widespread usage of high-resolution array-based

Present address: Institut des Neurosciences de la Timone, comparative genomic hybridization (CGH) in clinical set-

Aix-Marseille Université and CNRS UMR7289, Marseille, France tings has revealed smaller interstitial deletions in 1p36

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-020-0659-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-020-0659-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-020-0659-z&domain=pdf
http://orcid.org/0000-0001-6657-5008
http://orcid.org/0000-0001-6657-5008
http://orcid.org/0000-0001-6657-5008
http://orcid.org/0000-0001-6657-5008
http://orcid.org/0000-0001-6657-5008
mailto:laurent.villard@univ-amu.fr
https://doi.org/10.1038/s41431-020-0659-z
https://doi.org/10.1038/s41431-020-0659-z

1704

B. El Waly et al.

[8-10]. The molecular characterization of these small rear-
rangements has allowed to correlate the clinical signs of the
patients with the gene content of the deleted segments.
Using this strategy, several candidate genes were proposed
such as KCNAB2 for epilepsy [11], SKT for cleft palate [12],
MMP23 for abnormal cranial suture closure [13] or GABRD
for the neuropsychiatric and neurodevelopmental pheno-
types [14]. However, there are discrepancies on some phe-
notype genotype correlations [9] and a possibility exists that
position effects could also cause part of the 1p36 phenotype
whereby genes located outside of the deleted segments will
cause some of the observed phenotypic characteristics [8].

Although nonallelic homologous recombination was
proposed as a mechanism for the 1p36 deletions [2, 15],
there are very few reported duplications of this region. Only
two cases of isolated duplications have been reported
[16, 17] in addition to duplications associated with more
complex rearrangements [18, 19]. Duplications are more
difficult to identify using classical cytogenetic techniques
and 1p36 duplications might cause a milder phenotype [16].
Given the small number of duplications identified in 1p36
and their heterogeneity, it is currently not possible to define
a syndrome and the only constant phenotypic traits in car-
riers are nonspecific features such as microcephaly, devel-
opmental delay, and growth retardation [19].

Here, we report one of the smallest 1p36 duplication
identified to date. This rearrangement occurred in a patient
presenting with intellectual deficiency, microcephaly, epi-
lepsy, and bilateral perisylvian polymicrogyria (PMG). The
same patient also presents a small 12p13.1 duplication.
PMG has frequently been described in patients with the
1p36 deletion syndrome [20, 21] but the gene responsible
for this phenotype has not been identified. Conversely, no
PMG has ever been described in patients carrying a rear-
rangement of the 12p13.1 region [20]. We thus focused our
analysis on the 1p36 region. We characterized the rearran-
gement in detail, performed in situ hybridization to describe
the developmental profile of expression of the two genes
contained in the duplicated region in 1p36 and we studied
the consequences of the inactivation of these two genes
in vivo using in utero electroporation. These experiments
allowed us to define the enolase 1 (ENOI) gene as the most
likely contributor to the brain malformation phenotype of
the studied patient and a candidate contributor to the mal-
formations of the cerebral cortex observed in patients with
1p36 monosomy.

Materials and methods
Our project obtained ethical approval from Comité de
Protection des Personnes Sud-Méditerranéde and signed

informed consent was obtained from study participants.
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Array CGH

Array CGH was performed using NimbleGen 3 x 720K
Whole Genome arrays (Roche Nimblegen, Madison, WI),
providing an average resolution of 2.5 kb. The microarrays
were hybridized and scanned on an Agilent scanner. Data
were then extracted using NimbleScan software v2.5 and
analysed with SignalMap v1.9 software. Regions showing
an abnormal dosage were compared with regions already
known to represent nonpathogenic copy number variations
(CNV) listed in the database of genomic variants (http://
dgv.tcag.ca/gb2/gbrowse/dgv2_hg38). CNVs that were
totally included in already reported regions in at least two
unrelated healthy individuals, using non-BAC arrays, were
considered probably benign and were not studied further.
The genomic variant was submitted to the Global Variome
shared LOVD and is accessible at the following URL:
https://databases.lovd.nl/shared/individuals/00285820.

Classical and quantitative PCR

Classical PCR was used to determine the orientation of the
duplicated segment using primers designed at each extre-
mity of the duplicated segments, in both orientations.
Expression analysis was performed using cDNAs prepared
with RNAs obtained from different human tissues (BD
Biosciences, Palo Alto, California, USA) or total RNA of
patient and healthy control individuals extracted from
lymphoblasts using TRIzol reagent (Invitrogen Corp.,
Carlsbad, CA, USA). Reverse transcription (RT) reactions
were performed using 5 pg total RNA. PCR reactions were
performed in 20 ul of Superscript II reaction buffer (Invi-
trogen, Carlsbad, California, USA) containing 0.01 M
dithiothreitol, 7.5 ng/ul of dN6, 20U of RNase inhibitor
(Invitrogen), 10 mM dNTP and 200 U of Superscript 1I
reverse transcriptase (Invitrogen) for 1h at 42°C. All
classical PCR reactions were performed using the T1 ther-
mocycler (Whatman-Biometra, Goettingen, Germany) in a
total volume of 50 pl, containing 1X PCR buffer, 0.2 mM
dNTPs, 1.5 mM MgCl2, and 1U Taq polymerase. Real-time
PCR reactions on genomic DNA or cDNA were performed
using the LightCycler 480 system (Roche, Indianapolis, IN,
USA) using the SYBR Green I Master Kit (Eurogentec,
Seraing, Belgium) with 2 ul of cDNA and 200 nM of each
PCR primer. Each reaction was performed in triplicate. All
primer sequences are detailed in Supplementary Table 1.

Fluorescent in situ hybridization

For FISH analysis, BAC (RP11-651L10 on 1p36.23) and
fosmid (G248P81726 on 12pl3.1). DNAs were labeled
with Spectrum Orange d-UTP using a nick translation kit
(Abbott Diagnostic, Rungis, France) according to the
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instructions of the manufacturers. Hybridization was per-
formed using the standard procedures [22]. Chromosomes
were counterstained with 4,6-diamino-2-phenylindole
(DAPI) and observed using an Axioplan-2 Zeiss fluorescent
microscope (Zeiss) and the images captured with a CCD
camera (Photometrics « SenSys »). Information was col-
lected and merged using IPLab Spectrum software (Vysis).

In situ hybridization

In situ hybridization was performed on embryonic and adult
mouse tissues using specific antisense riboprobes. Embryos
were fixed by immersion in 0.1 M phosphate-buffered saline
(PBS), pH7.4, containing 4% paraformaldehyde (2-8 h at 4 ©
C). Adult mice used for in situ hybridization were trans-
cardially perfused (chilled saline for 1 min followed by 0.1
M PBS containing 4% paraformaldehyde for 10 min), then
embryos or brains were collected and fixed by immersion in
0.1 M PBS, pH7.4, containing 4% paraformaldehyde (24 h
at 4°C). Tissues were cryoprotected overnight in PBS
containing 20% sucrose and embedded in Optimal Cutting
Temperature compound (VWR, Fontenay-sous-Bois,
France) before freezing. The blocks were then stored at —80
°C until use. Cryostat sections (12 mm) were collected on
Superfrost+ slides and stored at —80 °C until used. The
antisense and sense riboprobes used in this study correspond
to nucleotides 149,622,695-149,622,919 for Enol and
149,874,114-149,944,365 for Rere on mouse chromosome
4, and to nucleotides 135,023,416—135,023,736 for Ddx47
on mouse chromosome 6 (NCBI m37). In situ hybridization
was performed as previously described [23] with antisense
probes transcribed with T7 or SP6 polymerases, and the
digoxigenin-labeled probe was detected using an anti-
digoxigenin antibody coupled to alkaline phosphatase in the
presence of NBT/BCIP (Roche, Basel, Switzerland). Control
experiments were performed using corresponding sense
riboprobes on adjacent sections, giving either no signal or a
uniformly low background as expected.

In utero electroporation of small hairpin RNAs
(shRNAs)

shRNA sequences were designed using sequence of the
common regions of the 3'UTR and 5'UTR of rat and mouse
transcripts. They correspond to positions 1659_1680 and
1668_1688 of transcript ENSRNOTO00000024106 for
shEnol-1 and shEnol-2, respectively and positions 852_874
and 6227_6249 of transcript ENSRNOT00000024443 for
shRere-1 (5’'UTR) and shRere-2 (3'UTR), respectively. The
fragments were amplified using PCR and cloned into the
mU6pro vector [24]. Inserts were sequenced to confirm
the absence of the variant. In order to test the efficacy of the
shRNAs, rat 3T3 cells were transfected with each shRNA

and the levels of Enol or Rere expression were measured
using quantitative PCR, taking into consideration the per-
centage of transfected cells.

Electroporations were performed at E15.5 in WISTAR
rats (Janvier, Le Genet Saint Isle, France). Pregnant females
were anesthetized with a mixture of ketamine (100 mg/kg)
and Xylazine (10mg/kg) and the uterine horns were
exposed. 0.5-1 ul of DNA solution was injected into one
lateral ventricle of each embryo using pulled glass capillaries
and a microinjecter (Picospritzer II). The DNA solution
contained 0.5 mg/ml of a pCAG-RFP plasmid either alone or
with 1.5 mg/ml of shRNA, with fast green 2 mg/ml (Sigma).
Embryo heads across the uterine wall were placed between
tweezer-type electrodes (NEPA Gene). Five electric pulses
(50 V; 50 ms) were delivered at 950 ms intervals, using an
electroporator BTX ECM 830 (BTX Harvard Apparatus).
Uterine horns were placed back and the abdomen sutured.
Rat embryos were deeply anaesthetized with pentobarbital
(100 mg/kg) and transcardially perfused (with 4 % paraf-
ormaldehyde for 10 min). The brains were removed, post-
fixed for 5 h, and cut into coronal sections using a vibratome
(Leica). Sections were permeabilized (0.1 % Triton X-100
PBS), and labeled with 4,6-Diamino-2- phenolindole dihy-
drochloride (DAPI), in order to visualize the nuclei.

Cells dissociation and sorting

Brains were extracted 3 days after coelectroporation with
either shEnol, shRere, or shScramble and pCAG-GFP
plasmids. Subventricular zones and cortical plates were dis-
sected manually. Cells were dissociated using the MACs «
Adult Brain Dissociation Kit, mouse, and rat » (Miltenyi
Biotec, Paris, France). Cells were gated based on forward
scatter, side scatter, and trigger pulse width. Autofluorescent
cells were excluded based on their nonspecific signal in the
Amcyan channel. Cells were further gated as GFP+ (Green
Fluorescent Protein). Cells were sorted using FACS (Fluor-
escence-Activated Cell Sorting) into lysis buffer (10:1 mix of
Resuspension Buffer and Lysis Enhancer from Cells Direct
one-step qRT-PCR kit, Thermofisher, Massachusetts, USA).
After sorting, tubes were immediately frozen on dry ice, then
stored at —80 °C until processing for RT-qPCR. RT-qPCR
results were the means of 3 wells per condition per gene.

Results

Case report

The patient, a 35 years old woman, was born at 32 weeks
after uneventful delivery. From 8 months of age develop-
mental delay was noticed gradually becoming consistent with

bilateral opercular syndrome including severe motor

SPRINGER NATURE
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Fig. 1 Magnetic resonance imaging of the patient brain showing
bilateral perisylvian polymicrogyria (arrows). Representative
sagittal fast spoiled gradient echo (FSPGR) image (a), axial FSPGR
image (b) and coronal fast spin echo (FSE) T2 image (c) sections are

dysphasia, difficulties in chewing and swallowing, con-
tinuous drooling, accompanied by hemiparesis, micro-
cephaly, and progressive kyphoscoliosis. Although cognition
was not formally assessed, the patient showed severe
expressive speech dyspraxia and was studying in a special
school system. She was never independant in her daily skills
and had poor communication skills. She could write simple
words, could communicate with communication board using
more than 100 signs and was able to do calculation up to 10.
Seizures started at 3 years of age and included GTCs,
absences, and drop attacks. Repeated EEG’s showed bilateral
synchronous and independent slow spike wave discharges
leading to the diagnosis of symptomatic Lenox-Gastaut
syndrome. Seizures were and are resistant to all available
anti-epileptic drugs, ketogenic diet but show partial response
to vagal nerve stimulation. Currently the woman is wheel-
chair bound because of severe kyphoscoliosis, recurrent drop
attacks, and progressive spasticity. Recurrent aspirations
related to drooling and abnormal chewing and swallowing
led to G-tube insertion. No cognitive deterioration is noted.
MRI showed abnormal temporo-parietal gyration which is
consistent with bilateral polymicrogyria (Fig. 1).

Identification and characterization of the 1p36.23
and 12p13.1 duplications

We have studied the patients” DNA using high resolution
CGH on arrays providing a mean resolution of 2.5 kb. This
analysis detected 33 common copy number variants (CNV)
and 5 CNVs that had not previously been reported (Sup-
plementary Table 2). One CNV (loss 1g21.2) was located in
an intergenic regions. We focused on candidate protein-
coding genes directly impacted by the rearrangements.
The four remaining CNV (Supplementary Table 2)
contain transcription units. Using quantitative PCR on
genomic DNA of the patient and her mother (the paternal
DNA is not available), we showed maternal inheritance
for two of them (Supplementary Table 2) and they were

SPRINGER NATURE

shown. Notice asymmetry of location and extent of abnormal cortex
on both hemispheres and asymmetric ventricles possibly explaining
the patients’ hemiparesis in addition to her opercular symptoms
and signs.

not considered further. The last two correspond to
duplications that were not inherited from the mother: a
200 kb duplication in 1p36.23 and a 44 kb duplication
in 12p13.1, arrfGRCh38]1p36.23(8654490_8663239)_
(8864067_8868341)x3, 12p13.1(12789530_12797985)_
(12842155_12855828)x3 (Fig. 2a).

In order to identify the chromosomal location of the
duplicated fragments in the patient cells, we performed
fluorescent in situ hybridization (FISH) using bacterial
artificial chromosomes (BAC) and fosmid probes. This
analysis revealed that the two duplication events were
intrachromosomal and were located at the original locus
(Fig. 2b). Next, we designed a series of PCR primers in
order to amplify the junction fragments of the two dupli-
cation events and to determine the orientation of the
duplicated segments (Supplementary Table 1). We ampli-
fied also a part of the TBC1D24 gene like a positive control
for the quality of the DNA. This PCRs gave us a band
around 700 pb for the 1p36 duplication and a band around
1200 pb for the 12pl13.1 duplication. These bands were
sequenced and this strategy allowed us to precisely map the
duplications breakpoints (Fig. 3a) and to show that the
1p36.23 region was duplicated in mirror while the 12p13.1
region was duplicated in tandem. The 1p36.23 duplication
starts at nucleotide 8,663,118 and ends at nucleotide
8,863,991 of chromosome 1 (GRCh38 Hg38). A compar-
ison with previously published cases reveals that this region
is the smallest 1p36 rearrangement reported to date
(Fig. 3b). The 12pl13.1 duplication starts at nucleotide
12,797,698 and ends at nucleotide 12,843,060 on chromo-
some 12 (GRCh38 Hg38).

We next considered the gene content of the two dupli-
cated regions. The duplicated segments contain the RERE
and ENOI genes on chromosome 1 and the DDX47 gene on
chromosome 12. Based on the characterization of the
duplication breakpoints performed above, we observed that
the RERE and ENOI genes had been interrupted by the
chromosome 1 duplication while the DDX47 gene was
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entirely contained within the duplication on chromosome
12. We used a panel of mRNAs prepared from various
human tissues to detect ENOI, RERE, or DDX47 tran-
scripts. Because several alternative transcripts exist for the
three genes, we designed PCR primers allowing the
amplification of all isoforms (Supplementary Table 1). We
found that the three genes have a ubiquitous expression
(Supplementary Figure S1A). Given that the three tran-
scripts were detected in lymphocytes, we used quantitative
PCR to quantify the expression levels of the three tran-
scripts using mRNA prepared from lymphoblasts of the
patient (Supplementary Table 1). This analysis revealed that

G248P81726

the ENOI gene was under-expressed (54% of wild type
level) in the cells of the patient while DDX47 was over-
expressed (216% of wild type level) (Figure S1B). We were
not able to quantify the expression level of RERE because
we observed that the expression of this gene is highly
variable in control cell lines (data not shown).

Expression of ENO1 and RERE in mouse
development

In order to document the spatio-temporal expression of the
three genes, we used in situ hybridization in mouse embryos

SPRINGER NATURE
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and in the adult mouse brain (Fig. 4I). During the devel-
opment, Enol is expressed at embryonic stage E14.5 in the
inner (ventricular) side of the neopallial cortex (Fig. 4L.b).

SPRINGER NATURE

The expression of this gene subsequently decreases after
E14.5. In the adult brain, we detected a strong expression of
Enol in the cornus ammoni (CA) regions CA2 and CA3 of
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Fig. 3 Structure of the duplicated segments and comparison with
published cases. a Determination of the orientation of the duplicated
segments. The three possible configurations are shown: in tandem (1),
in mirror at the distal side (2) or in mirror at the proximal side (3).
Arrows indicate orientation of PCR primers. Positive PCR amplifica-
tions reveal that the 1p36 duplication occurred in mirror while it
occurred in tandem in 12p13.1. The positive control corresponds to the
amplification of a portion of the TBC1D24 gene on chromosome 16,
to check for proper PCR conditions. b Location of the 1p36 duplicated
region in the reported patient with respect to previously reported and
precisely characterized 1p36 deletion cases with PMG. Deleted regions
are represented as black lines, gray lines identify uncertainly delimited
deletions. The gray box denotes the previously published minimal
critical regions for PGM, located between 1 and 4.8 Mb on
chromosome 1.

the hippocampus and a moderate expression in the cerebral
cortex (Fig. 41.d). The Rere mRNA was detected at E14.5 in
the central nervous system, with a strong expression in the
neopallial cortex and the midbrain (Fig. 41.b). The expres-
sion in the neopallial cortex appears to be higher in the outer
(pial) side than the inner (ventricular) side. The transcripts
of Rere are detected to a lesser extent at later embryonic
stages (E17.5) (Fig. 41.c).

The Ddx47 transcripts were difficult to detect in the
different development stages. We observed a faint mRNA
expression in the urogenital region at E12.5 (Fig. 41.a). No
signal was observed in the central nervous system, neither at
any embryonic stages nor in the adult CNS.

Neuronal migration evaluation

In order to observe the consequences for brain development
of a downregulation the two genes located in 1p36, we used
in utero electroporations in rat embryos. We first designed
several small hairpin (sh) RNAs targeting the two genes
(shEnol-1 and shEnol-2, shRere-1, and shRere-2). These
shRNAs were designed to target the 3’ and/or 5’ untrans-
lated region (UTR) of the rat Enol and Rere transcripts
because subsequent experiments were performed in that
species. In order to test the efficacy of the shRNAs, rat 3T3
cells were transfected with each shRNA and the levels of
Enol or Rere expression downregulation were measured
using quantitative PCR, taking into consideration the per-
centage of transfected cells. We selected the most efficient
shRNAs for each gene: 69.2 and 45% reduction of Enol
expression compared with wild type levels for shEnol-1
and shEnol-2 respectively, 4,8% and 49,7% reduction of
Rere expression compared with wild type levels for shRere-
1 and shRere-2, respectively.

Next, we performed in utero electroporations with either
the shEnol-1 shRNA or shRere-2 and a red fluorescent
protein (RFP) plasmid or the RFP plasmid alone. Embryos
were electroporated at E15.5. Embryos were analysed at

E20, 5 days post-electroporation. In embryos electroporated
with the RFP plasmid alone, with the scramble shRNA or
with shRere, 98.3% (SEM = 0.24%; n =3 brains), 97.9%
(SEM =0.1%; n="7 brains) and 97.7% (SEM = 0.31%;
n =15 brains) of electroporated neurons reached the cortical
plate, respectively (Fig. 41L.a, 4ILb, 4II.c). On the contrary,
in embryos electroporated simultaneously with shEnol-1
and the RFP plasmid, only 8% of electroporated neurons
(SEM = 1.18%; n = 3 brains) reached the cortical plate and
a large number of RFP positive neurons were still visible in
the intermediate zone (IZ) at E20 (Fig. 411.d). A summary of
the results of these experiments is presented in Fig. 4lIl.e.

In order to test the efficacy of the shEnol-I and the
shRere-2 in vivo, we performed in utero electroporation in
Wistar rat embryos using either the shEnol-1 or shRere-2
and a Green Fluorescent Protein (GFP) plasmid (pCAG-
GFP) or the GFP plasmid alone. Embryos were electro-
porated at E15.5. In order to see the effect of each shRNA
on gene expression during the cell migration, brains were
extract at E18, 3 days post-electroporation. Cells were
dissociated from 2 shScramble (control), 10 shEnol, and 11
ShRere dissected brains. After dissociation, we FACS sor-
ted cells based on the GFP+ fluorescence compared with
GFP negative control cells. After the FACs sorting, we
tested the expression of Enol and Rere by RT-qPCR
(Supplementary Table 1). The expression of the Enol gene
was reduced by 41% after the electroporation of the shEnol
however the expression of the Rere gene was reduced by
56% after the electroporation of the shRere (Supplementary
Figure S2). In conclusion, the downregulation of the Rere
gene expression by 56% in the electroporated neuroblasts
does not perturb their migration to the cortical plate, how-
ever, the downegulation of the Enol gene expression by
41% in the electroprated neuroblasts disturbs their migra-
tion to the cortical plate and blocks 92% of them in the IZ.

Discussion

The search for chromosomal rearrangements in patients
presenting a malformation of the cerebral cortex is a pow-
erful approach to identify new candidate genes. We used
this strategy to study a patient presenting bilateral poly-
microgyria. PMG is a malformation of the cerebral cortex
characterized by a loss of the normal microscopic and
macroscopic architecture with the appearance of numerous
small and unfolded gyri and disorganization of cortical
layering [20]. PMG can be caused by genetic variants. It is
genetically heterogeneous and variants in several genes
were reported to be the cause of the malformation [25].
We then identified two duplications in our patient.
Despite that duplication could change the structure of the
genome, the topologically associated domains organisation

SPRINGER NATURE
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and therefore the gene expression [26], we focused on  chromosomal region and contains a single gene called
protein-coding genes directly impacted by the rearrange-  DDX47, entirely duplicated. This gene encodes a poorly
ments. The first duplication concerns the 12pl3.1 described DEAD box protein member having a putative role
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Fig. 4 In situ hybridization and in utero electroporation.
I. Expression of Enol, Rere, and Ddx47 in mouse development using
in situ hybridization. a—c Sagittal sections of mouse embryo at E12.5
(a), E14.5 (b), and E17.5 (c). d Sagittal and transverse sections of adult
brains. Enol was strongly expressed in the inner ventricular side of the
neopallial cortex at E14.5 (b-I), in the CA2 and CA3 fields of hip-
pocampus and in the cerebral cortex in the adult brain (d-1I and d-III,
respectively). Rere expression was detected in central nervous system
and strongly in the neopallial cortex (outer side) (b-II) and the mid-
brain (b-III) at E14.5. At E17.5, Rere expression was also detected in
the neopallial cortex but at a lower level (c-I). A faint expression of
Ddx47 transcript was detected in the urogenital region at E12.5 (a-I).
II. Coronal sections of rat brain at E20, five days after electroporation.
The presence of RFP alone (a), of a scramble shRNA (b), or shRere-2
(c) does not disturb neuronal migration. The presence of shEnol-
1 severely impairs neuronal migration (d). Cells were counted in the
different regions of the developing brain: intermediate (IZ) or ven-
tricular (VZ) zones, or the cortical plate (CP) and plotted for com-
parison (E). Results are reported as mean + standard error of the mean
(SEM), and Student ¢ test was used to test statistical significance,
p value =0.0008 for the significative difference in IZ and VZ and
p value = 0.0009 for the significative difference in CP. A p value <
0.001 was considered to be statistically significant. **p <0.001.

as an RNA helicase [27]. We found that DDX47 is over-
expressed in the lymphoblasts of the patient, as expected
following the duplication of the entire transcription unit.
However, expression analysis in mouse embryonic devel-
opment shows that the DDX47 transcript is mainly detected
in the urogenital system. The absence of similar cases in
genomic variant databases, the absence of linkage to 12p13
of a disease associated with a malformation of the cerebral
cortex, combined to the expression pattern of DDX47, did
not supported an obvious role for this transcript in cortical
development and we did not studied this gene further. The
second duplication concerns the 1p36.23. This small 200 kb
duplication contained two interesting genes, ENOI and
RERE. Sequencing revealed the presence of two similar
regions surrounding the duplication which could be the
cause of duplication following homologous recombination.
The first region is located between the base pairs 8663091
and 8663103 (CTATTTGGGCGGG) of the RERE gene and
the second region is located between the base pairs 8863979
and 8863991 (CTCTTTGGGTTGG) of the ENOI gene.
We showed that ENOI expression was reduced by 50%
in the patient cells mimicking the haploinsufficiency caused
by a monosomy. Expression analysis in mouse development
revealed a strong expression of both transcripts in the
central nervous system. Interestingly, 1p36 monosomy has
been associated with bilateral polymicrogyria [20, 21].
Although 1p36 deletions are common, early descriptions
did not provide cerebral imaging results [5, 28-30]. More
recently however, correlations between 1p36 rearrange-
ments and polymicrogyria were reported. In a large study of
64 patients presenting a deletion of 1p36 [20], 20% of the
cases had polymicrogyria. Combined with three additional
reports [3, 21, 31], these studies allowed to define a putative

minimal critical region of 3.8 Mb in 1p36 for poly-
microgyria localized between 1 Mb and 4.8 Mb from the 1p
telomere (see Fig. 3b). The 1p36 rearrangement described
here is the smallest identified to date in association with
polymicrogyria. Although it lies outside of the minimal
critical region defined previously [20], it contains the RERE
gene, proposed to be a candidate gene for polymicrogyria
[21]. RERE encodes a member of the arginine/glutamic acid
repeat-containing protein family. This protein was shown to
be a nuclear receptor coregulator interacting with NR2F2
and NR2E] [32, 33] and to interact with histone deacety-
lases in the mouse embryo [31, 34], but its function is not
completely elucidated [34]. Different mouse models with
null or hypomorphic RERE alleles have been produced [35-
37]. These models revealed that a deficiency of RERE leads
to a wide range of developmental defects including the
brain, heart, and kidney. One of these was described with
abnormal cerebellum development [37] but without neuro-
nal migration defects in the cerebral cortex. Moreover, in
human, a new genetic syndrome was recently described in
RERE variant cases [38, 39]. It is characterized by neuro-
developmental disorder that may be accompanied by brain,
eye, and/or heart anomalies, but none of the 19 individuals
reported in the Jordan et al. and Fregeau et al. studies had
any kind of polymicrogyria.

We were not able to assess the expression level of RERE
in the cells of our patient because of the large variability of
RERE expression in normal human lymphoblasts. However,
taking into account the absence of neuronal migration defect
in mouse models or in human RERE syndrome, as well as in
our own in utero electroporation experiments, we do not
favor a role of RERE variants in the polymicrogyria phe-
notype observed in the duplicated patient. The absence of a
neuroblasts migration defect in heterozygous Rere™’~ mice
is comparable to our results obtained with the shRere
decreasing Rere expression by 50.3%. Nonetheless, RERE
deficient embryos that carry both a null or a hypomorphic
allele of Rere have been described to have Purkinje cell
migration defects [35, 37].

Rather, our results indicate that ENO! encoding a-eno-
lase, is a good candidate to contribute to that phenotype.
Enolase is a glycolytic enzyme involved in production of
ATP. The functional enzymes are dimers composed of
subunits encoded by separate genes designated ENOI,
ENO2, and ENO3 for a, y, and f subunits, respectively.
Type aa-enolase is the predominant form and is found in
wide range of tissues. In the developing brain, o dimers
switch toward y-enolase subunits expression while neurons
undergo terminal differentiation [40].

The ENOI transcript levels were reduced by 50% in the
cells of the patient with the 1p36 duplication, mimicking
monosomy. It is worth noting that 8 heterozygous loss of
function variants (excluding the splice variants that can
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sometimes preserve a reading frame) are found in the 120,292
alleles of the control population in the Genome Agreggation
Database (gnomAD). This may suggest that ENOI dys-
function could contribute to a neuronal migration defect in
combination with other factors, rather than acting as a clas-
sical monogenic disease causing gene. Should this be true,
ENOI haploinsufficiency would contribute to an oligogenic
phenotype. Also, it is possible that the minimal critical region
defined in 2008 by Dobyns et al. [20] contains regulatory
elements acting on ENO! and/or other distant transcripts.

The analysis of its expression in mouse development
revealed a strong expression in the cerebral cortex during
embryogenesis compatible with a role during brain devel-
opment. Most interestingly, in utero electroporation of
interfering Enol shRNAs revealed that the migration of
electroporated neurons is severely impaired during the early
phases of cerebral cortex development. According to the
previously mentioned oligogenic hypothesis, an interaction
between Enol and Rere could participate in polymicrogyria,
even though the downregulation of Enol alone prevents
92% of neuroblasts from reaching the cortical plate and
causes a severe abnormal migration phenotype. Taken
together, these elements strongly suggest that ENOI must
be considered as a contributor gene to the phenotype of
malformation of the cerebral cortex in the 1p36 region and
that it could be screened for variants in patients with
polymicrogyria of unknown origin.
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