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Purpose: Interneuronopathies are a group of neurodevelopmental disorders characterized by
deficient migration and differentiation of gamma-aminobutyric acidergic interneurons resulting
in a broad clinical spectrum, including autism spectrum disorders, early-onset epileptic
encephalopathy, intellectual disability, and schizophrenic disorders. SP9 is a transcription
factor belonging to the Kriippel-like factor and specificity protein family, the members of
which harbor highly conserved DNA-binding domains. SP9 plays a central role in
interneuron development and tangential migration, but it has not yet been implicated in a
human neurodevelopmental disorder.

Methods: Cases with SP9 variants were collected through international data-sharing networks.
To address the specific impact of SP9 variants, in silico and in vitro assays were carried out.
Results: De novo heterozygous variants in SP9 cause a novel form of interneuronopathy. SP9
missense variants affecting the glutamate 378 amino acid result in severe epileptic encepha-
lopathy because of hypomorphic and neomorphic DNA-binding effects, whereas SP9 loss-of-
function variants result in a milder phenotype with epilepsy, developmental delay, and autism
spectrum disorder.

Conclusion: De novo heterozygous SP9 variants are responsible for a neurodevelopmental
disease. Interestingly, variants located in conserved DNA-binding domains of KLF/SP family
transcription factors may lead to neomorphic DNA-binding functions resulting in a
combination of loss- and gain-of-function effects.
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Introduction with specific residues binding preferentially to target se-

Central nervous system development is a highly complex
process that spans from the fifth embryonic week to adult-
hood and takes place schematically in 2 phases. The first
phase, referred to as anatomical construction, is associated
with a high proliferative activity allowing the production of
different neural cell populations from the germinative zones.
Gamma-aminobutyric acidergic (GABAergic) interneurons
are essential for establishing local circuits among the
generated neuronal cell populations. GABAergic in-
terneurons are divided into subgroups corresponding to
functional differences according to their morphology, syn-
aptic connections, and the expression of specific markers. In
humans, GABAergic interneurons originate from progenitor
cells located in the ventricular and subventricular zones of
the basal telencephalon, including the median, lateral, and
caudal ganglionic eminences (GEs), as well as the preoptic
and preoptico-hypothalamic areas. The specification of
GABAergic interneurons originating from GEs is linked to
the expression of a set of regulatory genes encoding various
transcription factors."” Then, interneurons migrate tangen-
tially to reach their final destination and gradually acquire
their characteristic morphology and molecular, biochemical,
and synaptic properties. The emergence of morphological
and functional diversity of interneurons is linked to the
spatial and temporal specification of progenitor cells
through additional specific transcription programs, either
intrinsically encoded or activated by interactions with the
local microenvironment. Any abnormality altering one or
more of these steps may affect brain development or func-
tion, leading to interneuronopathies. This term was first
coined in 2005 by Kato et al’ in relation to X-linked lis-
sencephaly with abnormal genitalia caused by mutations in
ARX. Interneuronopathies have now been associated with
many other neurodevelopmental disorders (NDDs) in
humans, including lissencephalies, early-onset epileptic
encephalopathies, autism spectrum disorder (ASD), and
schizophrenic disorders,” with a considerable increase in
identified causative genes because of advances in DNA
sequencing techniques.

Members of the KLF/SP gene family, including SP9, play
key roles in various biological processes, including stem cell
maintenance, cell proliferation, embryonic development,
tissue differentiation, and metabolism.” Their dysregulation
has been implicated in several human disorders, particularly
in cancers.” Proteins of the KLF/SP family are characterized
by a highly conserved triple-C2H2 DNA-binding domain
(DBD) located in the C terminus and comprising 3 tandem
zinc fingers (ZFs) with conserved linker regions in between.
Each C2H2-ZF domain interacts with 3 or more DNA bases,

quences.("8

SP9 has not yet been implicated in a specific human
disease, but in mouse models, this transcription factor is
critical for the proliferation, differentiation, and survival of
striatopallidal projection neurons. Analyses of these models
have also revealed a central transcriptional role of sp9 in
medial GE (MGE)—derived cortical interneuron develop-
ment. They have demonstrated that its dysregulation alters
the expression of other key transcription factors involved in
interneuron migration, including Arx, Lhx6, Lhx8, Nkx2-1,
and Zeb2.”

Our study provides in silico and in vitro evidence that de
novo heterozygous variants in SP9 cause a novel form of
interneuronopathy with variable severity depending on the
presence of loss- or gain-of-function variants.

Materials and Methods
Individuals and data sharing

Clinical information, laboratory findings, imaging, neuro-
pathological data, and genetic testing for the 5 individuals
reported here were collected and evaluated as part of stan-
dard clinical care. Genetic results were matched through
Genematcher'” and shared upon written informed consent
obtained from all individuals or their parents.

The SP9 variants described here were all identified using
trio exome sequencing (ES) (details in Supplemental Data)
and were deposited in ClinVar (accession numbers
SCV001950995 - SCV001950998).'" The ethics committee
approved the study at Angers University Hospital (number
2021-148).

Autopsy procedures and neuropathological studies
of individual 1

The fetal autopsy was performed following a standardized
protocol'” after obtaining the informed consent of both
parents. Fetal biometric parameters were assessed according
to Guihard-Costa et al.'” Brain growth and macroscopic
assessment of brain maturation, including gyration, were
evaluated according to the criteria of Guihard-Costa et al'”
and using the atlas published by Feess-Higgins and
Larroche.'

After fixation of the brain into a 10% formalin buffer
solution for 2 months, several sections were obtained from
all cortical areas, as well as from basal ganglia. Seven-
micrometer sections obtained from paraffin-embedded
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tissues were stained using hematoxylin-eosin. Immunohis-
tochemical studies were carried out according to standard-
ized protocols using antibodies listed in Supplemental
Table 1. All immunolabelings were compared with a male
control fetus aged 36 weeks of gestation (WG), whose brain
was macroscopically and microscopically free of lesions.

Studies on cell lines

Plasmid construction

All SP9 mutants were generated using standard procedures
from the Myc-DDK-tagged-Human SP9 plasmid (Origene,
RC227808) using the CloneAmp HiFi PCR premix (Takara
Bio, catalog no. 639298), Cloning Enhancer (Takara Bio,
catalog no. 639615), and In-Fusion HD Cloning Plus Kits
(Takara Bio, catalog no. 638910) according to the manu-
facturer’s instructions and wusing primers listed in
Supplemental Table 2. To assess SP9 subcellular localiza-
tion, SP9 wild type (WT) and mutants were cloned in fusion
with eGFP at the EcoR1 and Apal restriction sites of the
pEGFP-N1 vector (Addgene, #6085-1). In parallel, SP9 WT
and mutants were generated without Myc or GFP using new
primers (Supplemental Table 2). All generated plasmids
were verified by enzyme digestion and Sanger sequencing.

Live-cell confocal imaging

T98G human glioblastoma cells were seeded at a density of
20,000 cells/well in 4 well glass bottom p-slides (80427,
Ibidi). Twenty-four hours later, they were transfected with 1
pg of plasmid (SP9 WT and mutants in fusion with eGFP)
and 2 pL of lipofectamine 3000 (ThermoFisher, L3000008).
All images were captured 24 hours after transfection using a
Leica TCS SP8 confocal microscope with a 40X/1.20 water
objective lens (Leica Microsystems) equipped with a GaAsP
Hybrid detector (HyD), at 37 °C.

Luciferase assays

DNA fragments corresponding to ultra-conserved (uc)
genomic elements and putative enhancer regions of the Arx
gene (sequences are provided in  Supplemental
Information of the 5 Individuals; Supplemental Figure 5)
were amplified by polymerase chain reaction from mouse
genomic DNA (primers in Supplemental Table 2) and
subsequently cloned into the pGL4.23 firefly luciferase
vector (Promega, E8411) using the In-Fusion cloning
strategy (Clontech).

N2a cells were transfected using lipofectamine 2000, 24
hours after plating 120,000 cells/well in 24-well plates
(Starlab) with 500 ng of putative Arx regulatory regions
cloned into the luciferase reporter plasmid pGL4.23 and 200
ng of Sp9-expressing vector (EGFP-Sp9) or the vector alone
(pEGFP-N1, Addgene, #6085-1). In addition, to account for
variations in transfection efficiency and cell number, cells
were also co-transfected with 100 ng of pGL4.74 vector
expressing the Renilla luciferase driven by the HSV thymi-
dine kinase promoter (Promega, E6921). Forty-eight hours

after transfection, cell lysis and firefly and Renilla luciferase
activity measurements were performed on a Varioskan LUX
multimode microplate reader (Thermo Scientific) using the
Dual-Luciferase Reporter Assay System (Promega, E1910)
according to the manufacturer’s instructions. Transfections
were performed in triplicate. The firefly luciferase activity
was normalized according to the corresponding Renilla
luciferase activity to correct transfection efficiency, and
luciferase activity was reported as a mean relative to the re-
sults obtained with the EGFP-N1 expression vector alone.
Each transfection was performed in triplicate and the exper-
iment was conducted at least 3 times. Significant differences
were assessed by one-way analysis of variance with Dunnett’s
post hoc statistical test using Prism software from GraphPad.

Bioinformatics analyses

All figures were generated using R (code available upon
request). Variations in SP9 transcript levels in the human
brain among different developmental stages and anatomical
regions were investigated using RNA sequencing (RNA-
seq) and RNA microarray data from the Brain-Span Atlas of
the Developing Human Brain.'” This data set covers 16
brain regions, including 11 neocortical areas, and spans
developmental periods from the 8th postconceptional week
to the 40th postnatal year. Gene-level RPKM expression
values were transformed to log2 (RPKM+1) values. To
explore the temporal expression pattern of SP9 in the cortex,
samples from the same developmental time point were
grouped together, and expression values across these sam-
ples were averaged as previously described.'® The table with
all the missense variants in SP9 was exported from the
gnomAD database (v2.1.1)'7 in a CSV file to compare the
location of individuals’ missense variants with control
missense variants. The location of the domains was defined
using data from Uniprot, and P values were obtained with a
X2 test comparing proportions using MedCalc Software
online. Evolutionary conservation of the SP9 domain se-
quences was determined with Clustal Omega using fasta
sequences retrieved from the Uniprot database. The pres-
ence of variants in the SP9 coding sequence in the healthy
human population was searched for using the gnomAD
database (v2.1.1). The effects of missense variants on pro-
tein structure and function were predicted using diverse in
silico pathogenicity scores.'

Results

Germline SP9 de novo variants are responsible for
neurodevelopmental disorders

Individual 1 is a male fetus. His mother, a 29-year-old para
1, gravida 0 woman with no significant medical history, was
referred to our prenatal diagnosis center at 32 WG after fetal
brain ultrasonography (US), which revealed 2 cysts within
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the choroid plexuses and moderate ventricular dilatation
(Figure 1A and B). Magnetic resonance imaging (MRI),
performed at 33 WG, confirmed moderate ventricular dila-
tation (12 mm) and 2 periventricular cystic lesions close to
the frontal horns of the lateral ventricles, along with
hyperintense and hypointense signals at periventricular
areas on T1- and T2-weighted images, respectively. A
second MRI performed at 34 WG showed bilateral and
symmetric hypointensities in the GEs and caudate nuclei on
T2-weighted images, which were isointense on T1-weighted
images and showed a restricted apparent diffusion coeffi-
cient on diffusion tensor imaging (Figure IC-F). More
clinical details are given in the Supplemental Information of
the 5 Individuals. Given the severity of brain abnormalities,
the parents opted for a medical termination of pregnancy at
35 WG in accordance with French law.

Chromosomal microarray and viral analyses performed on
amniocytes were normal, as well as the dosage of interferon
alfa in the fetal blood, excluding interferonopathy. Subse-
quent trio ES allowed the identification of a heterozygous
de novo variant in SP9 (NC_000002.12:g.174337218A>C
NM_001145250.2:c.1133A>C p.(Glu378Ala)), with no
other variant in known disease-causing genes. SP9 has
one protein-coding transcript, ENST00000394967.3
NM_001145250.2 (MANE Select transcript) (Uniprot
POCG40), expressed in different areas of the human brain
with its highest expression levels in the basal ganglia
(Supplemental Figure 1). The variant identified was absent
from the gnomAD database and was predicted to be disease-
causing by 11 in silico algorithms. Furthermore, SP9 is pre-
dicted to be intolerant to missense or protein-truncating var-
iants with a pLi at 0.94 and a positive z-score (2.26). Hence,
we concluded that the SP9 variant identified in individual 1
was a disease-causing variant.

Through Genematcher,'® we identified 4 additional in-
dividuals from 4 unrelated families harboring de novo het-
erozygous variants in SP9. Individuals 2, 3, 4, and 5 ranged
in age from 6 months to 6 years (median: 3.5 years), and all
had an NDD of variable severity. Their clinical features are
summarized in Table | and in Supplemental Information of
the 5 Individuals.

A first clinical phenotype consisting of moderate intel-
lectual disability (ID) associated with an ASD with or
without epilepsy was present in individuals 2 and 5 who
carried frameshift SP9 variants, p.(His406Thrfs*2) and
p-(Arg403GlInfs*15), respectively. A second, more severe
clinical phenotype consisting of epileptic encephalopathy
was present in individuals 3 and 4, who both carried a
missense variant p.(Glu378Gly) involving the same gluta-
mate residue in position 378 as individual 1.

SP9 is expressed in regions crucial for the
development of cortical interneurons

To better understand the role of SP9 in the brain, we per-
formed bioinformatics analyses using available RNA-seq

data from the developing human brain.'”'” By examining

SP9 expression at several developmental time points, we
found that SP9 expression was the highest before post-
conceptional week 24 (Figure 2A), followed by a decreased
expression in the cortex. This suggests that SP9 is more
critical during the first half of gestation. We next examined
single-cell transcriptomic data from the developing human
brain.”’ They revealed that SP9 is expressed in the devel-
oping interneurons of the caudal GE and MGE (Figure 2B).
Finally, by studying the spatiotemporal expression of SP9,
we observed that this gene is first expressed in the GEs, then
in the amygdala and striatum, and finally in the cortical
plate, thus following the pattern of tangential migration of
GABAergic interneurons (Figure 20).2"

Neuropathological assessment of the fetal brain of
individual 1 shows a significant depletion of MGE-
GABAergic-derived interneurons

The frontal lobes appeared slightly hypoplastic on macro-
scopic examination, and the sylvian fissure was prematurely
closed (Figure 3A), but no other gyral abnormalities were
observed. On coronal sections, the most intriguing feature
was the presence of several ‘“heterotopic” nodules
(Figure 3B) arising from voluminous GEs surrounding hy-
poplastic basal ganglia (Figure 3D) compared with the
control (Figure 3C) and protruding into the ventricular
cavities (Figure 3F) corresponding to the thickening of the
ventricular wall observed on MRI (see Figure 1). Histo-
logical analysis displayed a 6-layered cortical plate. Still,
layer IV appeared abnormally thick because of severe
interneuron depletion in layer III, which contained almost
exclusively pyramidal neurons (Figure 3G and H). Also, the
ventricular and subventricular zones of the dorsal telen-
cephalon, which normally disappear from 24 WG, abnor-
mally persisted in individual 1 (Figure 3E).

A neuropathological assessment of the fetal brain of in-
dividual 1 revealed a defect in GABAergic interneuron
production (Supplemental Figures 2, 3, and 4). Indeed,
immunohistochemical studies using markers of GABAergic
neurons (ARX, somatostatin, and calretinin) revealed a
defect in the production of these neurons in the cerebral
cortex of individual 1 (Supplemental Figure 2). Similarly, a
severe depletion in ARX-, somatostatin-, calbindin-, and
parvalbumin-positive interneurons was identified in the
putamen and pallidum of individual 1 (Supplemental
Figure 3). Taken together, these results argue for a major
depletion of the 3 major subclasses of MGE-derived
interneurons.

PTVs causing a SP9 loss-of-function result in a
clinical phenotype including ID, epilepsy, and ASD

The  frameshift  variants  p.(His406Thrfs*2)  and
p-(Argd03GlInfs*15) are predicted in silico to be disease-
causing because SP9 is intolerant to loss-of-function
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Figure 1 Fetal brain imaging of individual 1 showing abnormalities in the ganglionic eminences and caudate nuclei. A and B.
Ultrasound images obtained at 32 weeks of gestation (WG) show 2 cysts in the choroid plexuses (white arrows) and ventricular dilatation
(white star). C-E. Magnetic resonance images obtained at 34 WG confirm the ventricular dilatation (12 mm) and the bilateral periventricular
cystic lesions close to lateral ventricles and show symmetric hypointensities (white arrows) in the ganglionic eminences and caudate nuclei on
T2-weighted images (D and E), which are isointense on T1-weighted images (C). F. Diffusion tensor imaging showing a restricted apparent

diffusion coefficient.




Table 1

Clinical features of individuals with missense and truncating variants in SP9

Individual 1

Individual 2

Individual 3

Individual 4

Individual 5

Variant in SP9
(NM_001145250.1)

Exon (/2)
Variant ACMG classification

Mode of inheritance
Gender
Age at last investigation

Gestational wk

NC_000002.12:9.174337218A>C NC_000002.12:9.174337301del

NM_001145250.2:c.1133A>C
p.(Glu378Ala)
2
Likely pathogenic (class 4)

PM2_supporting (absent from

controls),
PM6 (de novo, with a

phenotype compatible with

the gene but not highly

specific) PM1 (located in a
mutational hotspot without

benign variations), PS3

(in vitro functional studies

supportive of a damaging
effect

on the gene or geneproduct)

De novo
M
TOP at 36 WG

36

Birth weight in g (percentile) 2969.6 (97th percentile)

Birth length in cm (SD)

Birth head circumference in
cm (percentile)

Growth failure

Overgrowth

Weight at age last
investigation (kg/
percentile)

Height at age last
investigation (cm/SD)

Head circumference at age

last investigation (cm/SD)

Developmental delay or ID
Age of walking (mo)

Age of first words

Speech abilities
Hypotonia

Hypertonia

Seizures, age of first, type

49 (2 SD)
31.5 (—1,75 SD)

No

Yes

2.969 (97th percentile)
49 (+2 SD)
31.5 (—1.75 SD)
NA

NA

NA

NA

NA

NA

NA

NM_001145250.2:c.1216del
p.(His406ThrfsTer2)
2

Likely pathogenic (class 4)

PM2_supporting (absent from controls),
PM6 (de novo, with a phenotype
compatible with the gene but not

highly

specific) PM1 (located in a mutational

hotspot without benign variations), PS3
(in vitro functional studies supportive of
a damaging effect on the gene or gene

product)

De novo
M
Almost 6 y

40+6

3430 (50th percentile)
NA

NA

No

No

18 kg (10th percentile)
112 (1.4 SD)

48 (—2.2 SD)

Yes

24
25y

Sentences of 3-5 words at 6 y

Axial hypotonia

No

Yes, 7 mo infantile spasms that
disappeared spontaneously and at
4 yr, tonic-clonic seizures and

absences

NC_000002.12:9.174337218A>G

NM_001145250.2:c.1133A>G
p.(Glu378Gly)
2
Likely pathogenic (class 4)

PM2_supporting (absent from

controls),
PM6 (de novo, with a

phenotype compatible with

the gene but not highly
specific) PM1
(located in a mutational
hotspot without benign
variations), PS3 (in vitro
functional
studies supportive of a
damaging effect on the
gene or gene product)

De novo

F

6 mo (age of death,
cardiorespiratory arrest)

38

3280 (50th percentile)

51 (75th percentile)

34 (50th percentile)

No
No
7.3 (50th percentile)

67(+1 SD)
41 (—2 SD)
Yes
NA

NA
NA

Global hypotonia of trunk and

limbs

Progressive pyramidal signs and

dyskinesia

NC_000002.12:9.174337218A>G

NM_001145250.2:¢.1133A>G
p.(Glu378Gly)
2
Likely pathogenic (class 4)

PM2_supporting (absent from controls),
PM6 (de novo, with a phenotype
compatible with the gene but not

highly

specific) PM1 (located in a mutational
hotspot without benign variations),

PS3 (in

vitro functional studies supportive of a
damaging effect on the gene or gene

product)
De novo
F
16 mo
41
3410 (50th percentile)
52 (—0.0.9 SD)

33 (25th-50th percentile)

No
No
11.6 (50th percentile)

80 (+0.12 SD)
43.5 (—3.41 SD)
Yes

Not yet

No words

Not yet

Severe global hypotonia

No

NC_000002.12:9.174337277_174337292dup

NM_001145250.2:¢.1192_1207dup
p.(Arg403GlnfsTer15)

2

Likely pathogenic (class 4)

PM2_supporting (absent from controls), PM6
(de novo, with a phenotype compatible with
the gene
but not highly specific) PM1 (located in a
mutational hotspot without benign
variations), PS3
(in vitro functional studies supportive of a
damaging effect on the gene or gene product)

De novo
M
5y 8 mo
38
3110 (50th percentile)
49
38.5 at age 2 mo
No
No
17.9 (25th percentile)
110.5 (-1 SD)
49.3 (=2 SD)
Yes
15

No comprehensible words
Sounds, but can sing melodies
No

Hyperreflexia of the lower limbs

Yes, 25 d of age, focal migrating Yes, first day of life, up to 40 seizures per No

seizures with

onset of focal seizures (apnea,
clonic and/or tonic seizures,

facial flushing)

day with multifocal onset during first
months, generalized-onset seizures,
multifocal-onset clonic seizures,
infantile spasms, therapy-refractory

(continued)
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Table 1 Continued

Individual 1

Individual 2

Individual 3

Individual 4

Individual 5

EEG anomalies NA

Brain imaging age Yes
3245 WG and 34 WG
Anomalies in brain imaging  Two choroid cysts; mild
ventriculomegaly;

abnormal caudate nuclei

Sleep disturbance NA
Behavioral anomalies NA
Hearing loss/problems NA
Cardiac anomalies No
Eye anomalies No

Urogenital/kidney anomalies Absence of the median
raphe of the scrotum

Hands (eg, syndactyly, No
brachydactyly)

Feet (eg, syndactyly, Claw feet
brachydactyly)

Thorax (eg, scoliosis) No

Palate anomalies (eg, high  No
palate, cleft)
Feeding difficulties NA

Facial dysmorphism Cupped ears, retrognathia,

squared forehead

Other anomalies or problems No

Epileptiform activity alternately
left or right temporal-occipital

Yes
4y and 9 mo
No

Wakes up once every night
Hyperactive, hand flapping
No

Not investigated

No

Not investigated

Fetal finger pads

Sandal gap

No
High palate

Yes

Mild upslant of the eyes, large eyes

with long eye lashes, arched
eyebrows, thin upper lip,
small chin

Hypertrichosis upper arms and back,

hypermobility

Slow background without
developmentally appropriate
features. Multifocal spikes,
and focal spike and wave
discharges predominantly in
temporal and occipital areas,
with ictal rhythms migrating
from one cerebral region to
another

Yes

1 mo and 6 mo

At 1 mo of age: bilateral
subependymal hemorrhages

At 6 mo of age: dedifferentiation
of almost the entire temporal
lobe, the lower part of the
parietal lobe, and the anterior
part of the occipital lobe on
the right, associated with
hyperperfusion in the ASL
sequence.

Very little waking

NA

No

No

Poor visual contact, no ocular
pursuit

No

Hypoplasia of 1 fingernail
No

No
No

Swallowing difficulties requiring
enteral nutrition
from 5.5 mo of age

No

No

Pathogenic, multifocal spikes and seizure No

patterns

Yes
1 wk and at 2 mo
At 1 wk and 2 mo: normal

Mild

No

No

None
Epicanthus
No

No

No

No
No
No

Abnormal facial shape

No

Yes
4y

3 mo

Peritrigonal punctiform T2 hyperintense signal

No

alterations-likely delayed myelinization

Tempers

No
No

Strabism left eye (amblyopia)

No

No

No

No
No

No

High nasal bridge, midface hypoplasia,

No

short midface, flat philtrum, thin upper lip,
horizontal smile, slightly limited opening of the
mouth, pointed chin,

post rotated ears

ACMG, American College of Medical Genetics and Genomics; EEG, electroencephalogram; F, female; ID, intellectual disability; M, male; NA, not available; TOP, termination of pregnancy; WG, weeks of gestation.
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Figure 2 Temporospatial expression of SP9 in the brain. A. Expression of SP9 during neocortical development. The expression values of

SP9 across cortical samples are grouped and sorted by developmental time points. The dotted line corresponds to birth. B. Scatter plot visu-
alization of cells of the developing human neocortex after t-stochastic neighbor embedding (tSNE), colored by cell-type annotation with the
normalized expression level of SP9. C. Heatmap of SP9 expression at different developmental time points and in different cerebral structures.

variants, as indicated by its pLi (0.94) and Loeuf (0
[0-0.34]) scores (gnomAD v2.1).”' Both variants are located
in the C2H2-type 3 ZF protein domain, which is required for
DNA binding (Figure 4A and B).” In the gnomAD database,
only 4 SP9 nonsense variants are located downstream from
the C2H2 ZF domains.

We first investigated whether the p.(His406Thrfs*2)
variant could change SP9 subcellular localization. There-
fore, we generated a GFP-tagged protein construct and
assessed its localization using live-cell fluorescence
confocal microscopy in the T98G cell line. As shown in
Figure 4C, the p.(His406Thrfs*2) variant revealed a nuclear
localization similar to that observed with WT-SP9-GFP.

Next, because Liu et al’ have reported that in mice, Sp9
regulates the expression of several essential transcription
factors for the development of cortical and striatal in-
terneurons, in particular Arx, we experimentally tested SP9
fixation on these regions and the effect of the variants
identified in patients. Several putative enhancer regions (uc
regions uc463 to uc469>?) were identified upstream of the
Arx coding sequence based on their high evolutionary

conservation (Supplemental Figure 5A). They correspond
approximately to the loci identified by Liu et al’ using
chromatin immunoprecipitation.” Furthermore, we showed
that SP9 robustly activated the transcription of the luciferase
gene when located downstream of the genomic regions
uc462, 467, and 468 (Supplemental Figure 5B), suggesting
that SP9 specifically binds to these regions and can activate
transcription from these enhancer regions. However, the
p-(His406*) variant affected the ability of SP9 to bind to
these 3 enhancer regions and thus to activate the transcrip-
tion of the reporter gene, confirming the expected mecha-
nism of loss of function (Figure 4D).

Variants affecting recurrently the glutamate
residue in position 378 in SP9 DBD generate
neomorphic and hypomorphic effects leading to
epileptic encephalopathy

The C2H2 ZF domains are highly conserved in all KLF/SP
family transcription factors and are required for proper DNA
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INDIVIDUAL 1 INDIVIDUAL 1

INDIVIDUAL 1
D

Figure 3  In individual 1, the regions of the brain producing GABAergic neurons have an abnormal development. A. Macroscopic
view of the left hemisphere showing tertiary sulci but with premature closure of the Sylvian fissure (black arrow). B. On the coronal section
through the striatum, multiple small nodules protrude into the anterior horns of the lateral ventricles (black arrow). C and D. On whole-
mounted sections at the same magnification, the ganglionic eminences are voluminous and made of multiple nodules (black arrow) (D),
and the caudate and lenticular nucleus are hypoplastic (D) compared with the control brain in which ganglionic eminences have almost
completely regressed (black arrow) with normal morphology of the caudate and lenticular nucleus (black star) (C) ([C]: HE, [D]: Cresyl
violet). E and F. Persistence of the germinative zone of the dorsal telencephalon (E) and lateral ganglionic eminence (F) (HE, original
magnification X100). G and H. Histological analysis of the cortical plate showing an abnormally apparent layer IV because of the severe
depletion of GABAergic neurons in layer III (HE, original magnification X 20). HE, hematoxylin staining; scale bars: 0.3 mm.
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Figure 4 SP9 pathogenic variants are located in DNA binding sites of the protein. A. Characteristic hallmarks of SP/KLF family
members. Consensus sequences for the zinc-finger domains of all the SP and KLF transcription factors in human (25 transcription factors),
Drosophila (9 transcription factors), and C. elegans (6 transcription factors) are shown for the SP transcription factors, the KLF transcription
factors, and the entire family. All DNA-binding domains comprise 81 aa, with the exception of those of Ce-Y40B1A.4 (finger 1: CXXC
instead of CXXXXC), Ce-T22C8.5 (finger 3: HXXXXH instead of HXXXH), and D-BTD (finger 2: CXXC instead of CXXXXC). The
highly conserved BTD box located at the N terminus of the zinc fingers is a unique feature of the SP transcription factors. Bold capital letters
indicate residues that are 100% conserved between all family members (black), between all KLF transcription factors (green), or between all
SP transcription factors (purple). Capital letters indicate N90% conservation and lowercase letters N75% conservation. Blue bars indicate
cysteine and histidine residues implicated in zinc coordination. Turquoise bars are supposed to be in contact with DNA. Arrows point to
residues that probably determine C2H2 recognition by specific contacts with DNA bases. (Adapted from G Suske. Genomics 2005).
B. Position of missense (in gray) and frameshift (in black) variants along SP9 sequence. C. Fluorescence microscopy images of T98G cells
transfected with the indicated SP9 constructs. D. Effects of SP9 mutants on its binding to candidate regions uc462, uc463, uc467, and uc468
of ARX and subsequent activation of luciferase reporter gene transcription. Significant differences (n = 3) were assessed by one-way analysis
of variance with Dunnett’s post hoc statistical test: **P < .01, ***P < .001, ****P < .0001. E. Percentage of amino acids per SP9 domain
that feature at least 1 missense gnomAD variant. The P values obtained by x? for the comparison of variant proportions between the different
regions of SP9 are shown.

6,7,23

binding. Interestingly, all 3 SP9 missense variants re- 2 ZF domains versus other SP9 domains (SP box and C2H2-

ported here involve the same glutamate at position 378,
which is among the most conserved amino acids in the
finger domain and is thought to contribute to base-specific
recognition in the DNA target sequence’ (Figure 4A and
B). Furthermore, we compared the locations of patients’
variants in SP9 sequence with those of the gnomAD data-
base, containing human population genetic variations. By
performing y> proportion comparisons, we found a statisti-
cally significant difference (P < .005) between the propor-
tion of the population missense variants in C2H2-type 1 and

type 3 ZF) and versus other regions located outside these
domains (Figure 4E). This suggests that the C2H2-type 1
and 2 ZF domains are intolerant to missense variants and
could be a missense variant hotspot. In contrast, many
missense variants are present in gnomAD in the C2H2-type
3 ZF domain, suggesting it is more tolerant to missense
variants (Figure 4E).

Next, using HOPE,'® we predicted changes in amino acid
properties that could disturb the ZF domains’ DNA-binding
function. The replacement of glutamate 378 by either an
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alanine or a glycine induces similar changes regarding the
amino acid’s charge, size, and hydrophobicity. Both variants
p-(Glu378Ala) and p.(Glu378Gly) result in a loss of nega-
tive charge and replace the glutamate with a smaller amino
acid, which could result in a loss of interactions with DNA.

In addition, the 2 more hydrophobic residues located at
position 378 can lead to the loss of hydrogen bonds and/or
disrupt the proper folding of the protein. Finally, as glycine
is a very flexible molecule, its presence at position 378 may
disrupt the required rigidity of the protein.

We then confirmed that both missense variants do not
alter the subcellular localization of SP9 (Figure 4C).

Interestingly, luciferase assays performed with the
p-(Glu378Ala) and p.(Glu378Gly) missense mutants
showed different capacities of transcription activation,
depending on the uc region tested (Figure 4D), thus sug-
gesting an alternative disease-causing mechanism.

To further investigate the effects of these mutations, we
first tested a genomic sequence containing several SP9
consensus binding motifs (Supplemental Figure 5A). As
shown in Figure 4D, the 3 mutants showed less affinity for
this sequence than WT SP9, suggesting a loss-of-function
effect of p.(Glu378Ala) and p.(Glu378Gly), similar to the
p-(His406*) variant. However, when the binding of these
mutants was tested on the uc463 region, a sequence on
which WT SP9 does not bind (Supplemental Figure 5B), the
Glu378Gly mutant exhibited high levels of unspecific
binding to uc463 resulting in an expression of the reporter
gene (Figure 4D). Similarly, the Glu378Ala mutant exhibits
higher activation of the reporter gene at the uc468 genomic
region than WT SP9, again suggesting stronger binding of
the mutant protein at this location (Figure 4D). From all
these results, we can conclude that variants affecting the
glutamate residue in 378 of SP9 have an increased affinity
for other binding sites than those usually targeted by WT
SP9, resulting in neomorphic DNA-binding functions.

Discussion

This study describes a novel form of interneuronopathy
caused by de novo heterozygous variants in SP9, which
encodes a transcription factor mainly expressed during brain
development, particularly in the basal ganglia. Bioinfor-
matics analyses suggested that SP9 is preferentially
expressed during prenatal rather than postnatal brain
development and has an expression pattern in the devel-
oping cerebral cortex and basal ganglia that follows the
tangential migration of GABAergic interneurons, thus
reinforcing the hypothesis that SP9 is involved in inter-
neuron development.

At the neuropathological level, the interneuronopathy
observed in the brain of individual 1 is characterized by
voluminous and dysmorphic GEs because of the accumu-
lation of immature interneurons. A defect in both inter-
neuron generation and tangential migration probably caused
this accumulation. This is suggested by the absence of ARX

expression in the GEs and by a severe neuronal depletion of
cortical interneurons in cortical layer III. These abnormal-
ities are identical to those observed during the development
and migration of GE-derived interneurons in Sp9 null and
conditional mutant mice’*: a reduction in GE-derived
cortical interneurons with ectopic aggregation of GE-
derived neurons in the embryonic ventral telencephalon.’
In addition, chromatin immunoprecipitation seq data ob-
tained in the MGE’ revealed that Sp9 binds to loci in the
region of Arx and of other key transcription factors involved
in interneuron development, including Lhx6, Lhx8, and
Zeb?2. Consistently, these genes have a significantly reduced
expression, as shown on RNA-seq data obtained in the
MGE of Sp9 mouse models. Therefore, this conditional
knockout mouse could be used as a comparison model.
Indeed, neomorphic missense variants’ functional outcomes
can be considered as the result of the loss-of-function effect
represented by reduced endogenous SP9 occupancy and the
gain-of-function effect defined by increased occupancy at
endogenous and new SP9 loci.”

Moreover, expression profiles of several transcription
factors involved in rodent GEs are also found in pri-
mates,”™?’ and transcriptional profiles of genes controlling
the specification, migration, and differentiation of
GABAergic neurons are conserved throughout evolution.
Data obtained from animal models and our results
strongly suggest that SP9 plays a critical role in the devel-
opment of GABAergic interneurons necessary for neocor-
tical functioning.”***%~"

Kawakami et al’” found that Sp9 and Sp8 play a role in
proper limb outgrowth in chick, mouse, and zebrafish
models. However, no limb defects were noted in our series,
suggesting that SP9 may not be involved in limb develop-
ment in humans.

We observed here 2 main types of NDDs, distinguished
based on their molecular mechanism. SP9 loss-of-function
variants in the third C2H2-binding domain cause ID, ASD,
and epilepsy, whereas missense variants in the second C2H2-
binding domain result in hypomorphic and neomorphic
DNA-binding functions that cause severe epileptic encepha-
lopathy. Depending on the variation type and position, this
broad spectrum of disorders has previously been reported, for
example, with ARX, another transcription factor involved in
GABAergic interneuron development.”> We showed that the
frameshift variant p.(His406Thrfs*2) reduces SP9 binding to
putative ARX regulatory sequences to which SP9 typically
binds. The p.(Arg403GInfs*15) variant is located in the same
C2H2-type 3 ZF domain, a very conserved residues. Indeed,
both  variants, NM_001145250.1: c.1216del (p.(His
406Thrfs*2)) and NM_001145250.1: c.1192_1207dup
(p-(Arg403GlInfs*15)) are found in exon 2/2. Therefore, we
strongly think that this variant will show very similar results to
the ones that we obtained with the p.(His406Thrfs*2) variant.
This loss of function could be explained by a nonsense-
mediated decay. Indeed, if the frameshift variants lead to
nonsense-mediated decay, the unaffected allele can still be
expressed, but the amount of protein is reduced, which cannot
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compensate for the loss of function of the mutant allele. A
stable truncated messenger RNA with a truncated mutant
protein. Variants that occur in the final exon evade degradation
and are translated normally. However, the resulting truncated
proteins do not have the properties of the WT protein. The
second hypothesis most certainly explains the loss of function
of our variants. In contrast, missense variants affecting the
glutamate residue at position 378 involve a more complex
pathogenic mechanism. This glutamate controls the recogni-
tion specificity of ZF through specific contacts with DNA ba-
ses.” Using in vitro models, we provide evidence that both
variants p.(Glu378Ala) and p.(Glu378Gly) alter SP9 DNA-
binding specificity by reducing binding to its usual targets
and providing stronger binding to nonspecific regions. Ilsley
et al’* recently described a similar molecular mechanism for
KLF1, a gene also belonging to the same KLF/SP family of
transcription factors. The variant p.(Glu325Lys) in KLFI has
been recurrently involved in congenital dyserythropoietic
anemia type IV, a rare and severe autosomal dominant disor-
der. Tlsley et al’* reproduced the deleterious effect of this
variant on murine erythroid cell lines and demonstrated that it
altered the DNA-binding specificity of KLF1, generating
aberrant DNA binding. Interestingly, the glutamate 325 located
in the second C2H2 ZF domain of KLF1 corresponds exactly to
glutamate 378 of SP9 (Supplemental Figure 6). These gluta-
mates constitute a unique and crucial specific DNA-binding
site in these 2 proteins and all KLF/SP family proteins
because they are highly conserved in this family of transcrip-
tion factors. Ilsley et al** showed that neomorphic mutation at
p-Glu325 in KLF1 causes altered broad genomic occupancy.
However, wild-type and mutated (neomorphic) KLF1 proteins
also showed shared regions with comparable occupancy levels.
The same mechanism may take place in SP9 neomorphic and
hypomorphic variants.”

In conclusion, we have identified a novel type of inter-
neuronopathy caused by de novo heterozygous variants of
SP9 and characterized by a broad spectrum of NDDs. Our
results are consistent with those previously reported in
conditional knockout Sp9 mouse models and provide
additional insights into the pathogenesis of interneur-
onopathies. We also confirm that variants in highly
conserved residues of the DBD of KLF/SP family tran-
scription factors lead to neomorphic DNA-binding func-
tions. However, the study of a larger number of individuals
carrying pathogenic variants of SP9 is required to expand
the clinical phenotypic spectrum of this condition. Similarly,
further functional studies are needed to confirm transcrip-
tional defects for other loss-of-function and neomorphic
variants of SP9, which may open new therapeutic avenues.
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