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De novo TBR1 variants cause a neurocognitive phenotype with ID
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Abstract

TBRI, a T-box transcription factor expressed in the cerebral cortex, regulates the expression of several candidate genes for
autism spectrum disorders (ASD). Although TBR1 has been reported as a high-confidence risk gene for ASD and intellectual
disability (ID) in functional and clinical reports since 2011, TBRI has only recently been recorded as a human disease gene
in the OMIM database. Currently, the neurodevelopmental disorders and structural brain anomalies associated with TBR1
variants are not well characterized. Through international data sharing, we collected data from 25 unreported individuals and
compared them with data from the literature. We evaluated structural brain anomalies in seven individuals by analysis of
MRI images, and compared these with anomalies observed in TBRI mutant mice. The phenotype included ID in all
individuals, associated to autistic traits in 76% of them. No recognizable facial phenotype could be identified. MRI analysis
revealed a reduction of the anterior commissure and suggested new features including dysplastic hippocampus and subtle
neocortical dysgenesis. This report supports the role of TBRI in ID associated with autistic traits and suggests new structural
brain malformations in humans. We hope this work will help geneticists to interpret 7TBR! variants and diagnose ASD
probands.

Introduction
TBRI encodes a brain-specific transcription factor of the

T-box family. It is expressed both during embryogenesis and
adult life in glutamatergic pyramidal neurons of the cerebral
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cortex, with the highest expression in the preplate and layer 6,
the source of corticothalamic axons [1]. Homozygous TBRI
loss-of-function (LoF) in mice causes abnormal differentiation
of early born neocortical neurons, leading to severe cortical
lamination anomalies, and impaired corticothalamic projec-
tions [2]. TBRI gain-of-function variations promote
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differentiation of glutamatergic neurons and oligodendrocytes
from murine neural stem cells [3]. TBRI heterozygous mice
display defects in amygdalar axonal projections, and defi-
ciencies in social interaction, cognitive flexibility, and asso-
ciative memory, similar to the behavioral disorders observed
in individuals with autism [4].

At the transcriptional level, TBR1 regulates the expres-
sion of several genes mutated in intellectual disability (ID)
and autism spectrum disorders (ASD) [5]. It forms a nuclear
complex with the synaptic scaffolding protein CASK,
inducing the transcription of genes containing TBR1 bind-
ing sites, such as Reelin [6]. TBR1 is also a part of the
PAX6-TBR2-NEUROD-TBRI1 transcription factor cascade,
essential for controlling the differentiation and connection
of glutamatergic neurons in the cortex, cerebellum, and
hippocampus [7]. It activates the expression of AUTS2 in
the developing neocortex, and directly controls GRIN2B
expression in mature neurons to induce neuronal activation
[8, 9]. Conversely, TBR1 directly represses FEZF2 activity
and thereby inhibits the formation of corticospinal axon
projections [10, 11].

TBRI was first reported as a candidate gene for ID in a
male with severe ID, facial particularities, hypotonia, and
joint laxity carrying a de novo 5.3 Mb deletion encom-
passing 20 genes [12]. To date, 12 single nucleotide variants
(SNVs) and few copy number variations (CNVs) involving
TBRI have been reported in the literature with limited
phenotypic description [13—18], except for four studies with
somewhat more detailed phenotypic assessments [19-22].
The majority of these variants were reported through studies
designed to identify new genes by next generation
sequencing (NGS) in large cohorts of ID/ASD probands
with poor clinical descriptions. Further implicating TBRI in
the pathophysiology of ASD, functional analyses have
demonstrated that de novo truncating variants identified in
sporadic ASD disrupt transcriptional repression activity,
localization and homodimerization, and interactions of
TBR1 both with the co-activator CASK and with the tran-
scription factors FOXP1, FOXP2, and BCL11A. De novo
missense variants induce milder effects, but clearly impact
the function and effective dosage of the protein [23, 24].
TBRI has very recently been associated with a human
neurocognitive disorder in OMIM (#606053) in several
individual cases with varying amounts of detail, but no
significant cohort of individuals with variants affecting
TBRI function has been published so far.

In order to define the phenotypic and genetic diversity of
variants affecting TBRI function, we report on the detailed
clinical and genetic features of 25 new individuals with de
novo TBRI SNVs and CNV, complemented by a review of
individuals previously reported in the literature. We also
describe the structural brain anomalies in seven new affected
individuals and in heterozygous and null mutant mice.

Materials and methods
Patients

We recruited 25 unrelated and unreported individuals with a
de novo variant affecting TBRI function through national
and international data sharing. The diagnosis of individuals
3, 8, and 15 was made locally by exome sequencing (ES).
Twenty-two additional individuals were gathered from a
national collaboration call through the AnDDI-Rares net-
work, an international collaboration, GeneMatcher [25],
ClinVar, and Decipher [ID 331488]. We did not include
individuals with CNVs encompassing genes, other than
TBRI, associated with human diseases in the OMIM
database.

Diagnostic assessment of the individuals

Each group used a standardized clinical sheet to provide
phenotypic details for individuals from their center
(Supplemental data). Appropriate informed consent was
obtained for affected individuals, healthy parents, and
other family members, in accordance with the local ethics
committee. We evaluated developmental and neurological
features, medical history, physical signs, electro-
encephalogram (EEG) patterns, and brain magnetic reso-
nance imaging (MRI) data, when available. ASD were
assessed by the Diagnostic and Statistical Manual of
Mental Disorders (DSM) criteria or the Autism Diagnostic
Observation Schedule and Autism Diagnostic Interview
(ADOS/ADI) scales, if available and when possible. For
individuals with no specific evaluation, we took into
consideration the following autistic traits: communication
defects, social interaction disorders, poor eye contact,
restrained interests, stereotypic behavior, or rituals. IQ
evaluation was not available for all patients, so we defined
severe DD/ID as walking acquired after 24 months of age
or walking acquired between 18 and 24 months with
severe speech delay. Moderate DD/ID was defined as
normal walking acquired between 12 and 18 months of
age with a severe speech delay, or by walking acquired
between 18 and 24 months with a moderate speech delay.
An absence of speech was considered a severe
speech delay.

Molecular analyses

Gene panel tests

Samples from individuals 1, 2, 4, 6, 7, 13, 14, and 24
underwent gene panel tests that included 16-2308 genes

implicated in ID/ASD, using HaloPlex or SureSelect QXT
(Agilent Technologies) for capture and hybridization,
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followed by NGS on MiSeq instrument (Illumina) (Sup-
plemental data).

Exome and Genome sequencing

Solo or trio ES variant filtering and analysis were performed
in individuals 3, 5, 8, 9, 10, 11, 12, 15, 16, 18-23, as
previously described [26-30]. Individual 17 underwent
genome sequencing (GS), which was performed as pre-
viously described [31]. Alignment was made on the refer-
ence human genome GRCh37/hgl9.

Array-CGH

Array-comparative genomic hybridization analysis (CGH)
was performed using Oxford Gene Technology CytoSure™
ISCA v2 oligoarray set (Oxford Gene Technology, Oxford,
UK) for individual 25, according to the manufacturer’s
instructions.

Sanger sequencing and quantitative PCR

SNVs were confirmed by Sanger sequencing and CNV by
quantitative polymerase chain reaction (PCR), respectively,
as well as parental segregation. Primers and PCR conditions
(available on request) were designed using the RefSeq
NM_006593.2.

Animal studies

All animal procedures were performed with Institutional
Animal Care and Use Committee approval from Seattle
Children’s Research Institute. 7BRI mutant mice were
maintained as heterozygotes on the CD-1 background, and
bred to produce wild-type control, heterozygous, and
homozygous mutant pups (see Supplementary Materials
and Methods). Postnatal day 14 (P14) pups were perfused
with 0.9% sodium chloride solution followed by 4% par-
aformaldehyde in 0.1 M sodium phosphate buffer. P14 is
the ideal age to detect developmental delay (DD) or mal-
formation of the dentate gyrus (DG) because morphogenesis
is complete in normal mice at this timepoint. Brains were
post-fixed and further processed for cryosectioning and
other histological procedures as described in Supplementary
Materials and Methods.

Review of the literature

We collected all articles reporting TBRI SNVs or CNVs
associated with a human disorder. We selected the indivi-
duals carrying a CNV encompassing no gene other than
TBRI associated to a human disorder in the OMIM data-
base. We identified two other individuals with deletion
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encompassing TBRI, but also other genes associated with
ASD or ID. They presented with a similar phenotype, but it
seemed difficult to establish a genotype—phenotype corre-
lation, so we decided not to include them in the cohort. In
total, 13 individuals were selected [13-18, 20-22].

Statistical analysis for genotype-phenotype
correlation

First, we compared the degree of DD/ID according to the
type of variant: premature stop codon against missense, and
premature stop codon + CNV against missense + in-frame
deletion (Table S3a, b). Variants leading to a premature stop
codon located in the last exon of the gene were not taken
into account for these comparisons, because transcripts with
such variants will potentially not be degraded by nonsense
mediated decay. We choose to focus on the degree of DD/
ID because there are too many other features missing in the
literature to make a genotype—phenotype comparison based
on the global phenotype. Secondly, we carried out a
genotype—phenotype comparison among the eight indivi-
duals with the p.(Thr532Argfs*144) variant and all the
other individuals in the cohort (Table S3c). We also com-
pared these eight individuals with only the other individuals
carrying a premature stop codon variant (not localized in the
last exon) or a CNV (Table S3d). The p.(Thr532Argfs*144)
variant is located in the last exon of TBRI, but is a recurrent
variant in the cohort, justifying this comparison. The sta-
tistical analysis was conducted using the Fisher’s exact test
because of the small number of individuals, with correction
for multiple testing, leading to a significant outcome p <
0.0125.

Results

The 25 individuals in our cohort included 12 females and 13
males (sex ratio = 1.08), aged 2-29 years old. All indivi-
duals were born from healthy nonconsanguineous parents.
Individual 1 was conceived through a sperm donation.
Clinical features are listed in Tables S1 and S2 (Supple-
mental data). Phenotypic and genotypic data were anon-
ymously submitted to the ClinVar database (Table 1).

Phenotypic description of the new reported
individuals

DD and/or ID were present in the 25 individuals; 10 were
moderate and 15 were severe. Five individuals acquired
independent walking at or after 24 months, four walked
with aid only, and two was unable to walk. All other
individuals acquired walked independently before
24 months (Tables S1 and S2). Seven individuals had no
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Table 1 SNVs and CNVs affecting the function of TBR1 newly reported and reported in the literature.

SNVs’ individuals/references

Sequencing method

¢DNA (NM_006593.2)

Inheritance Amino acid

ClinVar ID

O’Roak et al. [14] PMID: 22495309
Individual 1

Individual 2
Individual 3

O’Roak et al. [15] PMID: 23160955
Individual 4

Individual 5

Hamdan et al. [18] PMID:25356899
Individual 6

O’Roak et al. [16] PMID: 25418537
Individual 7
Individual 8

McDermott et al. [21] PMID 29288087
Individual 9

McDermott et al. [21] PMID 29288087

O’Roak et al. [15] PMID: 23160955
Individual 10

Individual 11
Gilissen et al. [17] PMID:24896178
Neale et al. [13] PMID: 22495311
Individual 12
O’Roak et al. [16] PMID: 25418537
Individual 13
Individual 14

Individual 15

Individual 16

Individual 17

Individual 18

Individual 19

Individual 20
Gilissen et al. [17] PMID:24896178
Vegas et al. [22] PMID 30268909

Individual 21

Individual 22

Individual 23

Individual 24

Trio ES

Cognitive disorders panel
275 genes

ID panel 44 genes
Solo ES
MIP 13814.p1

Cognitive disorders panel
275 genes

Solo ES

Trio ES

ID panel 285 genes
MIP

ID panel 16 genes
Solo ES

Trio ES

Trio ES

Trio ES

MIP 13796.p1
Trio ES

Trio ES

Trio GS

Trio ES

Trio ES

MIP

Autism/ID panel 2308 genes

Cognitive disorders panel
456 genes

Solo ES
Trio ES
GS

Trio ES
Trio ES
Trio ES
Trio GS
Trio ES
Trio ES
Solo ES
Trio ES

Cognitive disorders panel
456 genes

c.405delC
c.471delC

¢.553C>T
c.673A>T
c.682A>G
¢.713_719del

c.811T>C

c.811T>C

c.812G>C

c.813G>T

¢.844C>T

c.896G>A

¢.932T>C
¢.933_934insCAAAGGA
c.946G>T

¢.1049dup
¢.1105_1113delGTCACCGCC

c.1118A>G
c.1118A>G
c.1120A>C
c.1155C>G
c.1165A>G
¢.1177dupG
¢.1369_1371delinsCA

¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1588_1594dup
¢.1635_1644dup
¢.1639_1648dup
c.1652dup

¢.1653_1654del

De novo
NA

De novo
De novo
De novo

De novo

De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo

De novo

De novo
De novo
De novo
De novo
De novo
De novo

De novo

De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo
De novo

De novo

p-Alal36Profs*80
p.(Tyr157%)

p-(GIn185%)
p-(Ile225Phe)
p-Lys228Glu
p-(Ser238Thrfs*17)

p.Trp271Arg
p-Trp271Arg
p.(Trp271Ser)
p.-Trp271Cys
p-(GIn282%)
p.(Trp299%)
p.(Leu311Pro)
p-(Thr312GInfs11%*)
p.(Gly316%)
p-Ser351*

F{/a1369_A1a371de1)
p-(GIn373Arg)
p-.(GIn373Arg)
p-Asn374His
p-(Asn385Lys)
p-(Lys389Glu)
p-(Asp393Glyfs*2)
p-(Thr457GlInfs*30)

p.(Thr532Argfs*144)
p-(Thr532Argfs*144)
p-(Thr532Argfs*144)
p.(Thr532Argfs*144)
p-(Thr532Argfs*144)
p-(Thr532Argfs*144)
p.(Thr532Argfs*144)
p-(Thr532Argfs*144)
p-(Ser549Glyfs*128)
p.(Pro550fs*127)

p-(GIn552Alafs*122)
p-(GIn552Valfs*121)

SCV000747902.1

Submitted
SCV000747903.1

SCV000747904.1

SCV000747905.1
SCV000747906.1
SCV000863780.2
SCV000747907.1
SCV000747908.1
Submitted

Submitted

SCV000747909.1

SCV000747910.1
SCV000863781.1
SCV000747911.1
SCV000747912.1

SCV000747913.1
SCV000965704.1
SCV000747914.1
Submitted
SCV000747915.1
Submitted

SCV000863782.1
Submitted

SCV000747916.1
SCV000891709.1
SCV000747918.1

CNVs’ Individuals/

Method Size

Coordinates

Band

Genes encompassed
in the deletion

Transmission

ClinVar ID

Min: 461.24kb chr2:g.(161927809_161967492)_

Max: 549.18 kb (162428730_162476985)

reference
Individual 25 CGH
Palumbo et al. [20] SNP

PMID:24458984

122 kb

chr2:g.(162269888-162391666)

2q24.2 TBRI

2q24.2 TANK, PSMDI14, TBRI De novo

De novo

SCV000747921.1

CNVs copy number variants, ES exome sequencing, GS genome sequencing, /D intellectual deficiency, MIP molecular inversion probe, NA not
available, SNVs single nucleotide variants.

speech, and the majority of the others had severely delayed
speech. Autistic traits were very frequent (19/25 indivi-
duals), and five individuals were diagnosed with ASD
according to DSM-IV or ADOS/ADI criteria. Stereotypic
behavior was frequently reported, sometimes associated

with rituals or echolalia. Behavioral disturbances (22/25
individuals) included mainly attention deficit and auto/het-
eroaggressive behavior.

The main neurological signs included hypotonia and
fine motor delay (15/21 individuals each), abnormal

SPRINGER NATURE
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Normal

Normal

Fig. 1 Brain MRIs of individuals 1, 19 and 23 compared with
MRIs of noncarrier TBR1 variants. Brain MRIs of individuals with
TBRI variants affecting function in comparison with MRIs of non-
carrier individuals (a—d) showing: g, o anomalies of the anterior

movements (7/21 individuals) such as dystonia, chorea, or
tremors, and gait disorders (6/21 individuals). Five indi-
viduals presented seizures: one at 6 months old with tonic-
clonic seizures and absences; one with one episode of
seizures at 1 year old and several episodes of tonic sei-
zures from 28 years old; and one at 2 years old with
generalized refractory epilepsy sensitive to geometric
patterns and light. Of the 15 individuals who had an EEG,
nine displayed an abnormal unspecific pattern. MRI data
were initially provided by collaborators for 22 indivi-
duals, with 10 reporting abnormal imaging. However,
when possible, in-depth analysis of brain MRI imaging
was performed by trained readers. In total, MRI imaging
was reexamined for seven individuals. We found

SPRINGER NATURE

Normal Normal

commissure (AC) (black arrowheads); h, p hippocampal anomalies
(white arrowheads); j, k, n cortical gyral anomalies (white arrows and
black stars). LR18-042 =individual 1; LR15-186 = individual 23;
LR18-210 = individual 19.

anomalies in each case, three of which were initially
considered normal. The anterior commissure (AC) was
thin or absent in all individuals, the hippocampi were
dysplastic for three of them and two presented cortical
dysplasia with severe gyral anomalies (Fig. 1 and Fig.
S1). Only two individuals presented microcephaly.
Heterogeneous facial features were frequent, mainly
high or large forehead (6/18 individuals) and long phil-
trum (6/18 individuals) (Fig. S2), as well as variable
skeletal anomalies (13/24 individuals) with joint laxity (8/
13 individuals), pes planus (5/13 individuals), and sco-
liosis (4/13 individuals). Infrequent features included
intrauterine growth retardation (IUGR) (7/23 individuals)
with persistent short stature < —2 standards deviations
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NM_006593-2 4' Exon II;I Exon 2 I—l Exon 3'*' Exon 4|H Exon 5}

IE)(on Gl

p.(Q282%) p.(W299%)

p.(W271S) and p.(T312Qfs11%)
p.W271R

p.(5238Tfs*17)

p.(V369_A371del)
p.(Q373R)
p.(N385K)

p.(P550fs*127)

p.(S549Gfs*128)
p.(TS32Rfs*144) X6

p.(T457Qfs*30)

p.(Q552Vfs*121)
and p.(Q552Afs*122)

p.(D393Gfs*2)

" p-(Y157%) | TBOX - S TBOX associated C-ter
-ter 206 n , n 680

LOXPZ interacting domain __ - CASK interacting domain

p.A136Pfs*80 [ . (L3[1 ; 4) ’ \ p.(K389E)
p.K228E i L p.N374H
p-(G3167) , (Q373R) p.(T532Rfs*144) X2
p.W271C p.S351*
and p.W271R

Fig. 2 Schematic representation of TBR1 transcript (NM_006593.2)
and TBR1 protein with localization of the different SNVs newly
reported in this study on the top, and previously reported in
the literature below. The protein contains a DNA-binding motif or
T-box domain: amino acids 206-393 (dark blue box), a dimerization

domain or T-box associated domain: amino acids 418-680 (dark blue
box), a CASK interacting domain: amino acids 342-681 (light blue
box), and a FOXP2 interacting domain: amino acids 213-393 (light
blue box).

200 kbf

Scale

chr2:| | 162, 666, 6a6| 162,169, 868|

Individual 25
Palumbo et al.

162,260, 868|

| haig
162,308, 888| 162,460, 008|

User Supplied Track

Haplotypes to GRCh37 Reference Seguence

Patches to GRCh37 Reference Segquence
OMIM Genes - Dark Green Can Be Disease-causing

TANK

PSMD14

TER1

Fig. 3 Schematic representation of the two CNVs discussed in this study, the newly reported CNV of individual 25, and that previously reported by

Palumbo et al. [20].

(SD) (3/25 individuals) and mild-to-severe constipation
(7725 individuals). Feeding difficulties, potentially lead-
ing to severe complications, or surgeries such as Nissen
fundoplication, were also reported in a few cases (4/25
individuals).

TBR1 molecular results of the newly and previously
reported individuals

All the newly reported and previously published variants
were de novo, except for one variant, which could not be
tested in father because of a sperm donation (individual 1).
Twenty-nine different SNVs, including ten frameshift, six
nonsense, one in-frame deletion and ten missense and two
deletions were reported (Table 1, Fig. 2). One deletion
encompassed 7BRI and two genes, PSMDI4 and TANK,
not associated with a human disorder in OMIM, and one
deletion only included TBRI [20] (Table 1 and Fig. 3).

Twenty SNVs were located in the T-box domain of the
protein, 13 in the T-box-associated domain, and three were
out of a functional domain defined according to the Pfam
database (Fig. 2). It should be noted that only frameshift
variants affected the T-box associated domain.

Genotype-phenotype correlation

There was no significant difference in the severity of DD/ID
according to the type of variant. The p was superior to
0.0125 for the comparison between the individuals with
SNV leading to a premature stop codon and missense var-
iant, and between the individuals with SNV leading to a
premature stop codon or CNV and those with a missense
or in-frame deletion (p=0.99 and 0.73, respectively)
(Table S3a, b). We also focused on the p.(Thr532Argfs*144)
variant because eight individuals were carrying it. We found
no significant difference in the severity of DD/ID when we
compared the individuals carrying this variant with the entire
cohort or with the individuals carrying an SNV leading to a
premature stop codon or CNV (p =0.36 and 0.56, respec-
tively) (Table S3c, d).

Four individuals, ranging in age from 5 to 10 years,
carried three different missense variants impacting the
same amino acid (p.Trp271). Two had p.(Trp271Arg) and
presented with a similar phenotype including severe DD/
ID, autistic traits, and seizures. One carried p.(Trp271Ser)
and had moderate DD/ID but no autistic traits or seizures.
The other carried p.(Trp271Cys) and presented with
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Frontal Cortex
Nissl.

Fig. 4 Neocortical dyslamination and hippocampal dysgenesis in
Thr1 mutant mice (sagittal sections, P14). a—c Nissl stains of frontal
cortex. The cortex was thin and disorganized in TBR! null cortex (c)
compared with wild-type (a) and heterozygous (b) mice. d—f Immu-
nofluorescence for CUX1 (green; upper layers) and CTIP2 (red; deep
layers). Compared with wild-type (d) and heterozygous (e) mice,
TBRI null mice (f) showed thin and disorganized cortical layers, with a
“mirror-image” laminar phenotype consisting of deep layers sand-
wiched between upper layers. g, i, k Nissl stains of hippocampus. In
TBRI null mice (k), the pyramidal layer of CA3 was less compact, and
the dentate gyrus (DG) was much smaller than in wild-type (g) and
heterozygous (i) mice. h, j, | Inmunofluorescence for TBR2 (green), a
marker of neurogenic intermediate progenitors (IPs; Hodge et al.
[33, 34], revealed an immature pattern in 7BRI heterozygous and

ID and autistic traits, but a detailed description was not
provided [16].

Cortical malformations in postnatal Tbr71 null mice

In previous studies of mice with a targeted 7TBRI null var-
iant, homozygotes showed severe malformations of the
neocortex and neonatal lethality [2], while heterozygotes
showed behavioral anomalies and defective amygdalar axon
connections, but no neocortical malformation [4]. The
genetic background of mice in the previous studies was
mostly C57BL/6, an inbred strain with relatively high
phenotypic susceptibility to genetic variations [4]. In the
present study, we bred the TBRI null allele onto the outbred
CD-1 strain, and found that the majority of homozygous
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Hippocampus

Dentate Gyrus

Nissl
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homozygous mutants. In wild-type mice, TBR2 + IPs were restricted
almost exclusively to the subgranular zone (SGZ) of the DG (arrow-
heads, h). In TBRI heterozygotes, IPs were dispersed outside the SGZ,
notably in the hilus (Hi) of the DG (arrowhead, j). In TBRI null mice
(1), many IPs were clustered at the fimbriodentate junction, a transient
niche normally regressed by P14, while other IPs were dispersed in
the SGZ, Hi, and molecular layer (Mol; arrowhead, 1) of the DG. Scale
bar = 100 um. m—o Immunofluorescence detection of Reelin (green)
and Prox1 (red) in dentate gyrus. Reelin expression was markedly
reduced in T7BRI null dentate gyrus and neocortex (not shown).
Orientation: rostral left, dorsal up. Orientation: sagittal sections, rostral
left, dorsal up. Scale bars (a, d, h) = 100 pm; scale bar (o) =250 pm.
hf hippocampal fissure.

TBRI mutants survived to postnatal ages, allowing for
assessment of later stages of cortical development.

Histology of P14 brains suggested thinning and dis-
organization of the neocortex in TBRI homozygous
mutants, but no obvious neocortical phenotype in het-
erozygous mice (Fig. 4a—f). Two-color
fluorescence, used to detect layer-specific markers,
showed that deep layer neurons (CTIP2+) were sand-
wiched between upper layer neurons (CUX1+) in TBRI
null homozygotes, creating a ‘“mirror-image” laminar
phenotype that has also been described in reeler mice
[32]. The reeler-like disorganization of TBRI null neo-
cortex in P14 resembled that in neonatal 7TBRI mutants
[2], while more severe thinning indicated a postnatal
growth defect, atrophy, or apoptosis.

immuno-
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In addition, striking defects were observed in the
development of the DG in P14 TBRI mutants, both
homozygous and heterozygous (Fig. 4g—0). In wild-type
control mice, DG neurogenesis was restricted to the sub-
granular zone (SGZ), as revealed by the distribution of
TBR2+ neurogenic progenitor cells [33]. In TBRI hetero-
zygotes, the DG appeared slightly truncated, and TBR2+
progenitor cells were scattered in the hilus and molecular
layer of the DG, as normally seen at slightly earlier stages of
development [34]. In TBRI homozygotes, the DG appeared
very small, and TBR2+ progenitors were clustered at the
fimbriodentate junction as normally observed at much ear-
lier stages around the time of birth (Fig. 4k-1) [34]. Fur-
thermore, expression of Reelin protein seemed severely
reduced in P14 TBRI homozygous knockout mice, and DG
granule neurons, although fewer, expressed transcription
factor PROX1 as usual (Fig. 40). Also, pyramidal neurons
of cornu Ammonis region 3 (CA3) did not form a compact
layer. These results indicate that a TBR1 deficiency causes
dose-dependent delay and reduction of DG neurogenesis,
reduced Reelin expression, and dispersion of CA3 neurons.
These hippocampal phenotypes need to be quantified but
have never been reported in 7TBRI mutant mice. Interest-
ingly, mice with defective Reelin signaling exhibit some
similar hippocampal anomalies [35].

Discussion

We provide here a full clinical and molecular description of
25 new unrelated individuals (average age 10 years) car-
rying a variant affecting 7BRI function. We present a
genotype-first approach based on data gained from inter-
national collaboration and detailed retrospective phenotyp-
ing. With our review of the literature, we gathered 38
individuals harboring 31 different TBR1 variants, including
frameshift, nonsense, in-frame deletion, missense, and
CNVs. SNVs were distributed all along the protein. Func-
tional studies in cell model systems showed that both mis-
sense variants and variants introducing premature stop
codons have a deleterious impact on protein function. A
dominant-negative effect on function and the localization of
the protein was suggested for the missense variants, and a
mechanism of haploinsufficiency was suggested for the
variants presenting premature stop codons [23, 24]. All the
reported TBRI variants occurred de novo (except for indi-
vidual 1). It has been shown that while inherited missense
variants in ASD probands do not disturb protein function,
de novo heterozygous variants present in sporadic ASD do
indeed lead to protein dysfunction [23, 24]. Moreover,
biallelic variants affecting 7TBRI function have never been
reported in living humans, and knockout mouse models
died shortly after birth in the absence of hand feeding [2], or

(on the more salutary CD-1 background) survived with
severe cortical malformations (present study). Also, no LoF
variant is reported in the GnomAD database, leading to a
pLI equal to 1 (one variant observed/24.5 expected). This
gene is thus extremely intolerant to LoF variants, but also to
missense variants, seeing as the z-score in GnomAD is 3.64
(172 variants observed/368.4 expected). This supports the
theory that de novo heterozygous LoF and missense var-
iants have a deleterious effect and highlights the major role
of TBRI in development.

DD/ID was described in all 38 individuals, ranging from
mild to severe, and 61% of the individuals presented a
severe disorder. Autistic traits were frequent (76%),
similar to previous studies that showed incomplete pene-
trance [13-16, 19, 20]. Additional behavior disorders were
observed in 85% of individuals, mainly attention deficit and
aggressive behavior [15, 17, 19-21]. Frequent neurological
symptoms (83%) included hypotonia (51%), fine motor
delay (46%) and abnormal movements (20%). Seizures
were less common (17%), with onset from 6 months to 28
years of age, in contrast with frequent abnormal EEG
(50%). Brain structures appeared mostly normal according
to routine interpretation of imaging, which is concordant
with previous reports showing that TBRI heterozygosity
was not associated with severe structural brain malforma-
tions in humans [19] or in animal models [1]. Interestingly,
the in-depth analysis of MRI brain imaging from seven
affected individuals revealed subtle malformation (thick-
ening) of the neocortex and relatively small brains. This
may reflect impaired neuron migration, or may be second-
ary to decreased cortical surface area as a consequence of
reduced gyral complexity. Cortical volume seemed reduced
in humans and mice, although this reduction was manifest
as reduced gyral complexity and increased sulcal width in
human patients (Fig. 1 and Fig. S1), and as cortical thinning
in TBR1 knockout mice (Fig. 4). Since mice are naturally
lissencephalic, reduced gyral complexity is not phenotypi-
cally possible. Brain MRIs analysis also reveals dysplastic
hippocampi in three individuals, concordant with the
observations made in heterozygous and homozygous
mutant mice (Fig. 4). The hippocampal defects have never
been reported in 7TBR] mutant mice or human, and point to
impaired and delayed morphogenesis of the DG. The
anomalies of the neocortex and DG could be attributable in
part to reduced expression of the RELN gene, as shown in
Fig. 4 and as documented in TBRI-deficient mice [2].
Opverall, these results in mice correlate well with the neo-
cortex and hippocampus malformations seen by MRI in
human patients, and could be attributable in part to reduced
Reelin signaling. However, since many other genes are
dysregulated in Tbrl mutants, we cannot affirm that Reelin
deficiency is the only cause of the malformations. The AC
was thin or nearly absent in all seven individuals studied by
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Table 2 Frequencies of the main clinical features of all individuals (study and literature) according to the variant type.

Variants Truncating Missense In-frame deletion CNV Total Total in percentage
Number and gender of individuals 11M/12F 8M/4F IF 2M 21IM/17F
Mean age at last follow-up 11 years 9 years 3 years 9.5 years 10 years
Growth parameters
TUGR (birth weight < 10th per) 3/18 3/6 1/1 172 8/27 30%
Short stature (length < —2 SD) 2/19 3/7 0/1 12 6/28 21%
Tall stature (length > —2 SD) 4/19 0/7 0/1 02 4/28 14%
Microcephaly (OFC < —3 SD) 4/21 0/7 0/1 172 5/31 16%
DD/ID 23/23 12/12 1/1 22 38/38 100%
Mild 1/23 2/12 0/1 0/2 3/38 8%
Moderate 6/23 3/12 0/1 172 10/38 26%
Severe 16/23 5/12 1/1 172 23/38 61%
NA 0/23 2/12 0/1 02 2/38 5%
ASD 18/23 9/12 1/1 172 29/38 76%
Behavior disorders 19/23 7/8 1/1 22 29/34 85%
Neurological features 20/23 79 1/1 172 29/35 83%
Hypotonia 15/23 3/9 0/1 02 18/35 51%
FMD 12/23 3/9 0/1 172 16/35 46%
Abnormal movements 4/23 2/9 0/1 172 /35 20%
Epilepsy 2/23 4/9 0/1 0/2 6/35 17%
Brain MRI anomalies 10/25 317 ND 0/1 13/33 39%
EEG anomalies 5/15 4/4 ND 1/1 10/20 50%
Facial particularities 13/21 57 1/1 212 21/31 68%
Skeletal anomalies 11/22 4/7 1/1 212 18/32 56%
Feeding difficulties 6/23 0/8 0/1 0/2 6/34 18%
Constipation 6/21 2/7 0/1 0/2 8/31 26%

Only one facial particularity was needed for the sign to be counted.

ASD autism spectrum disorders, CNV copy number variation, DD developmental delay, FMD fine motor delay, /D intellectual deficiency, [UGR

intrauterine growth retardation, ND not done.

MRI, concordant with the TBR1+ mice studies that showed
the absence of the posterior part of the AC [4]. In the lit-
erature, brain imaging was available for five individuals.
One individual exhibited increased extra-axial spaces [18]
and two individuals presented irregular cortical gray and
white matter suggestive of pachygyria, a thick frontal cor-
tex, and a thin corpus callosum with large lateral ventricles
for one of them [17, 22], but no anomalies of the AC or the
hippocampus were reported.

Additional clinical features reported in the 38 individuals
included facial particularities (68%), and skeletal anomalies
(56%), but no specific pattern was detected. Affected indi-
viduals also presented IUGR (30%), short stature (21%),
microcephaly (16%), constipation (26%), and feeding dif-
ficulties (18%) (Table 2). Though tall stature has never been
reported in the literature, our cohort included four indivi-
duals whose height was between +2 and +3 SD. Therefore,
aside from DD/ID and autistic traits, most of the other
TBRI-associated features were either nonspecific or infre-
quent, providing a strong argument in favor of the
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genotype-first strategy. This approach provides essential
genotype—phenotype and natural history data for use in
genetic counseling.

Thorough phenotypic analysis and statistical analyses
highlight no significant difference in the severity of DD/ID
according to the variant type. Among the eight individuals
carrying the p.(Thr532Argfs*144) variant, seven presented
severe DD/ID, but no significant differences were found
with the other individuals of the cohort (Table S3c, d). It has
been shown that de novo TBRI variants introducing a pre-
mature stop codon lead to a lack of CASK redistribution and a
loss of TBR1-CASK co-localization [23]. Variants that affect
this interaction domain are more likely to severely alter the
developing cerebral cortex, and so to be deleterious with a
remarkable phenotype. Moreover, the TBRI-CASK protein
complex induces the transcription of RELN. The con-
sequences of reduced RELN protein expression have been
previously mentioned. However, we cannot affirm that this is
the case with the p.(Thr532Argfs*144) variant because the
functional studies were focused on two other variants, both not
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located in the last exon (p.Alal36Profs*80 and p.Ser351%).
Also, these studies have been realized in vitro and results are
not likely to relate to the situation in vivo with these truncating
variants, as NMD will most likely prevent the truncated pro-
tein to be expressed.

The severity of the cognitive phenotype and the asso-
ciated features appear to vary in individuals carrying a
variation that affects the same amino acid p.(Trp271). In
vitro studies showed that p.Trp271Cys had deleterious
effects on protein function, contrary to p.Trp271Arg.
However, protein levels were lower in the cells expressing
this variant, and the authors did not exclude a contribution
to the neurodevelopmental phenotype [24]. This idea is
supported by our observation that the two individuals car-
rying the p.Trp271Arg variant presented severe DD/ID in
association with other anomalies. The only in-frame dele-
tion reported in this study affects the T-box domain, which
is involved in DNA-binding and protein—protein interac-
tions, and the three deleted amino acids are highly con-
served in the different species. Even if these biological
arguments and the phenotype of individual 10 are convin-
cing, functional analyses would be necessary to confirm the
pathogenicity of this variant. The two reported CNVs ranged
from 122 to 461.24 kb, including from one to three genes
(Fig. 3). In an 18-year-old male with mild ID and short
stature, Burrage et al. detected a mosaicism for a 0.422 Mb
deletion, present in ~ 61% of cells, including the same three
genes as our individual, TBRI PSMDI4, and TANK [36].
TBRI was the most likely candidate for the ID phenotype.
PSMD14 (non-atpase proteasome 26s subunit 14) was also a
good candidate because knockdown of this gene in post-
mitotic neurons resulted in apoptosis. The authors suggested
that the association of PSMD14 with decreased cell viability
and cell cycle arrest makes it an interesting candidate gene
for short stature. This association is only hypothetical con-
sidering that our individual did not present short stature and
that some patients without the deletion of PSMDI4 do
[12, 20]. Lastly, TANK (Traf family member-associated NF-
Kappa-B activator) is a ubiquitously expressed gene whose
protein product activates NF-kb with TRAF2 (tumor necrosis
factor receptor-associated factor 2). It was very recently
suggested that TANK haploinsufficiency could be respon-
sible for nonsyndromic ID in two siblings [37].

To conclude, de novo variants affecting TBRI function in
humans are responsible for a syndromic nonrecognizable but
recurrent neurocognitive disorder that includes DD/ID, autistic
traits, and cerebral anomalies. Brain structures in human and
mutant mice appeared to present similar anomalies, particu-
larly dysplasia of the cortex and of the hippocampi linked to
the regulation of RELN by TBRI. Interestingly, neocortical
malformations were seen with heterozygous loss of TBRI
function in some human patients (Fig. 1 and Fig. S1), but not
in TBRI heterozygous knockout mice (Fig. 4 and [2]). This

distinction fits with other examples, such as DCX [38], where
brain morphogenesis is more sensitive to specific gene var-
iants in humans than in mice. Phenotypic differences may
reflect different variant types or effects even for the same type,
as indicated by in vitro studies [24]. Hypoplasia/absence of the
AC and hippocampal dysplasia were not previously reported
in mice or humans with TBR] alterations, and could be useful
features, in association with the core signs of the TBRI phe-
notype, for guiding clinicians and biologists in the diagnostic
process and variant interpretation. A genotype-first approach
seems suitable for diagnosing such patients, using large ID
panels or ES/GS; data sharing is a powerful means to validate
new genes discovered by NGS. Combining these two methods
improves the likelihood of delineating the complex pheno-
types that occur in genetic diseases, thus enhancing the clin-
ician’s ability to provide the most suitable medical care and
accurate genetic counseling to patients and families.

Web resources

AnDDI-Rares: http://www.anddi-rares.org/
ClinVar: http://www.ncbi.nlm.nih.gov/clinvar
Decipher: http://www.decipher.sanger.ac.uk
GeneMatcher: genematcher.org

gnomAD: http://gnomad.broadinstitute.org/
OMIM: http://www.omim.org/

Pfam: http://pfam.xfam.org/
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