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A B S T R A C T

Purpose: Transformer2 proteins (Tra2α and Tra2β) control splicing patterns in human cells, and
no human phenotypes have been associated with germline variants in these genes. The aim of
this work was to associate germline variants in the TRA2B gene to a novel neurodevelopmental
disorder.
Methods: A total of 12 individuals from 11 unrelated families who harbored predicted loss-of-
function monoallelic variants, mostly de novo, were recruited. RNA sequencing and western
blot analyses of Tra2β-1 and Tra2β-3 isoforms from patient-derived cells were performed.
Tra2β1-GFP, Tra2β3-GFP and CHEK1 exon 3 plasmids were transfected into HEK-293 cells.
Results: All variants clustered in the 5′ part of TRA2B, upstream of an alternative translation
start site responsible for the expression of the noncanonical Tra2β-3 isoform. All affected in-
dividuals presented intellectual disability and/or developmental delay, frequently associated with
infantile spasms, microcephaly, brain anomalies, autism spectrum disorder, feeding difficulties,
and short stature. Experimental studies showed that these variants decreased the expression of
the canonical Tra2β-1 isoform, whereas they increased the expression of the Tra2β-3 isoform,
which is shorter and lacks the N-terminal RS1 domain. Increased expression of Tra2β-3-GFP
were shown to interfere with the incorporation of CHEK1 exon 3 into its mature transcript,
normally incorporated by Tra2β-1.
Conclusion: Predicted loss-of-function variants clustered in the 5′ portion of TRA2B cause a new
neurodevelopmental syndrome through an apparently dominant negative disease mechanism
involving the use of an alternative translation start site and the overexpression of a shorter,
repressive Tra2β protein.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Most eukaryotic genes comprise exon and intron sequences.
Productive gene expression relies on a process called
splicing that joins exons together into messenger RNAs
(mRNAs) and discards intron sequences. Splicing is cata-
lyzed by an RNA-protein complex called the spliceosome
which also generates multiple different mRNAs with
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different exon contents through alternative splicing. Patho-
genic variants in core spliceosome components, as well as in
splicing regulatory proteins, have been associated with
several human genetic diseases, including retinitis pigmen-
tosa and syndromic conditions.1-3 Alternative splicing plays
a key role in development of the nervous system, and de-
fects in splicing cause multiple neurologic disorders.4

The transformer2 (Tra2) proteins are an important group
of splicing regulators conserved across the animal
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Abbreviation
cDNA – complementary DNA
CDS – coding sequence
DD – developmental delay
DMEM – Dulbecco’s Modified Eagle Medium
GFP – green fluorescent protein
gnomAD – genome aggregation database
iCLIP – individual-nucleotide resolution Cross-Linking and
Immuno Precipitation
ID – intellectual disability
mRNA – messenger RNA
PCR – polymerase chain reaction
PSI – percentage splicing inclusion
RNAseq – RNA sequencing
RRM – RNA-recognition motif
RS domain – arginine serine rich domain
SR protein – serine arginine rich protein
SRRM4 – serine arginine repetitive matrix 4
Tra2 – transformer2
Tra2α – transformer2 alpha homolog protein
Tra2β – transformer2 β homolog protein
Tra2β-1 – tra2β protein isoform 1
Tra2β-3 – tra2β protein isoform 3
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kingdom.5 Vertebrates have 2 distinct transformer2 proteins
encoded by separate genes. These are Tra2β protein
(transformer 2 β homolog, encoded by the TRA2B gene) and
Tra2α (encoded by the TRA2A gene). Genetic knockout of
TRA2B prevents embryonic development in mice although
heterozygote knockouts are apparently normal.6 Mice with
cortex-specific knockout of TRA2B have brain abnormalities
but survive to adulthood,7 whereas more extensive neuronal
knockout of TRA2B causes death shortly after birth with
severe brain abnormalities.8,9 Tra2β protein also regulates
splicing of exons controlling smooth muscle physi-
ology.10,11 No germline pathogenic variants have thus far
been identified for Tra2 proteins. However, Tra2 proteins
are related to proteins in the SR family of splicing regulators
including SRRM4, which is highly expressed in the
mammalian nervous system and associated with neuro-
developmental defects in mutant mice.4,12

Tra2 proteins frequently activate splicing inclusion by
directly binding to exons via a single RNA-recognition motif
(RRM).5,13,14 Physiological RNA binding sites for Tra2β
protein have been globally mapped across the human tran-
scriptome at individual nucleotide resolution, showing that
AGAA is the most frequent Tra2β-RNA binding site in
humans (although CAA can also be recognized when present
within RNA stem-loops).5,14 Tra2β protein also contains 2RS
domains (regions rich in arginine/serine dipeptides that are
important in protein−protein interactions). These are RS1 at
the N-terminus and RS2 at the C-terminus (Figure 1). After
binding to exons within pre-mRNAs, Tra2β protein stabilizes
binding of other spliceosome components via
protein−protein interactions involving its RS1 domain,
leading to splicing inclusion of exons. The RS2 domain of
Tra2β is shorter and not required in vitro for activation of
mouse Tra2β target exons.8 Taken together, these data indi-
cate a key functional requirement for theRRMdomain and the
RS1 region in splicing control by Tra2β.

The human TRA2B gene is located on human chromo-
some 3 and contains 9 protein-coding exons (Figure 1). Full-
length Tra2β protein (called Tra2β-1, NP_004584.1) is
translated from an open reading frame initiating within exon
1 and terminating within exon 9 (transcript variant 1,
NM_004593.3). The TRA2B gene also produces a number
of still poorly characterized splice isoforms. In particular,
TRA2B transcript variant 2 (NM_001243879.2) skips exon 2
and uses a second shorter open reading frame initiating from
a downstream ATG located within exon 3.17,18 This shorter
open reading frame encodes a truncated version of the Tra2β
protein (called Tra2β-3, NP_001230808.1) that still contains
the RRM and RS2 domains but lacks RS1.15 Tra2β-1 is
expressed fairly ubiquitously throughout the body, including
the developing human brain, whereas the Tra2β-3 mRNA
isoform is more tissue specific and developmentally regu-
lated.8,15 Importantly, while Tra2β-1 protein frequently ac-
tivates exon splicing, the functional role and importance of
Tra2β-3 protein is not well understood.

The objective of this study was to identify the genetic
basis of unexplained neurodevelopmental disorders. We
identified individuals in multiple unrelated families with a
neurodevelopmental syndrome that have genetic variants
mapping within the TRA2B gene. This is the first association
of genetic germline variants in TRA2B causing any genetic
disease. Molecular analysis of patient cell lines and trans-
fected cells suggest that clustered variants in the TRA2B
gene initiate a dominant negative disease mechanism caused
by increased expression of the Tra2β-3 protein isoform.
Materials and Methods

Selection of patient cohort

A total of 12 individuals from 11 distinct families with
variants in the TRA2B gene were enrolled through Gene-
Matcher.19 These affected individuals were identified
through patient care related to indications including
developmental delay (DD) and intellectual disability (ID)
and evaluated for genetic causes using exome sequencing
in a clinical context. No causative pathogenic or likely
pathogenic variants were found in genes already known to
be implicated in human diseases. Variants in TRA2B were
deemed as a potential disease-causing candidates because
of their molecular characteristics (absent from Genome
Aggregation Database [gnomAD],20 de novo in most
cases, and predicted loss of function in a gene predicted to
be intolerant to loss of function). Clinical and molecular
data from these individuals are summarized in Figure 2
and Supplemental Table 1. Clinical data were retrospec-
tively retrieved from medical records. Magnetic resonance
imaging and electroencephalograms were performed and



Figure 1 TRA2B gene/protein structure. Exon/intron structure of 2 alternative transcripts of TRA2B are represented in panel A and B.
Positions of the variants reported in this study are represented above the transcripts (color code corresponds to predicted effect: orange
indicates start-loss, green indicates nonsense, yellow indicates splice-affecting. Further details are given in Supplemental Table 2). Protein
isoform encoded by each alternative transcript is represented underneath the transcript. The structures of these proteins are annotated ac-
cording to the information in Uniprot.15,16 A. Transcript variant 1 (NM_004593.3, Matched Annotation from NCBI and EMBL-EBI [MANE]
Select) coding for the full-length protein (Tra2β-1). B. Transcript variant 2 (NM_001243879.2) coding for the short length protein (Tra2β-3).
All variants reported in this study were predicted to be loss of function variants (panel A), ie, predicted to produce an absent protein, either in
the absence of the translation start site (start-loss variants) or through nonsense-mediated RNA decay (nonsense and splice-affecting variants).
However, an N-truncated protein is produced in the presence of all 4 variants as assessed from western bloting (variants in bold letters in
panel A), probably corresponding to Tra2β-3 through the use of an alternative translation start site within TRA2B exon 3. RRM, RNA-
recognition motif; RS, arginine serine rich domain.
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the data were interpreted by trained clinicians through
standard care.

Exome sequencing

Genomic DNA was extracted from peripheral white blood
cells or buccal swab from affected individuals and parents
and used for exome sequencing following standard
procedures.21-24 Clinical variant prioritization was as
previously described.22-24 The GenBank identifier for
transcript variant 1 (NM_004593.3) was used to identify
variants in the TRA2B gene. Variants were confirmed
through Sanger sequencing. In most cases (11/12), the
TRA2B sequence variants detected in affected individuals
were established to be de novo through either Sanger
sequencing or exome sequencing of parents’ DNAs
(Supplemental Table 1).

Culture of cells from patient and control individuals

Lymphoblastoid cells derived from patient cells were grown
in suspension using Dulbecco’s Modified Eagle Medium
(DMEM) and 10% fetal calf serum. Patient-derived fibro-
blasts were grown as adherent cells in DMEM and 10% fetal
calf serum.

RNA sequencing of lymphoblastoid cells from
affected and control individuals

RNA from lymphoblastoid cells from individual 5 and control
lymphoblastoid cells were extracted using a Monarch Total
RNA Miniprep Kit (T2010S, NEB) according to manufac-
turer’s instructions and was resuspended in nuclease-free
water. RNA quality was checked using an Agilent 2100
Bioanalyzer, and mRNA libraries were prepared using a
TruSeqmRNALibraryKit (Illumina). Paired-end sequencing
was performed on an Illumina HiSeq 2000 and aligned to the
human genome GRCh38 using Spliced Transcripts Align-
ment to a Reference.25,26

Western blotting

Endogenous Tra2β proteins were detected through western
blot analysis using the following primary antibodies and
dilutions: N-terminal antibody, Tra2β, 1:2000 dilution
(ab31353, Abcam); C-terminal antibody, Tra2β, 1:1000
dilution (VPA00344, Bio-Rad). β-actin was detected as a
loading control (1:2000 dilution, A5441, Sigma-Aldrich).
GFP was detected using the Living Colors A.v. Mono-
clonal Antibody (JL-8) from Clontech (catalog number
632381) (1:2000 dilution).

Splicing analysis in mammalian cells

The open reading frame of Tra2β-1 cloned into the
expression vector pGFP3 was used as previously
described.8 The open reading frame of Tra2β-3 was
amplified from a geneblock purchased from IDT, using the
primers 5′-AAAAAAAAGAATTCATGTCTACTCGCAG
GCGT-3′ and 5′-AAAAAAAAGTCGACTTAATAGCGA
CGAGGTGA-3′ and then cloned into pGFP3.27 Analysis
of CHEK1 minigene splicing patterns were carried out in



Figure 2 Main clinical characteristics of the 12 individuals reported in this study. Number of individuals affected by a phenotypic trait are
indicated, followed in parenthesis by the proportion of these individuals in the cohort. Individualswith no data are excluded.Current age is represented
as a histogram. Sex, height, weight, head circumference, and intellectual skills are represented as circle plots. The color legend is indicated underneath
the plotswhennecessary.Behavior, brainmorphology, and type of epilepsy are represented asVenndiagramsbecause some individuals havemultiple
phenotypes.Becauseofmultiple features in some individuals, the total number canbemore than12and the sumofproportions canbemore than100%.
A more detailed phenotypic and genetic description is available in Supplemental Table 1. ASD, autism spectrum disorder.
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HEK-293 cells grown in culture with DMEM and 10%
fetal calf serum that were cotransfected as previously re-
ported5 with plasmids encoding GFP, Tra2β-1-GFP, and
Tra2β-3-GFP. Protein expression in transfected cells was
monitored using an α-GFP antibody (1:2000 dilution,
Living Colors). Replicating HEK293 cells were transfected
with the CHEK1 exon 3 minigene5 (250 ng) alongside
either 100 ng pGFP3 (lane 1 in Figure 3), 250 ng
pTra2β1-GFP3 (lane 2 in Figure 3), 250 ng Tra2β1-GFP +
250 ng Tra2 β3-GFP (lane 3 in Figure 3), 250 ng Tra2 β1-
GFP + 500 ng Tra2 β3-GFP (lane 4 in Figure 3), 250 ng
Tra2β1-GFP + 1 μg Tra2 β3-GFP (lane 5 in Figure 3), or
250 ng Tra2β3-GFP (lane 6 in Figure 3). RNA was pre-
pared using a standard Trizol RNA extraction (catalog
number 15596026, Thermo Fisher Scientific). Polymerase
chain reaction (PCR) was carried out using a OneStep RT-
PCR Kit (210212, Qiagen). RNA was extracted from pa-
tient cell lines using Monarch Total RNA Miniprep Kit
(T2010S, NEB). Complementary DNA was synthesized in
a 10 μl reaction using 500 ng total RNA, using a Super-
script VILO cDNA Synthesis Kit (11754050, Invitrogen)
and following manufacturer’s instructions. Endogenous
splicing profiles were monitored using PCR with primers
for CHEK1 exons 2 and 4 and capillary gel electrophoresis
on the Qiaxcel Advanced capillary electrophoresis system
(catalog number 9002123, Qiagen), and percentage
splicing inclusion (PSI) values were calculated as previ-
ously described.5,8 Statistical significance was assessed
using t tests and GraphPad prism.
Results

Identification of a novel neurodevelopmental
syndrome caused by localized variants in TRA2B

In this study, 12 individuals from 11 distinct families with
variants in the TRA2B gene were enrolled through Gene-
Matcher.19 All 12 affected individuals carried heterozygous
variant located upstream of exon 3 in TRA2B
(NM_004593.3), which were identified through exome
sequencing (Figure 1). These variants would meet the
criteria to be classified as likely pathogenic or pathogenic
according to American College of Medical Genetics and
Genomics guidelines if TRA2B were an established disease
gene (Supplemental Tables 1 and 2). All of these variants
were absent from the general population databases (gno-
mAD),20 were predicted to be loss of function variants, and
had not been reported previously. Of these 11 distinct var-
iants, 6 were expected to disrupt the translation start site in
exon 1 (start-loss variants), 3 were expected to disrupt the
splicing process at the exon 2/3 boundary (splice-affecting
variants), and the remaining 2 were expected to produce a
premature stop codon (truncating variants). Remarkably,
none of the 11 variants were located downstream of the
alternative start codon responsible for the expression of
Tra2β-3. In 10 out of 11 families, the TRA2B variant arose
de novo. In 1 family, the variant was transmitted from the
affected father (individual 8) to his son (individual 9). The
grandparents were not available for segregation analysis at
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Figure 3 Expression analysis of disease-associated variants. A. Screenshot from the Integrative Genomics Viewer genome browser28

showing RNAseq reads mapping to TRA2B exon 1 from lymphoblastoid cell lines from individual 5 and a control individual. B. The dip in
RNAseq reads corresponding to the expression of the allele containing the c.2_4del variant is indicated as an asterisk. C. Western blot
showing Tra2β-1 protein expression detected in control and individual cell lines using an antibody specific to the N-terminus of the Tra2β-1
protein isoform. D. Western blot showing Tra2β-1 and Tra2β-3 protein expression detected in control and individual cell lines using an
antibody specific to the C-terminal peptide sequence shared between the 2 isoforms. RNASeq, RNA sequencing.
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the time of publication. The 12 individuals included 5 fe-
males and 7 males, aged between 2 and 14 years with the
exception of an adult aged 31 years (father of individual 8).

Clinical and molecular data from these individuals are
summarized in Figure 2 and detailed in Supplemental
Tables 1 and 2. All individuals (12/12, 100%) had a his-
tory of DD or ID. The degree of DD/ID was severe to
profound for 6 individuals, moderate to severe for 2, mild
to moderate for 3, and unknown for 1. Axial or global
hypotonia of neonatal to infancy onset was reported in 10
individuals (10/12, 83%). Motor milestones were delayed
in all individuals, with independent walking achieved
between ages 20 months and 6 years in 6 individuals (6/11,
55%), not yet achieved in 5 (5/11, 45%), and unknown in
1. Of those 5 individuals who were unable to walk inde-
pendently, 4 had the potential to achieve walking in the
future, either because they could already walk with assis-
tance or stand or because they were too young to walk at
the time of publication. Language skills were substantially
impaired for most, with 7 individuals (7/12, 58%) being
nonverbal at age 3 to 14 years, including 5 individuals
older than 7 years. Four individuals acquired some degree
of spoken language (4/12, 33%). Behavioral problems were
present in 8 individuals (8/12, 66%). Some individuals had
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multiple behavioral problems (Figure 2, behavior). In total,
autism spectrum disorders were present in 4 individuals (4/
12, 33%), self-harming in 4 (4/12, 33%), and frustration
intolerance in 2.

Epilepsy was present in 7 individuals (7/12, 58%) with
the age at onset between 3 and 9 months. The initial
presentation was with infantile spasms in 6 individuals (6/
12, 50%) and an unclassified epileptic encephalopathy in
1. Electroencephalograms showed hypsarrhythmia in 3
individuals. In 3 individuals infantile spasms resolved
during late infancy. Two of them remained seizure-free
and drug-free in adolescence, whereas the third one was
seizure-free at the age of 6 after steroids and sodium
valproate treatment. For 3 individuals, epilepsy evolved
unfavorably: individual 3 had an unspecified epileptic en-
cephalopathy, individual 2 became resistant to multiple
antiepileptic drugs and to vagus nerve stimulation at age 6
years after an initial period free of seizures under keto-
genic diet from age 1 to 5, and individual 11 transitioned
from infantile spasms to a Lennox-Gastaut syndrome. For
individual 1 with infantile spasms, the course of epilepsy is
unknown. Head circumference was below average in 10
individuals, including microcephaly from −2 to −4 SD in
5 of them (5/12, 42%). All individuals underwent neuro-
imaging with the exception of individual 9 (Supplemental
Table 1). Brain anomalies were noted in 10 individuals
(10/11, 90%), including 6 exhibiting mild diffuse brain
atrophy or enlargement of the ventricles (6/11, 54%), 4
with thin or hypoplastic corpus callosum (4/11, 36%), 2
with delayed myelination, and 1 with cerebellar hypopla-
sia. Individual 11, who underwent surgery for intractable
seizures before genetic diagnosis, had histopathologically
confirmed focal cortical dysplasia.

Growth was below average for almost all individuals.
Height and weight were below −2 SD for 4 individuals (4/
12, 33%). Feeding difficulties were reported in 7 individuals
(7/12, 58%), including 1 infant requiring percutaneous
gastrostomy. Chronic constipation was present in 5 in-
dividuals (5/12, 42%). Sleep disturbances in the form of
night-time awakenings were reported in 3 individuals (3/12,
25%). One of them responded favorably to melatonin. Mi-
nor cardiac malformations were noted in 2 individuals (2/12,
17%). Vision was frequently affected: 3 individuals had a
cortical visual impairment, 2 had an intermittent exotropia,
and 2 had astigmatism. Hearing was unaffected in all in-
dividuals. Skeletal abnormalities were common and mild,
including scoliosis in 4 individuals (4/12, 33%), hand and/or
feet brachydactyly in 3 (3/12, 25%), cutaneous syndactyly
in 2 (2/12, 17%), and pectus excavatum in 1.

Facial similarities were noted between some individuals
(Figure 4), sharing some resemblance with Angelman syn-
drome or chromatinopathies. The following genetic abnor-
malities were specifically investigated and excluded in some
individuals because of their consistent phenotype: Angel-
man syndrome through methyl-specific PCR (individuals 3,
4, 6, and 7), mitochondrial DNA sequencing (individuals 3,
5, and 11), ARX (individual 5), MECP2 (individual 6), and
Coffin-Siris (individual 7).

Detection of an N-terminal truncated Tra2β protein
isoform within affected individuals

To investigate the molecular mechanism responsible for the
phenotype in our cohort, we first assessed the effects of the
variants on the TRA2B transcript through RNA sequencing
(RNAseq) analysis in lymphoblastoid cells derived from
individual 5. In this individual, a heterozygous deletion of 3
nucleotides (c.2_4del) was expected to remove the start
codon of the Tra2β-1 protein isoform (Supplemental Table
2). Alignment of RNAseq reads to the human genome did
not highlight any reduction in the overall expression level or
change in the splicing pattern of TRA2B mRNA between
individual 5 and control individuals (Figure 3A). RNAseq
analysis revealed an approximately 50% dip in read
coverage over the deletion, which was not observed in the
control cell line (Figure 3B). Hence, the transcript corre-
sponding to the c.2_4del variant is expressed at similar
levels to the wild-type allele and not targeted for mRNA
degradation.

Because all the variants in our cohort were predicted to
disrupt the expression of Tra2β-1 isoform, we next assessed
the effect of the variants on the Tra2β protein using western
blot analysis. Protein was extracted from fibroblasts or
lymphoblastoid cells derived from individual 2 (c.170+1del
splice variant), individual 4 (c.2T>G start-loss variant), in-
dividual 5 (c.2_4del start-loss variant), and individual 7
(c.1A>G start-loss variant) (Supplemental Table 2).
Consistent with the predicted effect of the 5′ TRA2B vari-
ants, we observed decreased levels of full-length Tra2β-1
protein (~39 kDa) in these affected individuals compared
with controls using an antibody specific to the N-terminus of
the protein (Figure 3C). To monitor whether the patient-
associated variants also affected the expression of Tra2β-3
we used an antibody raised against the C-terminus of the
protein, which binds to both Tra2β-1 and Tra2β-3 isoforms.
This C-terminus antibody confirmed the decrease in Tra2β-1
levels within affected individuals’ cells and also showed
increased expression of a shorter protein (~20 kDa) of the
size predicted for the Tra2β-3 isoform. This shorter protein
isoform was barely detected in control lymphoblastoid cells
and also more weakly observed in control fibroblast cells
than in patient-derived fibroblasts (Figure 3D). These data
suggest that while reducing the expression of Tra2β-1, as
expected, the variants found in our cohort also dramatically
increased the expression of the otherwise poorly expressed
Tra2β-3 protein isoform.

We next investigated whether this Tra2β protein isoform
exchange had an effect on Tra2β function. One of the best
characterized splicing targets of human Tra2β is within the
checkpoint kinase 1 gene (CHEK1). Tra2β-1 activates
splicing inclusion of CHEK1 exon 3, and small interfering
RNA−mediated depletion of Tra2β induces a 55% reduction



Figure 4 Facial pictures of TRA2B individuals. A. Individual 2 at age 1 and 13 years. B. Individual 5 (age unspecified). C. Individual 4
at age 1 and 5 years. D. Individual 3 at age 6 years. E. Individual 7 at age 3, 10, and 13 years. F. Individual 8 at age 4 years. G. Individual 9 at
age 31 years. H. Individual 11 at age 3 years. The following features were considered common but not constant in the cohort by 4 inde-
pendent clinical geneticists: long and slightly upslanting palpebral fissures, deep set eyes, epicanthi, high nose bridge, bulbous nose tip,
anteverted nares, smooth and short philtrum, thin upper lip, fleshy lower lip, open mouth, widely spaced teeth, low set fleshy ears, and
rectangular end of the chin.
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in the splicing inclusion of this exon in breast cancer cells.5

Both analysis of exon junction reads within our RNAseq
data (Figure 5A) and experimental isoform-specific reverse
transcription PCR (Figure 5B) detected a reduced PSI of
CHEK1 exon 3 in individual 5−derived lymphoblastoid
cells compared with control lymphoblastoid cells. However,
the size of reduction in CHEK1 exon 3 splicing inclusion
within lymphoblastoid cells from individual 5 was less than
that previously detected after small interfering
RNA−mediated depletion of both Tra2α and Tra2β in
MDA-MB-231 cells.5
The N-terminal truncated Tra2β-3 protein isoform
operates as a splicing repressor

Because of (1) the striking discrepancy between the lack of
phenotype in Tra2b heterozygous knockout mice6 compared
with the severe defects detected in affected individuals
described in this study, (2) overexpression of Tra2β-3 pro-
tein in affected individuals, and (3) the unchanged expres-
sion of TRA2B canonical transcript (NM_004593.3) in
individual 5 when compared with controls, we hypothesized
that the main cause of the disease was not a Tra2β-1



Figure 5 Molecular analysis of disease mechanism. A. Screenshot of the Integrative Genomics Viewer (IGV) genome browser28

showing RNAseq reads from individual 5 and a control lymphoblastoid control cell line mapping to the CHEK1 gene. The correspond-
ing CHEK1 gene exon/intron structure and position of Tra2β-1 protein binding sites identified by individual-nucleotide resolution Cross-
Linking and ImmunoPrecipitation (iCLIP)5 are indicated. The percentage splicing inclusion (PSI) levels for CHEK1 exon 3 are shown for
each of the RNAseq tracks, after calculation from exon junction reads displayed in IGV.28 A more detailed picture of CHEK1 exon 3 is
shown underneath, better resolving the multiple Tra2β-1 protein binding sites (revealed by iCLIP tags5) that map to this exon. B. Experi-
mental detection of splicing inclusion of CHEK1 exon 3 in lymphoblastoid cells from individual 5 and a control lymphoblastoid cell line
using reverse transcription polymerase chain reaction (RT-PCR) primers for CHEK1 exons 2 and 4 for analysis as previously described.5 C.
Model showing the proposed dominant negative disease mechanism in our cohort. Tra2β-1 protein isoform normally binds to multiple target
sites within Tra2-responsive exons to activate their splicing inclusion. In our cohort the Tra2β-3 protein variant lacking the RS1 domain
would competitively bind the same target sites as Tra2β-1, reducing the levels of splicing activation of associated exons and increasing exon

8 F. Ramond et al.
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haploinsufficiency but rather a consequence of increased
levels of Tra2β-3. Supporting this idea, previous in vitro
experiments have shown that an engineered version of the
Tra2β protein that is missing RS1 (similar to Tra2β-3) can
operate as a splicing repressor on some Tra2β-1 target exons
identified within mouse testis and brain.8 At the molecular
level, Tra2β-1 protein activates exon splicing via binding to
recognition sites inside target exons.5 iCLIP (individual-
nucleotide resolution cross-linking and immunoprecipita-
tion) and mutagenesis experiments have shown that most
Tra2β-dependent exons have multiple nonredundant binding
sites for Tra2β protein.5,8 This includes CHEK1 exon 3
(Tra2β binding sites within this exon that have been iden-
tified through iCLIP experiments5 are shown in Figure 5B).
Mutational inactivation of individual Tra2β binding sites
leads to reduced splicing inclusion of Tra2β-responsive
exons, even though other potential binding sites remain,
consistent with requirement of binding of multiple Tra2β
proteins for splicing activation.5,8 The Tra2β-3 protein iso-
form lacks the RS1 domain that is required to recruit the
spliceosome and enable splicing activation, but it still con-
tains the RRM and therefore can bind to Tra2β target exons.
In our cohort, the excess of the Tra2β-3 isoform could thus
occupy Tra2β binding sites, competing with Tra2β-1 for
binding to target exons, and thereby reducing splicing in-
clusion of Tra2β target exons in key genes (Figure 5C).

To evaluate this hypothesis of a dominant negative
mechanism, we precisely cloned the human Tra2β-3 reading
frame into an expression vector in frame with the reading
frame for GFP and transfected this expression construct into
HEK293 cells. As expected, western blotting of transfected
cell extracts detected a shorter protein in cells expressing
Tra2β-3 GFP fusion protein than the protein in cells
expressing Tra2β-1-GFP fusion protein (Figure 5D).5 To
monitor relative splicing activities of these fusion proteins,
we also cotransfected a Tra2β-1-responsive minigene con-
taining CHEK1 exon 3 plus flanking intron sequences5

alongside the expression constructs (Figure 5D and 5E).
Exactly consistent with the previous data, cotransfection of
the Tra2β-1-GFP expression vector activated splicing in-
clusion of CHEK1 exon 35 (Figure 5E and 5F, compare
lanes 1 and 2). Supporting our proposed dominant negative
model, cotransfection of the Tra2β-3-GFP expression vector
with the minigene resulted in significantly reduced CHEK1
exon 3 splicing inclusion (Figure 5E and 5F, compare lanes
1 and 6). Moreover, transfection of increasing amounts of
Tra2β-3-GFP led to progressively decreased splicing inclu-
sion of CHEK1 exon 3 even with cotransfection with Tra2β-
1-GFP (Figure 5E and 5F, compare lanes 2-5). These ex-
periments are consistent with a molecular mechanism in
which the Tra2β-3 isoform is not able to activate splicing
skipping. D. Western blots of protein extracted from HEK293 cells afte
given in Materials and Methods). This western blot was probed for GF
minigene splicing patterns. F. Bar chart showing mean PSI levels of CHE
represented by bar charts were generated from 3 biological replicates and
using an independent two-sample t test between the PSI levels as indica
****P < .0001). RNASeq, RNA sequencing; RRM, RNA-recognition m
inclusion of CHEK1 exon 3, and increased levels of the
Tra2β-3 protein isoform detected in patients’ cells operate to
counteract the splicing activity of the reduced endogenous
Tra2β-1 protein isoform expressed from the other allele.
Discussion

In this study, we have identified variants in the TRA2B gene
that are very likely responsible for a new neuro-
developmental syndrome. This syndrome involves ID/DD
of mostly severe degree, frequently associated with epilepsy
(particularly infantile spasms), behavioral abnormalities
(including autism spectrum disorder and self-injuries), brain
abnormalities (including microcephaly, brain atrophy or
enlargement of the ventricles, and corpus callosum hypo-
plasia), feeding disorders, growth retardation, nonspecific
visual abnormalities, and some less frequently observed
features. Among the 11 independent families reported in this
article, the variants occurred de novo in 10 and was
inherited from a similarly affected parent in 1. Some in-
dividuals share a degree of facial resemblance although not
very specific. The mode of transmission is autosomal
dominant, with possibly full penetrance.

The genetic variants associated with this neuro-
developmental syndrome are strictly localized within the 5′
coding region of the TRA2B gene. Our data suggest a domi-
nant negative disease mechanism in which localized hetero-
zygous variants in TRA2B cause the overexpression of an
otherwise poorly expressed Tra2β-3 protein isoform. In this
model, increased expression of Tra2β-3 protein changes the
splicing inclusion of key Tra2β-dependent exons during
development by competing with the canonical Tra2β-1 pro-
tein. Such splicing changes then cause the neuro-
developmental defects observed in our cohort. The precise
genes and exons that might be responsible for the neuro-
developmental syndrome remain to be identified, although
Tra2α and Tra2β are known to regulate exon inclusion of
genes, such as NIPBL, ATRX, and SON, important in syn-
dromes with intellectual deficiency among others.5 Hap-
loinsufficiency or loss of function of these genes are
responsible for Cornelia de Lange type 1 (OMIM 122470),
alpha-thalassemia/mental retardation (OMIM 301040), and
ZTTK (OMIM 617140) syndromes, respectively, whose
manifestations overlap to those seen in our individuals.
However, a limitation of this study is that we cannot rule out a
gain of function mechanism via increased expression of the
Tra2β-3 protein isoform causing changes independent of
Tra2β-1. Another limitation is the absence of demonstration
of causality through animalmodels. However, we believe that
the specific molecular pattern of the variants, their rarity and
r transfection of expression constructs and minigenes (full details
P. E. Capillary gel electrophoretogram after RT-PCR analysis of
K1 exon 3 from each group of transfected HEK293 cells. All data
error bars represent SEM. All probability P values were calculated
ted on the bar chart (statistical significance: *P < .05, **P < .01,
otif.
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mode of inheritance, their effect on Tra2β proteins, and the
phenotypic resemblance among individuals, are convincing
enough to support their involvement in a new syndrome.

Considering possible disease mechanisms, we expect that
haploinsufficiency of the TRA2B gene would not result in the
same phenotype as seen in the individuals described in this
study. Indeed, heterozygous deletions of TRA2B are reported
in the Database of Genomic Variants (http://dgv.tcag.ca/) in
21 supposedly healthy individuals (esv2660289,
nsv1142591) within a cohort of 1153.29 Further supporting
our hypothesis, a 455-kilobase deletion encompassing
TRA2B and several nearby genes was inherited from an
asymptomatic parent in an individual with an apparently
nonsyndromic neurodevelopmental disorder entered in the
Database of genomic variation and phenotype in humans
using Ensembl resources (DECIPHER) (https://www.
deciphergenomics.org; patient 276055).30 Unfortunately, we
were unable to obtain more information on the individual and
his family, who were lost to follow-up. Finally, no copy
number variants of modest size spanning the TRA2B gene are
present in affected individuals in the Clinical Genome
Resource (https://clinicalgenome.org)31 and dbVar databases
(https://www.ncbi.nlm.nih.gov/dbvar/).32 Thus, heterozygous
deletions of the entire TRA2B gene leading to its hap-
loinsufficiency might not be pathogenic. This is not incon-
sistent with the predicted intolerance of TRA2B to loss-of-
function variants based on the 0.99 probability of being
loss-of-function intolerant score reported for this gene in the
gnomAD (https://gnomad.broadinstitute.org/).20 Indeed, var-
iants such as those identified in our cohort would be classified
as pathogenic in gnomAD in case they are located upstream
of exon 3 of TRA2B.

In conclusion, to our knowledge, this study is the first
description of a genetic disease associated with alterations in
a TRA2-family gene and further confirms the essential role
of alternative splicing control mechanisms in human neu-
rodevelopment.4 We describe an original dominant negative
function mechanism involving the activation of an alternate
translation start site in the presence of predicted loss-of-
function heterozygous variants clustered in the 5′ part of
the gene.
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