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A B S T R A C T   

Variation in the non-coding genome is being increasingly recognized to be involved in monogenic disease eti
ology. However, the interpretation of non-coding variation is complicated by a lack of understanding of how non- 
coding genetic elements function. Additional lines of evidence are therefore needed to recognize non-coding 
variants as pathogenic. We here present a case where a collective body of evidence resulted in the identifica
tion and conclusive classification of a pathogenic deep intronic variant in ATRX. This report demonstrates the 
utility of a multi-platform approach in aiding the identification of pathogenic variants outside coding regions. 
Furthermore, it marks the first reported instance of a deep intronic pathogenic variant in ATRX.   

1. Introduction 

Variation in the non-coding genome is being increasingly recognized 
to underlie monogenic disorders. However, diagnosing patients based 
on non-coding variants remains challenging, mainly due to our limited 
capacity to accurately predict the functional consequences of such var
iants. Additional lines of evidence are therefore needed to support a 
pathogenic classification of most non-coding variants. Typically, this 
evidence entails the detection of aberrant transcriptomic events, making 
RNA-sequencing (RNA-seq) a powerful complementary approach in 
genome diagnostics. 

ATRX-syndrome (OMIM: #309580) is an X-linked syndromic form of 
usually severe to profound mental retardation. The vast majority 
(>90%) has a characteristic recognizable facial gestalt during infancy, 
~80% has some degree of genital abnormality and ~90% has hemato
logical signs of Alpha-Thalassemia (Leon and Harley, 2021). Female 
carriers are generally unaffected but show marked skewing of X-chro
mosome inactivation to silence the pathogenic allele (Wada et al., 
2005). 

ATRX-syndrome is caused by pathogenic variants in ATRX, a chro
matin remodeler involved in regulation of transcription and replication. 
Reported pathogenic variants are primarily missense variants, generally 

resulting in reduced protein levels (Badens et al., 2006; Villard and 
Fontes, 2002). However, other types of variants have been identified as 
well, including splice site variants and larger copy number variants 
(CNVs) (Leon and Harley, 2021). 

In line with its role in epigenetic regulation, pathogenic variants in 
ATRX are associated with a specific genome-wide DNA-methylation 
pattern (Schenkel et al., 2017). Such methylation patterns (a.k.a. epis
ignatures) have been identified for >65 monogenic disease genes and 
are emerging as powerful diagnostic tools (Levy et al., 2022; Sadikovic 
et al., 2021). 

We here report the identification of a novel pathogenic variant 
causing ATRX-syndrome, which is located deep within an intron and 
results in inclusion of a cryptic exon. The classification of this variant is 
supported by results from multiple platforms, including Episign testing 
and RNA-seq. This study demonstrates the power of such a multi- 
platform approach and reports the first deep intronic single nucleotide 
variant (SNV) to be associated with ATRX-syndrome. 
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2. Results 

2.1. Case presentation 

The proband is a male (III:1, Fig. 1A), currently 9 years of age, 
without speech and unable to walk without support. He is the first and 
only child of healthy, highly educated, non-consanguineous Dutch 
parents. The boy was born following an uneventful pregnancy (delivery 
at 38+5 weeks) with a birthweight of 3520g. He was borderline 
microcephalic at birth and his head circumference (OFC) has continued 
to grow at − 2,5 to − 3,0SD. He failed his postnatal hearing exam due to a 
bilateral sensorineural loss of ~50Db. He was also shown to have limited 
vision (abnormal VEP and ERG tests), which results in poor fixation. His 
development was delayed from the start, accompanied by severe axial 
hypotonia; however, no signs of developmental regression were noted. 
Upon dysmorphological examination, several features were noted, 

including: plagiocephaly (likely due to prolonged periods of lying on this 
back in the same position); mild hypertelorism with down slanting 
palpebral fissures; short nose with anteverted nares; a hypotonic face 
with triangular mouth and full lips; eversion of the lower lip; and tongue 
protrusion. The teeth appeared small and widely spaced and one 
element with synodontia was noted. The boy has normal male genitalia 
with descended testes. He usually has a happy demeanor with frequent 
bouts of laughter. He has had seizures associated with fever but does not 
have epilepsy. 

The proband remains under the care of a pediatrician because of 
excessive drooling (treated with yearly botox injections), constipation, 
and recurrent urinary tract infections. He does eat but has a gastrostoma 
to ensure sufficient intake. Hematological testing found mild anemia on 
several occasions, however no microcytic anemia was detected. 
Furthermore, Alpha-Thalassemia testing, including testing for HBH in
clusions, was negative on two occasions. Family history was non- 

Fig. 1. Identification of a pathogenic deep intronic variant in ATRX. A) Pedigree of the presented family. Siblings have been left out of this pedigree for privacy 
reasons. B) Sanger sequencing results demonstrating the de novo occurrence of the c.371-1201G>A (NM_000489.6) variant. Red dots indicate the variant location. C) 
Schematic representation of the genetic locus harboring the c.371-1201G>A variant. ATRX is encoded by the minus strand. Shown are intron 5 (black line, 2639bp) 
and its flanking exons exon 5 (E5) and exon 6 (E6) from ATRX (NM_000489.6). Arrows indicate reading frame direction. D) Histogram showing phastCons scores (Y- 
axis) for the respective locations. Blue line indicates location of the variant. E) Histogram showing CADD scores (Y-axis) for respective locations. Blue line indicates 
location of the variant. F) Table depicting splice enhancer binding consensus scores from ESE finder and SpliceAI scores (+7 and + 100bp on the genomic sequence) 
for reference (ref) and the variant (alt) allele. G and H) Sashimi plots summarizing the results from RNA-seq analysis of blood samples of the index (III:1, F) and 
mother (II:1, G). Y-axis: read depth. I) RT-PCR results indicating the inclusion of CE-5b in the proband (III:1), but not the mother (II:1) and a random unrelated 
control sample. Primers were designed to target exon 5 and 6 to generate a 168bp product (WT). CE-5b is 94bp long, corresponding to the size shift as seen in the 
proband. J) Coding sequence of CE-5b (top row) including the nucleotides from the flanking exons to complete the first and last codon (highlighted in grey), and the 
translated protein sequences (bottom row). In-frame stopcodons are depicted in red. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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contributory, except for multiple miscarriages with normal parental 
karyotypes. Based on the combination of severe intellectual disability, 
hypotonia and characteristic facial features, a clinical diagnosis of 
ATRX-syndrome was expected. 

2.2. Clinical genetic testing 

Diagnostic whole-exome-sequencing (WES) identified no suspect 
ATRX SNVs or indels after analysis according to the ACMG/AMP 
guidelines (Richards et al., 2015). In addition, no suspect CNVs were 
detected by SNP-array or WES-based CNV analysis. 

Because initial genetic testing did not identify a pathogenic ATRX 
variant, we looked for further evidence to support the suspicion of 
ATRX-syndrome. First, we tested X-inactivation in the mother (II:1, 
Fig. 1A) and found a fully (100%) skewed X-inactivation pattern (data 
not shown). X-inactivation testing in the grandmother (I:1) was incon
clusive, as she is homozygous for the target repeat region of the assay 
(data not shown). 

Next, we performed diagnostic Episign testing for the proband (III:1), 
which showed a methylation signature consistent with ATRX-syndrome 
(data not shown). These results, combined with the clinical presentation 
of the proband, unequivocally supported the diagnosis of ATRX- 
syndrome, prompting us to continue our search for the underlying 
pathogenic variant. 

2.3. Identification of a pathogenic deep intronic variant in ATRX 

As previous WES-based efforts did not identify any potential patho
genic variant, we hypothesized a non-coding variant to underlie the 
phenotype. Since the family history showed no indication of a hereditary 
disease (i.e. no other affected family members and no recurrent mis
carriages besides in the mother (II:1)), we expected the variant to be 
absent in the grandmother (I:1) and to have formed de novo in the 
mother (II:1). Under this hypothesis, we performed WGS for the boy 
(III:1), his mother (II:1) and grandmother (I:1) and searched for shared 
SNVs between the proband (III:1) and his mother (II:1) but absent in the 
grandmother (I:1). Only one SNV fitted our hypothesis: c.371-1201G>A 
(NM_000489.6). Sanger sequencing confirmed the genotypes and 
demonstrated absence of the variant in the grandfather (I:2) (Fig. 1B), 
confirming the variant formed de novo in the mother (II:1). 

The variant is absent from the gnomAD database (Karczewski et al., 
2020) and resides in a conserved intronic element according to Phast
Cons scores (Fig. 1C and D) (Siepel et al., 2005). In addition, the CADD 
score of this nucleotide is 21 (Kircher et al., 2014; Rentzsch et al., 2019), 
and the region shows elevated CADD scores as compared to the direct 
surroundings (Fig. 1E). Moreover, the variant was predicted to shift the 
affinity for splice enhancers from SRp40 to SRp55, and SpliceAI predicts 
the introduction of a splice donor and an acceptor site, 7bp and 100bp 
upstream in the transcript, respectively (Fig. 1F) (Cartegni et al., 2003; 
Jaganathan et al., 2019). These data collectively suggested that the 
variant might affect a functional non-coding element residing deep 
within intron 5 (NM_000489.6). 

We next performed RNA-seq on peripheral blood samples to detect 
potential splicing impact of the variant. We observed inclusion of a 
cryptic exon spanning 94nt (GRCh38 chrX:77695145-77695238), 
located directly upstream of the c.371-1201G>A variant and corre
sponding to the splice sites as predicted by SpliceAI (Fig. 1F). Inclusion 
of this cryptic exon (hereafter referred to as cryptic exon 5b, CE-5b) was 
commonly observed in the proband (III:1, Fig. 1G), while inclusion of 
CE-5b was rare in the mother (II:1, Fig. 1H), consistent with skewed X- 
inactivation and silencing of the allele. The RNA-seq results were 
confirmed by RT-PCR (Fig. 1I). 

CE-5b introduces an in-frame premature stop codon (Fig. 1J) and is 
therefore likely to severely impact on gene function, either by producing 
a truncated protein missing all the downstream exons (6–35), or by 
complete loss of expression due to nonsense-mediated decay (NMD). 

In conclusion, we identified a novel pathogenic deep intronic variant 
in ATRX which formed de novo in an unaffected mother. The variant 
causes inclusion of CE-5b, a cryptic exon which introduces an in-frame 
stopcodon and therefore likely impacts on ATRX function. This variant 
has been submitted to ClinVar (Variation ID: 3233402). 

3. Discussion 

The contribution of non-coding variation to monogenic disease is 
gaining recognition in clinical genetics. We here demonstrate how 
multiple platforms can be utilized to guide the search for pathogenic 
non-coding variation, which is still difficult to detect due to a lack of 
understanding of the functional impact of such variants. Motivated by a 
collective body of evidence pointing towards a single candidate gene 
(ATRX), we employed WGS and RNA-seq to detect and confirm a 
pathogenic variant residing deep within an intron. This variant (c.371- 
1201G>A) causes the inclusion of a cryptic exon (CE-5b), which in
troduces an in-frame premature stop codon and as such is expected to 
severely impact on ATRX function. 

Although premature stopcodons are known to induce NMD, the 
abundant detection of transcripts including CE-5b suggests that tran
scripts containing this exon might escape NMD. The expected protein 
product would lack most of the C-terminal part of the protein, as it will 
contain only the first five exons, which encode for only 123aa of the 
otherwise 2429aa full length ATRX protein. Therefore, CE-5b is ex
pected to severely impact on ATRX function also in absence of NMD. 
Further studies will be necessary to elucidate the precise nature of the 
final gene product. 

The introduction of premature stopcodons by inclusion of cryptic 
exons has been recognized as a regulatory mechanism for gene expres
sion and are commonly referred to as poison exons (Carvill and Mefford, 
2020). One striking example of the clinical relevance is a mutational 
hotspot in SCN1A, where pathogenic variants activate a poison exon and 
cause Dravett Syndrome (Carvill et al., 2018). Interestingly, antisense 
oligonucleotides targeting these SNVs silence the poison exon and 
relieve Dravett associated phenotypes in mice (Han et al., 2020). It is 
tempting to speculate such a therapeutic approach can be translated to 
many more monogenic disorders, and this report might indicate 
ATRX-syndrome is such a disorder. 

We demonstrate how the identification of a pathogenic deep-intronic 
variant ended a diagnostic odyssey. By employing different platforms, 
both classic and novel, a collective body of evidence pointing towards a 
pathogenic variant in ATRX served to strengthen the search for genetic 
variants outside of the normal diagnostic spectrum. The most convincing 
argument to focus on ATRX was an ATRX-positive episignature, 
demonstrating the value of Episign testing in diagnostics. 

The identification of pathogenic variation in non-coding elements 
remains challenging, mainly due to our inability to adequately predict 
the functional consequences of such variants on gene expression, 
splicing, or other biological processes they might influence. RNA-seq 
provides an unbiased approach to detect aberrant transcriptomic 
events and as such serves as an outstanding method to provide func
tional evidence to support the classification of non-coding variants. We 
here employed this technique to confirm functional impact of a deep 
intronic variant. Of note, although some publicly available metrics to 
assist in the classification and/or prioritization of non-coding variants 
(including CADD, PhastCons and SpliceAI) correctly reflected the 
functional importance of the genetic element, other splice site prediction 
tools failed to predict an impact on splicing. An integrated approach 
using advanced diagnostic tools (such as episignatures and RNA-seq) 
combined with continuously improving classification metrics, is ex
pected to greatly increase diagnostic yield of clinical WGS efforts and 
will prevent or shorten diagnostic odysseys for many cases like pre
sented here. 
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4. Materials and methods 

4.1. Diagnostic genetic testing and consent 

WES, WGS and X-chromosome silencing assays were performed by 
the genome diagnostic laboratory at the UMC Utrecht according to local 
diagnostic protocols and standards. Episign testing was performed 
through the genome diagnostic laboratory at the Amsterdam UMC, 
location AMC, as described previously (Sadikovic et al., 2021). 

This study is performed within the ethical framework of the UMC 
Utrecht. Consent forms, signed by the mother, that allow for publication 
of the presented data, make part of the electronic health record stored at 
the UMC Utrecht. 

4.2. RNA sequencing and RT-PCR 

RNA was isolated from total blood. Sequencing libraries were pre
pared using the KAPA RNA HyperPrep with RiboErase kit (Roche) and 
TrueSeq RNA sample preparation kit (Illumina) and sequenced on a 
NovaSeq 6000 (Illumina). Quality of the library was checked with 
FastQC v0.11.8 and reads were aligned to the human genome reference 
(GRCh38) by STAR v2.7.9a. To visualize splice junctions from RNAseq 
data, IGV (2.13.2) was used. 

For RT-PCR, cDNA was generated using the High-Capacity cDNA 
Reverse Transcription Kit (Thermofisher). RT-PCR was performed using 
the Q5® High-Fidelity DNA Polymerase (New England Biolabs) and 
primers for the exons 5 and 6 of ATRX with the following sequence: 5′- 
AAAACCTTTGGATGATGAAACTGT-3′ and 5′-TCTGCTTCTAAATT
CAGGCCC-3′, respectively. RT-PCR products were analyzed by agarose 
gel electrophoresis. 

4.3. Variant analysis 

Predicted variant impact was analyzed using the following tools: 
Alamut Visual (v2.15) to access PhasCons data (44 vertebrates) and 
splice predictor software (SpliceSiteFinder-like, MaxEntScan, NNSPLICE 
and GeneSplicer), the UCSC genome browser for CADD (v1.6) and 
gnomAD V4.1.0. 

Accession numbers 

ClinVar Variation ID: 3233402. 
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