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Abstract

White-Sutton syndrome (WHSUS), which is caused by heterozygous pathogenic variants in 

POGZ, is characterized by a spectrum of intellectual disabilities and global developmental delay 

with or without features of autism spectrum disorder. Additional features may include hypotonia, 

behavioral abnormalities, ophthalmic abnormalities, hearing loss, sleep apnea, microcephaly, 

dysmorphic facial features, and rarely, congenital diaphragmatic hernia (CDH). We present a 

6-year-old female with features of WHSUS, including CDH, but with non-diagnostic clinical 

trio exome sequencing. Exome sequencing reanalysis revealed a heterozygous, de novo, intronic 

variant in POGZ (NM_015100.3:c.2546–20T>A). RNA sequencing revealed that this intronic 

variant leads to skipping of exon 18. This exon skipping event results in a frameshift with a 

predicted premature stop codon in the last exon and escape from nonsense-mediated mRNA 
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decay (NMD). To our knowledge, this case is the first case of WHSUS caused by a de novo, 

intronic variant that is not near a canonical splice site within POGZ. These findings emphasize 

the limitations of standard clinical exome filtering algorithms and the importance of research 

reanalysis of exome data together with RNA sequencing to confirm a suspected diagnosis of 

WHSUS. As the sixth reported case of CDH with heterozygous pathogenic variants in POGZ 
and features consistent with WHSUS, this report supports the conclusion that WHSUS should be 

considered in the differential diagnosis for patients with syndromic CDH.

Keywords

Congenital diaphragmatic hernia; RNA sequencing; genome sequencing; splicing

INTRODUCTION

Heterozygous pathogenic variants in POGZ cause White-Sutton syndrome (WHSUS, 

OMIM: #616364), a disorder characterized by a wide spectrum of intellectual disabilities 

and global developmental delay with or without features of autism spectrum disorder (Assia 

Batzir et al., 2020; Garde et al., 2021; Stessman et al., 2016; White et al., 2016; Ye et al., 

2015). Additional reported phenotypic features of WHSUS include hypotonia, behavioral 

abnormalities, ophthalmic abnormalities, variable hearing loss, sleep apnea, microcephaly, 

and dysmorphic facial features (Assia Batzir et al., 2020; Stessman et al., 2016). These 

dysmorphic facial features may include broad forehead, midface hypoplasia, triangular 

mouth, and a broad and flat nasal bridge (Assia Batzir et al., 2020; Stessman et al., 2016). 

Other phenotypic features may include abnormal brain imaging, seizures, gait abnormalities, 

brachydactyly, and gastrointestinal abnormalities (Assia Batzir et al., 2020; Ferretti et al., 

2019). Congenital diaphragmatic hernia (CDH) has been described in five individuals with 

heterozygous pathogenic variants in POGZ and features consistent with WHSUS (Assia 

Batzir et al., 2020; Garde et al., 2021; Longoni et al., 2017; Murch et al., 2021; White et al., 

2016).

Heterozygous missense, nonsense, and frameshift variants in POGZ have been associated 

with WHSUS (Assia Batzir et al., 2020; Stessman et al., 2016). To date, the only non-coding 

variants that have been reported in association with this diagnosis affect canonical splice 

sites or are in close proximity to canonical splice sites (Assia Batzir et al., 2020; Garde et al., 

2021; Stessman et al., 2016). The nonsense, frameshift, and splice variants are distributed 

throughout the gene with a large number of pathogenic variants located in the last exon 

(Assia Batzir et al., 2020). Although few studies have evaluated these variants at an RNA or 

protein level (Garde et al., 2021; Tan et al., 2016), some of these variants are predicted to 

lead to nonsense-mediated mRNA decay (NMD) whereas others are predicted (or in a single 

case, demonstrated) to escape NMD and to produce a truncated protein (Assia Batzir et al., 

2020; Garde et al., 2021; Tan et al., 2016). However, no unequivocal genotype-phenotype 

correlations have been established (Assia Batzir et al., 2020).

Here we present a 6-year-old female with typical phenotypic features of WHSUS 

including CDH in the setting of a non-diagnostic evaluation, including clinical trio 
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exome sequencing. Re-analysis of her exome sequencing data within the Undiagnosed 

Diseases Network (UDN) identified a heterozygous, de novo, intronic variant in POGZ 
(NM_015100.3:c.2546–20T>A). RNA sequencing in her fibroblasts demonstrated that this 

intronic variant leads to skipping of exon 18, which causes a frameshift and predicted 

premature stop codon in the last exon of POGZ. Despite this exon-skipping event, the levels 

of POGZ expression in her fibroblasts were equivalent to controls suggesting that the mutant 

transcript escapes NMD as predicted. Overall, our patient represents the first example of 

WHSUS caused by a de novo, intronic variant that is not near a canonical splice site in 

POGZ and thus could be missed by standard clinical exome sequencing analysis.

METHODS

Editorial Policies and Ethical Considerations.

This study was approved by the Institutional Review Boards (IRBs) at the National Institutes 

of Health and Baylor College of Medicine (BCM). The patient and both parents were 

enrolled in the Undiagnosed Diseases Network (UDN) site at BCM. Informed consent was 

obtained prior to initiating any research procedures, and the family provided consent for the 

publication of photographs in this report.

Trio Exome Sequencing.

Clinical trio exome sequencing was performed as previously described (Yang et al., 2014). 

The clinical trio exome sequencing data were transferred to the UDN for research analysis. 

For the research analysis, all novel de novo variants and biallelic variants with a minor allele 

frequency of <0.01% were prioritized for review.

RNA Sequencing.

A skin biopsy was performed on the patient and used to establish a fibroblast cell line 

with standard protocols. RNA was isolated from the fibroblasts, and RNA sequencing was 

performed as previously described (Murdock et al., 2021). Aberrant gene expression and 

splicing were identified using a workflow based on the Detection of RNA Outlier Pipeline 

(DROP) and custom scripts as previously described (Murdock et al., 2021; Yepez et al., 

2021). Splice AI (Jaganathan et al., 2019) and Alamut software (Interactive Biosoftware, 

Rouen, France) were also used to evaluate the potential impact of identified intronic 

variants.

RESULTS

Clinical Presentation.

The proband was enrolled in the UDN at age 4 years 10 months with a history of 

microcephaly, global developmental delay, sensorineural hearing loss, CDH, chronic lung 

disease, skeletal anomalies including mild hip dysplasia, and dysmorphic facial features. 

She was born at 34 weeks gestation due to severe polyhydramnios and prolonged premature 

rupture of membranes. Her birth parameters included weight of 1555 grams (Z = −1.44), 

birth length of 40.7 cm (Z = −1.24), and head circumference of 29 cm (Z = −1.10) on 

the Fenton growth chart (Chou, Roumiantsev, & Singh, 2020; Fenton & Kim, 2013). A 
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right-sided Bochdalek-type CDH, with liver and bowel and in the right hemithorax, was 

diagnosed shortly after delivery and was surgically repaired. CDH-associated intestinal 

malrotation was present. She had a history of failure to thrive and dysphagia as an infant. 

She ultimately had a gastrostomy tube placed that resulted in improved weight gain and 

growth. She also had multiple admissions for respiratory illness, and she was eventually 

diagnosed with recurrent pneumonia and severe obstructive and central sleep apnea.

Global developmental delay was recognized during infancy with gross motor and language 

skills at the 5 month and 6 month level, respectively, at a corrected age of 13 months. 

Walking was achieved at 26 months and language skills were limited to single words at age 

4 years. At age 3 years, she was noted to have abnormal movements that were diagnosed 

as stereotypies following neurological evaluation and lack of epileptic features on EEG. A 

brain MRI showed mild volume loss in the central white matter, midbrain and cerebellar 

vermis with a simplified gyral pattern in the superior frontal region. Ophthalmic examination 

was significant for amblyopia, exotropia, myopia, and astigmatism. Audiology examination 

showed minimal to mild bilateral sensorineural hearing loss.

At the time of the UDN evaluation, she was age 4 years 10 months (Figure 1A). She 

was continuing to make developmental progress. Her weight was 17 kg (Z = −0.38), her 

height was at 97 cm (Z = −2.48), and her head circumference was 45.5 cm (Z = −3.95). 

Her physical examination was notable for microbrachycephaly, sparse hair, and dysmorphic 

craniofacial features (Figure 1A). Several mild skeletal anomalies were noted on physical 

examination including a broad anterior chest, kyphotic posture, brachydactyly, sacral 

dimple, and narrow calcaneous. Her gait was unsteady for age. A skeletal survey performed 

as part of her UDN evaluation showed brachycephaly, T12 hypoplasia, thoracolumbar 

kyphosis, chronic bilateral radiocapitellar dislocation, bowing of the radius, hypoplasia of 

the second and fifth finger middle phalanges, and cone-shaped epiphyses in several distal 

phalanges of the hands.

At the most recent evaluation at age 6 years 9 months she continued to demonstrate delays 

across all domains. Concerning behaviors emerged with self-injury, aggression, anxiety, and 

tantrums. She is dependent on gastrostomy tube feedings for nutrition due to oral dysphagia. 

Due to severe obstructive sleep apnea and BiPAP intolerance, she is prescribed oxygen at 

night via nasal cannula with overnight oximetry. She is being treated for cyclic vomiting 

and has frequent gastrointestinal symptoms. Although recurrent infections were frequent as 

a younger child, these were less frequent with social distancing measures. Immunological 

evaluation showed nonproductive antibody titers to Diphtheria, Tetanus, and Pneumococcus.

Trio Exome Sequencing.

Clinical trio exome sequencing and a chromosome microarray (CMA, Baylor Genetics, 

HR+SNP, v10.2) were non-diagnostic. A reanalysis of the clinical trio exome data through 

the UDN revealed an intronic, de novo variant in POGZ that was 20 base pairs away from 

the nearest exon-intron boundary (NM_015100.3:c.2546–20T>A, Figure 1B). This variant 

is located in intron 17, which is the second to last intron of POGZ. The variant is not 

found in gnomAD v2.1.1 (Karczewski et al., 2020). The CADD score was 14.46 (Rentzsch, 

Schubach, Shendure, & Kircher, 2021), and Splice AI reported a score of 0.54, which 
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is consistent with a possible effect on splicing (Jaganathan et al., 2019). This variant is 

predicted to weaken the natural splice acceptor site according to Alamut scores (−14.9% 

for MaxEnt and −28% for GeneSplicer). Additional variants identified are summarized in 

Supplemental Table 1.

RNA Sequencing.

RNA sequencing from fibroblasts was performed as previously described (Murdock et al., 

2021) and revealed an abnormal splicing pattern with skipping of exon 18 in approximately 

42% of the reads. In addition, there was evidence of low-level retention of intron 17, 

suggesting that multiple splice isoforms may be produced by this de novo variant (Figure 

1C). Skipping of exon 18 (c.2546_2570del) alters the reading frame, resulting in a 

frameshift and early stop codon in the last exon of the gene (p.Leu850Metfs*13) where 

it would likely escape NMD and produce a truncated protein. Consistent with NMD escape, 

there was no statistical difference in overall expression of POGZ in this sample compared to 

controls (p>0.05).

DISCUSSION

An increasing number of reports have demonstrated that the use of RNA sequencing can 

lead to a 7.5%−36% enhancement in genetic diagnosis (Cummings et al., 2017; Fresard 

et al., 2019; Gonorazky et al., 2019; Kremer et al., 2017; Lee et al., 2020; Maddirevula 

et al., 2020; Murdock et al., 2021). This improvement in diagnostic yield is due partly to 

the identification of intronic variants that affect splicing even though they are not within or 

near canonical splice sites. These types of intronic variants may not be identified by exome 

sequencing because sequence coverage decreases rapidly outside of exons. When they are 

identified by exome sequencing, they may be filtered out during the analysis step given that 

they are difficult to interpret in the absence of additional data.

In our case, research reanalysis of trio exome data within the UDN revealed a heterozygous, 

de novo variant in the second to last intron of POGZ (intron 17) that was filtered out of 

the clinical analysis given its location (−20) within the intron. In addition, RNA sequencing 

demonstrated skipping of exon 18 of POGZ in this patient’s fibroblasts, which is consistent 

with the predicted weakening of the natural splice acceptor site from the intronic variant. 

This exon-skipping event is predicted to cause a frameshift and results in a premature 

stop codon in the last exon of POGZ. In addition, low-level intronic retention was evident 

suggesting that multiple splice isoforms result from this variant. These new results combined 

with the phenotypic features in our patient including developmental delays, microcephaly, 

facial features, ophthalmologic abnormalities, hearing loss, and sleep apnea allowed us to 

secure both a clinical and a molecular diagnosis of WHSUS.

WHSUS is associated with wide phenotypic variability, and numerous variants in POGZ 
have been associated with the disorder (Assia Batzir et al., 2020). POGZ encodes a protein 

with multiple domains including a zinc finger cluster, an HP1-binding motif, a centromere 

protein-B-like DNA binding domain, and a transposase-derived DDE domain (Nozawa et 

al., 2010). This protein plays a role in chromatin remodeling and regulates gene expression 

networks during brain development and has also been shown to function in the progression 
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of mitosis (Ibaraki et al., 2019; Matsumura et al., 2020; Nozawa et al., 2010). Missense 

variants, truncating variants, splice site variants, and indels in POGZ have been reported 

with WHSUS (Assia Batzir et al., 2020). Although there appears to be an increased number 

of truncating variants in exon 19, truncating variants in other exons have been reported 

(Assia Batzir et al., 2020). Thus, those variants that lead to premature stop codons are 

located throughout the gene. Some of these variants are expected to lead to NMD, and 

others are predicted to escape NMD and result in a truncated protein (White et al., 2016). 

However, to date, no definitive genotype-phenotype correlations have been identified (Assia 

Batzir et al., 2020). To our knowledge, this is the first use of RNA sequencing in WHSUS 

to demonstrate that a premature stop codon in the last exon of this gene leads to an escape 

from NMD as predicted, and likely results in a truncated protein, at least in fibroblasts. 

Interestingly, truncated protein has also been detected by western blot in lymphocytes from 

a patient with a premature stop codon in exon 9 (Tan et al., 2016), and likewise, although 

abnormalities of splicing were noted, NMD could not be confirmed in a blood sample from 

an individual with a variant in intron 9 at the −3 position (Garde et al., 2021). It is unclear 

if the resulting truncated protein produces the WHSUS phenotype as a result of a loss of 

function or dominant negative effect or a gain of function mechanism.

CDH is a rare but increasingly reported feature of WHSUS, our patient being the fifth such 

reported case of CDH in this disorder (Assia Batzir et al., 2020; Garde et al., 2021; Murch et 

al., 2021; White et al., 2016). One additional case was reported with a frameshift in POGZ 
and CDH in the setting of features reminiscent of WHSUS (Supplemental Table 2) (Longoni 

et al., 2017). All six patients have frameshift variants that result in premature stop codons, 

four of these stop codons are predicted to be located in exon 19, the last exon of the gene 

(Figure 2). Likewise, our patient has an intronic variant that leads to exon 18 skipping, a 

frameshift, and a premature stop codon that is also predicted to occur in the last exon of 

the gene. In contrast, the sixth patient has a premature stop codon in exon 8. Thus, both 

nonsense variants predicted to lead to NMD and nonsense variants predicted to lead to an 

escape from NMD have been reported in the setting of CDH. To date, there does not appear 

to be an obvious “hot spot” for variants in POGZ associated with CDH. Both Bochdalek and 

Morgagni-type CDH have been associated with loss-of-function variants in POGZ (Longoni 

et al., 2017). Two additional individuals with CDH have been reported with heterozygous 

inherited missense variants in POGZ, but it is unclear whether these two individuals had 

WHSUS (Longoni et al., 2017). Thus, WHSUS should be considered in the differential 

diagnosis of individuals who present with syndromic forms of CDH.

Overall, this patient is the first example of WHSUS caused by a de novo, intronic variant 

that is not near a canonical splice site in POGZ and thus, had been missed by clinical exome 

sequencing and analysis. The use of RNA sequencing combined with rigorous reanalysis 

of clinical exome sequencing by the UDN revealed the diagnosis of WHSUS for this 

patient. She also represents the sixth case of CDH in individuals presenting with features of 

WHSUS. Therefore, our findings together with other previously reported cases demonstrate 

that WHSUS should be considered in the differential diagnosis for patients with syndromic 

CDH.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. An intronic variant in POGZ impacts splicing and causes WHSUS with CDH.
A) Photograph of patient at 4 years 10 months of age shows a high forehead, bitemporal 

narrowing, sparse hair, sparse eyebrows with synophrys, a flat nasal root, large anteverted 

nares, a long philtrum, and a cupid’s bow appearance to her upper lip.

B) Exome sequencing demonstrated that the NM_015100.3:c.2546–20T>A variant in POGZ 
is present in the patient but not in either parent. C) Sequencing of RNA isolated from 

her fibroblasts demonstrates exon 18 skipping in 42% of reads and demonstrates low level 

retention of intron 17. * indicates approximate location of the c.2546–20T>A variant in 

intron 17.
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Figure 2. Pathogenic variants in POGZ associated with CDH are located throughout the gene.
The six variants in POGZ identified in individuals with WHSUS and CDH are shown. Of 

note, the variant described in our patient is in intron 17 and results in exon 18 skipping and a 

premature stop codon in the last exon of the gene.
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