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A B S T R A C T   

Pathogenic variants in non-coding regions of genes encoding enzymes or transporters of the urea cycle can lead 
to urea cycle disorders (UCDs). However, not all commercially available testing platforms interrogate these 
regions. Here, we used a gene panel based on massively parallel sequencing (MPS) in 10 individuals with clinical 
or pedigree-based evidence of a proximal UCD but without a molecular confirmation of the diagnosis. We 
identified causal variant(s) in 5 of 10 individuals, including in 3 of 7 individuals in whom prior molecular testing 
was unrevealing. We show that a deep-intronic pathogenic variant in OTC, c.540+265G>A, is an important 
cause of ornithine transcarbamylase (OTC) deficiency.   

1. Introduction 

Urea cycle disorders (UCDs) are inborn errors of metabolism char
acterized by impaired ureagenesis and an inability to dispose 
waste‑nitrogen, resulting in accumulation of ammonia. The proximal 
UCDs, which include carbamoyl phosphate synthetase 1 deficiency 
(CPS1D, MIM# 237300), N-acetylglutamate synthase deficiency 
(NAGSD, MIM# 237310), and ornithine transcarbamylase deficiency 
(OTCD, MIM# 311250), are characterized by low levels of plasma 
citrulline and risk of life-threatening episodes of hyperammonemia. 
Although elevated orotic acid levels in the plasma or urine can be useful 
to distinguish OTCD from NAGSD and CPS1D, genetic testing is 
frequently necessary to make an accurate diagnosis and provide 
appropriate genetic counseling for families. 

OTCD is the most common proximal UCD. Based on studies con
ducted by the Urea Cycle Disorders Consortium and data from newborn 
screening programs, the calculated prevalence of OTCD has been esti
mated to be 1 in 56,500 births [1]; the range for the estimated preva
lence is between 1 in 14,000 and 1 in 77,000 births [2,3]. More than 400 
different pathogenic variants in OTC have been described to cause 
OTCD; these include missense, nonsense, frameshift, indel, and splice 
site variants, as well as copy number variants in the genomic region of X 

chromosome harboring OTC [4,5]. 
However, nearly one-fifth of individuals in whom a diagnosis of 

OTCD is made based on reduced enzyme activity do not have an iden
tifiable pathogenic variant in the 10 exons or exon-intron boundaries of 
OTC [6]; including assays to interrogate for copy-number variants can 
improve diagnostic yield to nearly 90% [5,7]. In individuals without 
identifiable pathogenic variants in the coding regions of OTC, causal 
variants may be located in the regulatory regions, such as promoters or 
enhancers, or deep intronic regions (i.e., beyond ~20–30 base-pairs 
from the exon-intron boundary) [8–10]. 

Thus, in this study, we explored the utility of a massively-parallel- 
sequencing (MPS) based gene panel for molecular diagnosis of a prox
imal UCD in ten individuals with a clinical or biochemical diagnosis of a 
proximal UCD but without prior molecular confirmation. This gene 
panel interrogates coding regions, exon-intron boundaries, and recur
rently observed deep intronic pathogenic variants in genes that encode 
enzymes and transporters of the urea cycle. Using this approach, we 
were able to provide a molecular diagnosis in 5 out of the 10 individuals 
and demonstrate that a deep intronic variant, c.540 + 265G > A in OTC 
is a common cause of OTCD in individuals with previously negative 
genetic testing. 
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2. Methods 

2.1. Study participants 

This study was approved by the Institutional Review Board of Baylor 
College of Medicine, Houston, TX. Informed consent was obtained from 
all participants. Inclusion criteria were: age 2 months to 64 years, 
diagnosis of a proximal UCD based on the presence of one of the 
following criteria: documented hyperammonemic episode with plasma 
ammonia over 100 μmol/L, documented low plasma citrulline, or 
presence of family history. Exclusion criteria were: individuals with 
diagnosis of distal UCD or transporter defect; individuals with exome or 
genome sequencing completed; individuals with diagnosis of mito
chondrial disorder, fatty acid oxidation disorder, organic acidemia, or 
other inborn error(s) of metabolism. 

2.2. Genetic testing 

Each participant had their blood drawn at a facility close to their 
place of residence which was then shipped to the testing facility. Testing 
was performed by the Clinical Laboratory Improvement Amendments- 
and College of American Pathologists-accredited laboratory at Baylor 
Genetics, Houston, TX, USA. The samples were interrogated using a 
panel which includes ARG1 (NM_000045.3), ASL (NM_000048.3), ASS1 
(NM_000050.4), CPS1 (NM_001875.4), NAGS (NM_153006.2), OTC 
(NM_000531.5), SLC25A13 (NM_014251.2), and SLC25A15 
(NM_014252.3). The exonic regions of these genes were enriched using a 
capture-based method. The average coverage for the targeted bases is 
>100×; more than 95% targeted bases are covered at a depth > 20× and 
more than 85% are covered at a depth > 40×. Regions with known low 
coverage or genomic regions with sequence similarity to pseudogenes 
were interrogated by multiplex massively parallel sequencing or Sanger 
sequencing. Twenty base pairs from all exon-intron boundaries were 
interrogated. The extent and depth of intronic coverage varies; however, 
known deep intronic pathogenic variants such as c.540 + 265G > A, 
c.867 + 1126A > G, and c.1005 + 1091C > G in OTC were well covered 
by the panel. The panel is periodically updated to increase the diagnostic 
accuracy. The amplified products were sequenced using the Illumina 
HiSeq platform. Nucleotide numbering was based on the corresponding 
GenBank accession number; nucleotide 1 corresponds to the A of the 
start codon ATG. The transcripts listed here are used throughout this 
report unless otherwise noted. 

3. Results 

The characteristics of participants, clinical phenotype, laboratory 
evaluation, and previous testing results are summarized in Table 1. 

Participants 1, 2 and 7 were found to have a deep intronic variant 
c.540 + 265G > A in OTC, which is 265 bp downstream of exon 5. This 
variant has been previously reported as a pathogenic variant in two 
individuals with OTCD [9,10]. Prior clinical testing in participants 1 and 
2 and in the affected male infant of participant 7 had been reported as 
normal. Participants 3, 5, and 6 had no detectable pathogenic variants. 
This was concordant with prior sequencing of OTC for each of these 
three participants. 

Participants 4 and 8 had not had any prior molecular testing and 
received specific diagnoses through this study. Participant 4 had a c.67C 
> T variant in OTC (p.R23*) that results in a premature stop codon. 
Participant 8 had two pathogenic variants in CPS1: c.1201G > C (p. 
G401R) [11] and c.2883_2895del13 (p.Y962Sfs*11) [12]. Although the 
phase of these variants was not discernible from this testing alone, given 
the clinical history of marked hyperammonemia, this individual was 
diagnosed with CPS1D. Interestingly, this patient also had mild orotic 
aciduria (2.55 g/L, upper limit of normal being 1.07 g/L), which is more 
typical of OTCD and not CPS1D. 

Participant 9 had a son affected by OTCD with a confirmed 

hemizygous exon 2 deletion of OTC. Prior MPS of OTC which included 
targeted analysis for this familial variant was negative. The testing in 
this study was also reported as negative. However, an assessment of read 
counts over exon 2 demonstrated a decrease in the number of reads that 
could be consistent with mosaicism. However, this aberration did not 
reach the threshold for reporting. 

4. Discussion 

In this study, we describe the results of applying an MPS-based gene 
panel for the molecular diagnosis of proximal UCD. We made a specific 
diagnosis in 5 of 10 participants, including 3 of 7 participants with prior 
negative molecular testing. 

Three participants with a phenotype consistent with OTCD had 
negative results on prior sequencing of OTC. However, in this study, they 
were found to harbor an intronic variant in OTC, c.540 + 265G > A. This 
deep intronic variant was previously identified by Ogino et al. (2007) 
[9] in a male child who died at 1 year of age from neurologic injury 
secondary to hyperammonemia. This variant was determined to create a 
new splice acceptor site, resulting in a 135-nucleotide insertion in the 
mature mRNA between exons 5 and 6. Previously, Caldovic et al. sys
tematically catalogued variants in OTC and reported on genotype- 
phenotype correlations. In their report, only 53 of 417 pathogenic 
OTC variants were intronic [5]. Among these, only 3 were deep intronic 
variants that were more than 10 bp from the exon-intron boundary 
(c.1005 + 1091C > G, c.867 + 1126A > G, and c.540 + 265G > A). 

Approximately 20% of participants with a clinical diagnosis of a 
proximal UCD do not have an identifiable pathogenic variant in the 
coding regions or exon-intron boundaries [6]. Jang et al. established 
that perhaps a quarter of remaining diagnoses are attributable to pro
moter or enhancer variants in OTC [8], and several studies support the 
role of intronic and splice-site variants [13–16]. The results of this study 
suggest c.540 + 265G > A is a common non-coding causal variant, 
especially in individuals in whom sequence variants or copy number 
variants have not been detected in coding regions. Our results support 
that all clinically-available OTC sequencing-based testing platforms 
should incorporate this deep intronic variant. 

This study also illustrates some areas for improvement of panel- 
based testing. Participant 8 was diagnosed with CPS1D based on 
detection of two pathogenic variants in CPS1; however, this individual 
also had a mild orotic aciduria which is more typical of OTCD. Phasing 
of the variants could be of significant importance in such scenarios. 
When parental testing is not feasible, sequencing platforms with longer 
read lengths could utilize polymorphisms to phase variants [17]. 
Another area for improvement is copy-number variant identification. 
Participant 9 had a son with an intragenic deletion of OTC. She herself 
had a reduced number of reads in the region, but this did not meet 
threshold to be called as a deletion, illustrating the need for pipelines 
optimized to this task. Importantly, it is likely that more deep intronic 
and other non-coding causal variants causing UCDs will be uncovered; 
clinical diagnostic platforms need to be updated to interrogate these new 
variants. 

5. Conclusion 

The role of non-coding variants in OTCD and other proximal UCDs is 
well established, but traditional molecular testing does not routinely 
detect these variants. We show that the deep intronic variant c.540 +
265G > A in OTC is a common cause of OTCD in individuals with pre
vious negative molecular testing. The results indicate the importance of 
updating genetic testing as new technologies and analytic methods 
become available. 
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Table 1 
Clinical characteristics of participants and molecular testing results.  

ID Sex Age at 
enrollment 

Ethnicity Age at 
onset 

Diagnosis of 
proximal UCD 
based on 

Max 
recorded 
ammonia in 
μM* 

Min recorded 
citrulline in 
μM (LLN)* 

Orotic 
aciduria 

Co-morbidities Most recent 
medications 

Family 
History 

Prior negative 
testing 

Diagnosis Variant(s) found by gene 
panel used in this study 

1 F 17y West Indian 3y HA episode 
(>1) 

250 24 (16) N/A Seizures NaPB, 
citrulline 

− OTC sequencing, 
OTC MLPA, aCGH 

OTCD OTC c.540 + 265G > A 

2 F 51y Caucasian N/A Low citrulline, 
no HA 

N/A N/A N/A TS, ASD, ID GBP, 
citrulline 

N/A OTC, NAGS, CPS1 
sequencing, OTC 
aCGH 

OTCD OTC c.540 + 265G > A 

3 F 5y Caucasian 4 m HA episode 
(>1) 

107 N/A N/A Seizures N/A N/A OTC sequencing N/A None 

4 F 32y Caucasian N/A HA episode 
(>1) 

123 2 (6) N/A Anxiety GBP, 
citrulline 

− None OTCD OTC c.67C > T(p.R23*) 

5 F 54y Native 
American, 
Hispanic 

N/A Affected son 
(participant 6) 

N/A 6 (6) N/A T2DM GBP, 
citrulline 

+ OTC sequencing N/A None 

6 M 26y Native 
American, 
Hispanic 

9y HA episode 
(>1) 

451 7 (6) + Kidney stone 
osteopenia, ASD 

GBP, 
citrulline 

N/A OTC sequencing N/A None 

7 F 41y Caucasian 31y Affected son and 
daughter 

96 7 (16) + Hyperthyroidism Citrulline + OTC sequencing 
in affected son 

OTCD OTC c.540 + 265G > A 

8 F 41y Native 
American, 
Hispanic 

26y HA episode 
(>1) 

480 9.4 (6) + None GBP, 
citrulline 

− None CPS1D CPS1 c.1201G > C 
(p.6401R) / 
c.2883_2895del13 (p. 
Y962Sfs*11) 

9 F 35y Hispanic 34y Affected son 
with exon 2 
deletion in OTC 

N/A N/A N/A None N/A + OTC sequencing 
and deletion/ 
duplication 

N/A None 

11 F 1y Caucasian 1y Low citrulline 91 6 (9) N/A Growth failure N/A N/A 58 gene panel by 
MPS that included 
NAGS, CPS1, OTC 

N/A None 

Abbreviations: ASD, Autism Spectrum Disorder; aCGH, array Comparative Genomic Hybridization; CPS1D, Carbamoyl Phosphate Synthetase I Deficiency; GBP, Glycerol-phenylbutyrate; HA, Hyperammonemia; ID, 
Intellectual Disability; LLN, Lower Limit Normal; MLPA, Multiplex Ligation-dependent Probe Amplification; MPS, Massively Parallel Sequencing; NAGS, N-acetylglutamate Synthase; N/A, Not Available; NaPB, Sodium 
Phenylbutyrate; OTCD, Ornithine Transcarbamylase Deficiency; T2DM, Type 2 Diabetes Mellitus; TS, Tourette syndrome. Transcripts used: CPS1 (NM_001875.4), OTC (NM_000531.5). 

* The maximum recorded ammonia and the minimum recorded citrulline are based on records that were available for review and may not represent the maximum or minimum levels during the participant’s lifetime. 
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[11] J. Häberle, O.A. Shchelochkov, J. Wang, P. Katsonis, L. Hall, S. Reiss, A. Eeds, 
A. Willis, M. Yadav, S. Summar, O. Lichtarge, V. Rubio, L. Wong, M. Summar, 
Molecular defects in human carbamoy phosphate synthetase I: mutational 
spectrum, diagnostic and protein structure considerations, Hum. Mutat. 32 (2011) 
579–589. 

[12] A.M. Eeds, L.D. Hall, M. Yadav, A. Willis, S. Summar, A. Putnam, F. Barr, M. 
L. Summar, The frequent observation of evidence for nonsense-mediated decay in 
RNA from patients with carbamyl phosphate synthetase I deficiency, Mol. Genet. 
Metab. 89 (2006) 80–86. 

[13] R.P. Carstens, W.A. Fenton, L.R. Rosenberg, Identification of RNA splicing errors 
resulting in human ornithine transcarbamylase deficiency, Am. J. Hum. Genet. 48 
(1991) 1105–1114. 

[14] R. Hoshide, T. Matsuura, Y. Sagara, T. Kubo, M. Shimadzu, F. Endo, I. Matsuda, 
Prenatal monitoring in a family at high risk for ornithine transcarbamylase (OTC) 
deficiency: a new mutation of an A-to-C transversion in position +4 of intron 1 of 
the OTC gene that is likely to abolish enzyme activity, Am. J. Med. Genet. 64 
(1996) 459–464. 

[15] C. Climent, V. Rubio, Identification of seven novel missense mutations, two splice- 
site mutations, two microdeletions and a polymorphic amino acid substitution in 
the gene for ornithine transcarbamylase (OTC) in patients with OTC deficiency, 
Hum. Mutat. 19 (2002) 185–186. 

[16] S. Mohamed, M.H. Hamad, A.A. Kondkar, K.K. Abu-Amero, A novel mutation in 
ornithine transcarbamylase gene causing mild intermittent hyperammonemia, 
Saudi Med. J. 36 (2015) 1229–1232. 

[17] M. Leija-Salazar, F.J. Sedlazeck, M. Toffoli, S. Mullin, K. Mokretar, 
M. Athanasopoulou, A. Donald, R. Sharma, D. Hughes, A.H.V. Schapira, 
C. Proukakis, Evaluation of the detection of GBA missense mutations and other 
variants using the Oxford Nanopore MinION, Mol, Genet. Genomic Med. 7 (2019) 
e564. 

R.D. Kumar et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0005
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0005
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0005
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0005
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0010
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0010
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0010
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0015
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0015
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0020
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0020
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0020
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0020
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0020
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0025
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0025
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0025
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0030
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0030
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0030
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0035
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0035
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0035
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0035
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0035
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0040
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0040
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0040
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0045
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0045
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0045
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0045
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0045
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0050
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0050
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0050
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0050
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0055
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0055
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0055
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0055
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0055
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0060
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0060
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0060
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0060
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0065
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0065
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0065
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0070
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0070
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0070
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0070
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0070
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0075
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0075
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0075
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0075
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0080
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0080
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0080
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0085
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0085
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0085
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0085
http://refhub.elsevier.com/S2214-4269(20)30152-X/rf0085

	A deep intronic variant is a common cause of OTC deficiency in individuals with previously negative genetic testing
	1 Introduction
	2 Methods
	2.1 Study participants
	2.2 Genetic testing

	3 Results
	4 Discussion
	5 Conclusion
	Disclosures
	Acknowledgements
	References


