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Urocanic aciduria is caused by a deficiency in the enzyme urocanase (E.C. 4.2.1.49) encoded by the gene UROCI. In the
past, deficiency of urocanase has been associated with intellectual disability in a few case studies with some suggestion
that the enzyme deficiency was the causative etiology. Here, we describe two phenotypically normal siblings with
compound heterozygous pathogenic variants in UROCI and characteristic biochemical evidence of urocanase defi-
ciency collected utilizing untargeted metabolomic analysis. These findings suggest that urocanic aciduria may represent
an otherwise benign biochemical phenotype and that those individuals with concurrent developmental delay should

continue to be evaluated for other underlying causes for their symptoms.

1. Introduction

Inborn errors of histidine metabolism were first described in 1961
with the discovery of histidinuria in two siblings by Ghadimi et al. [1]
and the identification of histidinemia as a distinct biochemical pheno-
type. Further studies on additional patients thereafter allowed for the
complete elucidation of the histidine metabolic pathway and the dis-
covery of urocanic aciduria as the second clinically significant error in
this pathway [2]. Whereas histidinemia is caused by a deficiency in
histidase, the enzyme that catalyzes the deamination of L-histidine to
trans-urocanic acid, urocanic aciduria is caused by defects in urocanase,
which catalyzes the conversion of urocanic acid to imidazolonepro-
pionic acid (Fig. 1). Urocanase is encoded by the gene urocanate hy-
dratase 1 (UROC1, MIM#613012), located on chromosome 3q21. The
family of urocanases is highly conserved across multiple species and
appears to be almost exclusively expressed in the liver [3].

Urocanic aciduria has been described in association with varying
degrees of intellectual disability, though from very early on, this asso-
ciation has been somewhat tenuous [4-6]. Yoshide et al. for instance,
first reported the case of a 16 year old young man with severe in-
tellectual disability and significant urocanic aciduria in the setting of
significantly decreased liver urocanase activity on biopsy [4]. While the
patient did have some developmental delays from early infancy, he had
also been diagnosed with tuberculous meningitis at 19 months with
residual hemiplegia and seizures even after effective treatment.

Similarly, Kalafatic et al. [5] identified two siblings with severe in-
tellectual disability, mood disorder and biochemical evidence of ur-
ocanase deficiency. The siblings did have a significant family history of
mood disorders and intellectual disability though at the time only their
seemingly unaffected mother was available for biochemical testing.

It was not until 2009, however, that the first pathogenic variants in
UROC1 were found in a 19year old female with urocanic aciduria, in-
tellectual disability and intermittent ataxia [6]. Prior to this study, patients
with urocanic aciduria were diagnosed based upon biochemical data only,
leaving open the possibility of other concurrent molecular diagnoses. This is
particularly true given the vast advances in exome sequencing and the in-
creased incidence of so-called “second diagnoses” upon comprehensive
molecular testing [7]. While the exact molecular changes in prior in-
dividuals were unknown, we now report the case of two developmentally
normal siblings with compound heterozygous pathogenic variants in
UROCI and urocanic aciduria. In addition, global untargeted metabolomic
analysis is able to identify signature metabolic perturbations in both plasma
and urine which may aid in its future diagnosis.

2. Subjects and methods
2.1. Subjects

We identified a family consisting of two adult children with bio-
chemical evidence of urocanase deficiency. Each affected individual
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Fig. 1. Histidine metabolism.

underwent sequencing of UROCI to confirm the presence of biallelic
pathogenic variants. The parents of the two patients also underwent
targeted sequencing to confirm their presumed carrier status and the
expected trans-configuration of variants. Untargeted metabolomics was
also carried out on the affected subjects and revealed metabolic per-
turbations characteristic of urocanase deficiency. This study was con-
ducted according to Baylor College of Medicine (BCM) Institutional
Review Board (IRB) approved protocols.

2.2. Clinical subjects

Case 1 is a 27 year old female who was initially identified with a
large amount of urocanic acid in her urine by routine urine screening at
8 weeks of age [8]. She was born to a 22 year old healthy mother after
an uneventful primigravida pregnancy. The infant's birth, delivery and
neonatal course were normal and she was breast fed. At the time of her
birth, urine samples were being collected on every infant at 3-4 weeks
of life as part of the Massachusetts State Newborn Screening Program
primarily as a means of supplementing blood screening protocols.
Following detection of urocanic acid in her urine, she was seen for
metabolic evaluation at age 5 months. Examination revealed a normal
infant with weight and length both 90-95th percentiles for age and
appropriate developmental milestones. Family history was negative for
metabolic disorders or any other familial diseases. Her red blood cell
folate level was normal at 346 pugm/L (reference 200-270). Urine paper
chromatography with special Pauly stain revealed a moderate amount
of urocanic acid and unidentified related metabolites. Plasma amino
acid analysis was normal. She was thus diagnosed with urocanic acid-
uria presumed to be due to urocanase deficiency. This was considered
to be benign and she was allowed to continue breast feeding. A normal
diet continued and her subsequent growth and development continued
to remain normal. At age 3years, psychological assessment by the
McCarthy Scales of Children's Abilities revealed a general cognitive
score of 115 placing her in the 83rd percentile for age. She was followed
in the Metabolic Program at Boston Children's Hospital until age 5 years
when the family relocated. Her subsequent clinical course was normal.
She is now a registered nurse in an intensive care unit of a hospital.

Case 2 is the now 21 year old brother of Case 1. He was found to
have urocanic aciduria by specific urine examination at age 7 months,
performed because of the history of urocanic aciduria in his sister. He
also has enjoyed an entirely normal clinical course with excellent
growth and development. He is currently in nursing school to become a
registered nurse. The family does have a third child who was found to
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be unaffected with an uneventful clinical course and no urocanic acid in
urine.

2.3. Global metabolomics

Metabolomic profiling (Global MAPS®) was performed by Baylor
Genetics (Houston, TX) (www.baylorgenetics.org) and Metabolon, Inc.
(Durham, NC) (www.metabolon.com), as described previously [9-13].
Briefly, small molecules were extracted in an 80% methanol solution
before being analyzed by four different mass spectrometry methods.
The first method utilized acidic, positive ionization conditions chro-
matographically optimized for hydrophilic compounds (UPLC-MS/MS
Pos polar). The second method used the same acidic positive ionization
conditions but was chromatographically optimized for hydrophobic
compounds (UPLC-MS/MS Pos lipid). The third method used negative
ionization optimized conditions (UPLC-MS/MS Neg), and the final
method utilized negative ionization optimized conditions with hydro-
philic interaction liquid chromatography (UPLC-MS/MS Polar). All
chromatographic separations were completed using an ACQUITY UPLC
(Waters) equipped with either a Waters BEH C18 or Waters BEH Amide
column followed by analysis with an Orbitrap Elite high-resolution
mass spectrometer (Thermo-Finnigan).

The chemical structures of known metabolites were identified by
matching the ions' chromatographic retention index, nominal mass, and
mass spectral fragmentation signatures with reference library entries cre-
ated from authentic standard metabolites under the identical analytical
procedure as the experimental samples. Currently, the reference library
contains entries for ~2500 unique human metabolites. Semi-quantitative
analysis was achieved by comparing patient samples to a set of invariant
anchor specimens included in each batch. Raw spectral intensity values
were normalized to the anchor samples, log transformed, and compared to a
normal reference population to generate z-score values. Median raw in-
tensity values were calculated for all analytes identified in =2/3 of the
anchor specimens, and these median values were then used to normalize
corresponding analyte raw intensity values in the patient specimen.
Analytes not identified in at least 2/3 of the anchor specimens were ex-
cluded from analysis. Z-scores were calculated using the mean and standard
deviation of the entire median-scaled log- transformed dataset. Results were
considered abnormally low if the z-score for a compound is equal or less
than two standard deviations below the mean or abnormally high if the z-
score is equal or greater than two standard deviations above the mean of the
control reference population.
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Table 1
Untargeted metabolomics identifies multiple intermediates in histidine meta-
bolism in plasma and urine for patients with urocanic aciduria. z-Scores are
shown.
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2.4. DNA sequencing

Sanger sequencing was performed both subjects as well as both
parents as a service at Baylor Genetics (Houston, TX) (www.

Compound Plasma Urine baylorgenetics.org). Genomic DNA was obtained from peripheral
blood, and a PCR-based array was used to amplify the 21 coding exons
z-Score z-Score of UROC]1 based on reference sequences NM_144639.2 and NG_016286.
Subject1  Subject2  Subject1  Subject 2 Direct sec!uen?e anal}fsm was then performed in bot'h the forward e%nd
reverse directions using automated fluorescence dideoxy sequencing
trans-Urocanate 7.0939 6.8137 7.7051 7.5464 methods. Identified variants were then annotated using the re-
cis-Urocanate 57492 5.2359 3.1651 3.2677 commended Human Genome Variation Society nomenclature.
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Fig. 2. UROCI pathogenic variants result in altered histidine metabolism. Biochemical pathway map showing metabolic perturbations in plasma from Patient 1 (a)
and Patient 2 (b), both diagnosed with urocanic acidemia. Red circles indicate biochemicals with abnormally high z-scores (z-score = 2) and blue circles indicate
biochemicals with abnormally low (z-score < —2) z-scores. The diameters of the circles indicate the magnitude of the z-scores. Pink circles represent biochemicals
with z-score of 1.5 < z < 2.0 and light blue circles represent biochemicals with —2.0 < z < —1.5. Black circles represent other biochemicals in the pathway
detected in the EDTA plasma samples but had z-scores of —1.5 < z < 1.5. Gray circles represent biochemicals in the library but not detected. White circles are
pathways linked to the histidine metabolism pathway. Rectangles represent enzymes in the pathways with the associated EC number for identification. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Urine from patients with UROCI pathogenic variants reveals altered histidine metabolism. Biochemical maps showing metabolic perturbations in urine from
Patient 1 (a) and Patient 2 (b), both diagnosed with urocanic aciduria. Red circles indicate biochemicals with positive z-scores (z-score = 2) and blue circles indicate
biochemicals with negative z-scores (z-score < —2). The diameters of the circles indicate the magnitude of the z-score. Pink circles represent biochemicals with z-
score of 1.5 < z < 2.0 and light blue circles represent biochemicals with —2.0 < z < —1.5. Black circles represent other biochemicals in the pathway detected in
the EDTA plasma samples but had z-scores of —1.5 < z < 1.5. Gray circles represent biochemicals in the library but not detected. White circles are pathways linked
to the histidine metabolism pathway. Rectangles represent enzymes in the pathways with the associated EC number for identification. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

histidine degradation pathways were found to be within normal limits,
including 1-methylhisitidine, imidazole lactate, and 1-methylhistamine
(Figs. 2 and 3). Notably, histidine levels were found to be within normal
limits in all samples. Some metabolic intermediates failed to be iden-
tified in either subject due to their inherent physical properties, relative
levels in plasma or urine, or inherent limitations in the metabolomics
platform. This pattern of abnormalities, in particular, significantly
elevated trans-urocanic acid, cis-urocanic acid and imidazole propio-
nate, was rather unique and was only found in a total of five patients in
our internal database; the two patients mentioned here along with three
other individuals. While we do not have molecular confirmation of
UROC]1 pathogenic variants in these additional patients, we do feel that
this biochemical pattern is be diagnostic for this disorder (See Data in
Brief).

3.2. UROCI sequencing

Both subjects were found to be compound heterozygotes for missense
variants in UROCI: ¢.356C > G (p.P119R) and c.907G > C (p.A303P).
Targeted sequence analysis of their parents indicated that the mother was

heterozygous for the variant ¢.356C > G (p.P119R), while the father was
heterozygous for c.907G > C (p.A303P). These data indicate that the two
variants are in trans configuration in both children. The missense variant
¢.356C > G (p.P119R) is present in 12/61,216 of European (non-Finnish)
alleles for an allele frequency of 1.797e-04 (EXAC Database [14]). Using
publicly available prediction models (SIFT [15]/Polyphen [16]), the variant
is predicted to be damaging and probably damaging, respectively. The
second familial missense variant, c.907G > C (p.A303P), is also found
exclusively in European (non-Finnish) individuals with an allele frequency
approximately 7.502e-05 within that population. This variant is similarly
predicted to be damaging (SIFT) and probably damaging (Polyphen) based
on in silico calculations.

4. Discussion

In addition to urocanase, histidine catabolism may proceed through
several different enzymatic pathways (Fig. 1). Alternative histidine path-
ways include conversion to histamine via enzymatic decarboxylation,
transamination to produce imidazole pyruvic acid and minor conversions to
carnosine, homocarnosine and anserine. In our study, both subjects
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demonstrated markedly elevated levels of trans-urocanic acid, cis-urocanic
acid and imidazole propionate, while the products of alternative pathways
were found to be only slightly decreased or otherwise normal (Figs. 2 and
3). These results indicate clear biochemical evidence of isolated urocanase
deficiency which was further confirmed by the presence of biallelic variants
in UROCI predicted to be deleterious by various platforms.

Urocanic acid has long been recognized to contribute to skin photo-
protection and immune response regulation [17]. However, it remains un-
clear whether or not elevated levels of the compound impact these func-
tions, and most studies linking urocanic aciduria to developmental delays
have focused instead on altered folate metabolism as a potential cause. This
explanation, however, is somewhat problematic given that other enzyme
deficiencies in folate metabolism also similarly cause a complex and
sometimes contradictory phenotype. Glutamate formiminotransferase, in
particular, is known to play an important role in tetrahydrofolate utilization
and indeed, patients with deficiencies in this enzyme do exhibit varying
degrees of developmental and physical delays in the setting of megaloblastic
anemia [18,19]. Conversely, however, there have also been reported pa-
tients with massive amounts of formiminoglutamic acid (FIGLU) in urine
but no signs of developmental or physical delays [20]. This variation
may be due to the relatively minor contribution of glutamate for-
miminotransferase to overall folate metabolism along with, once again, a
level of ascertainment bias and previously limited molecular testing.

As with many rare diseases, both urocanase deficiency and glutamate
formiminotransferase deficiency remain poorly understood. While their
particular biochemical signatures in urine made their initial diagnosis re-
latively simple, our understanding of these abnormalities remains limited
making the issue of counseling and ongoing management difficult. One
notable limitation of the present study is that we only describe two related
individuals, both with the same two missense variants. It is possible, for
instance, that there may be significant differences between these two in-
dividuals and others with more severe changes like truncating or frameshift
variants. While further studies on genotype-phenotype correlations may
help alleviate some of these challenges, we would argue that the finding of
significant urocanic aciduria in a child with developmental delays is benign
and should not preclude standard, comprehensive testing [21]. Untargeted
metabolomics may be considered as part of this work-up, as this method is
capable of screening for multiple metabolic aberrations and key features of
urocanase deficiency simultaneously. As more children with this disorder
obtain such testing, it is hoped that more information can be gained as to
the exact clinical consequences of different UROC]I variants.

5. Conclusion

Significant urocanic aciduria may exist as an otherwise benign
phenotype, as observed in two healthy, developmentally appropriate
patients. The diagnosis was initially made based on biochemical data,
though was later confirmed by the presence of two heterozygous pa-
thogenic/likely pathogenic variants. Using untargeted metabolomics,
we were able to identify pathway aberrations specific to this disease
which served to support this as a single, isolated defect without sig-
nificant inhibition or enrichment of alternate pathways. Based on these
observations, the finding of urocanic aciduria in patients with devel-
opmental delay, should prompt a complete and comprehensive eva-
luation for other molecular or biochemical causes.
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