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Hyperornithinemia—hyperammonemia-homocitrullinuria (HHH) syndrome, an inborn
error of metabolism, is an inherited syndrome caused by loss-of-function mutations in
the SLC25A15, resulting in ornithine translocasel (ORNT1) deficiency. Disrupted
ornithine transportation in an affected individual usually manifests with the accumu-
lation of intermediate metabolites, leading to neurological impairment, hepatitis,
and/or protein intolerance at various ages of onset. In this paper, we report a
compound heterozygous mutation in SLC25A15 from a 2-year-old girl who presented
with neurological alterations and hepatic failure. Before developing neurological
sequelae, she had signs of globally delayed development. The accumulation of toxic
metabolites may explain these neurological consequences. After biochemical confir-
mation of HHH, whole-exome sequencing (WES) was performed, which identified
mutations at codons 21 and 179 of SLC25A15 that are predicted to result in the loss of
function of ORNT1. Each of the mutations was found to be inherited from one of her
parents. After therapy, her toxic metabolites decreased significantly. In conclusion,
HHH syndrome frequently manifests with nonspecific symptoms and unapparent
biochemical profiles, which may lead to delayed diagnosis. Correction of the accumu-
lating metabolites is necessary to prevent irreversible neurological impairment.
Furthermore, performing a WES provides a shortcut for accurate diagnosis.
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Introduction

Hyperornithinemia-hyperammonemia-homocitrullinuria
(HHH) syndrome is a rare hereditary urea cycle disorder
(UCD) found in approximately 1:2,000,000 livebirths.! The
syndrome is caused by an ornithine translocasel (ORNT1)
deficiency secondary to homozygous or compound hetero-
zygous mutations that result in the loss of function of the
SLC25A15 gene.2 Ornithine is an intermediate metabolite in
the urea cycle which transfers carbamoyl phosphate from the
mitochondrial matrix to the cytosol. Defects of ORNT1
disrupt ornithine and citrulline transportation, leading to
the accumulation of the precursor substrates in the plasma,
as well as ornithine and ammonia, and retained carbamoyl
phosphate is alternatively converted to homocitrulline and
excreted through the urine.

As a result of episodic increases of plasma ammonia, an
affected individual can present at various ages of onset with a
wide spectrum of manifestations including protein-rich diet
intolerance, neurological impairment, and hepatitis.*> To
prevent sequelae of ammonia toxicity, acute treatment is
required, especially prompt reduction of plasma ammonia
and correction of metabolite imbalances. For maintenance
therapy, recommendations include a low-protein diet com-
bined with essential amino acid supplements such as citrul-
line or arginine to archive biochemical control. In addition,
some patients will need ammonia scavengers including
sodium benzoate or sodium phenylbutyrate to maintain
appropriate serum ammonia.® Long-term neurological out-
comes vary from mild intellectual disturbances to severe
disability.

Because of rapidly decreasing costs and increasing accu-
racy of high throughput technology, clinical whole-exome
sequencing (WES) can potentially help clinicians to provide
a timely diagnosis and appropriate treatment for rare
pediatric diseases. Early diagnosis of an inborn error of
metabolism leads to prompt implementation of appropriate
metabolic control which improves long-term clinical
outcomes.

In this case report, we described a girl with HHH syn-
drome who presented with neurological alterations and
hepatic failure at the age of 2 years. Clinical WES compre-
hensively annotated the whole panel of genes involved in her
UCDs. Validated data from the WES were then used to narrow
down the involved metabolites. Consistency between the
genotype and biochemical profile led to the confirmation of
the diagnosis.

Case Presentation

The proband was a 2-year-old girl child patient born follow-
ing an uncomplicated G1PO pregnancy by spontaneous vagi-
nal delivery without remarkable obstetric complications.
Her family had no known genetic disorders. The infant was
thought to be in good health until she was identified with
globally delayed development on her first visit to a well-child
developmental screening clinic. At the age of 12 months, she
was not able to sit without support and she struggled with
grasping and releasing objects and could not pronounce even
single-syllable words. Her parents had also noticed that she
usually refused to eat pork or chicken. Before she was
admitted, the patient had consulted a pediatrician at a
provincial hospital about vomiting and acute alteration of
consciousness, beginning 2 days prior to that visit. The local
hospital found that the patient had metabolic acidosis and
treated her with intravenous fluid before referral to our
institute. At the admission, a physical examination revealed
gross lethargy, hypotonia, and hyperreflexia of all extremi-
ties without motor power or cranial nerve defects. Her
biochemical tests including serum electrolytes, blood urea
nitrogen, and creatinine were normal, but the liver function
test showed transaminitis and coagulopathy (=Table 1).
Initially, acute hepatic encephalopathy was diagnosed, and
she was treated with oral lactulose solution and a vitamin K
injection to desensitize the hepatocellular toxicity and cor-
rect the coagulopathy.

The pediatrician decided to additionally screen the
child for other potential causes of hepatitis including

Table 1 Liver function test and coagulogram of the patient at the day of diagnosis and consequent admissions

Profiles Before treatment | Before referral | After referral | After treatment | Reference
Directed bilirubin 0.34 0.26 0.31 0.40 0-0.3mg%
Total bilirubin 0.4 0.53 0.55 1.10 0-1.2mg%
Alanine aminotransferase 176 177 1,017 144 <32 U/L
Aspartate aminotransferase 574 484 2,025 266 <<33U/L
Alkaline phosphatase 202 188 313 284 <291 U/L
Total protein 7.0 6.8 6.9 6.6 6.4-8.3 g%
Albumin 4.3 4.1 4.4 4.2 3.5-5.2 g%
Partial thromboplastin time (PTT) | 40.5 49.6 60.5 47.0 21.0-30.3 s
Prothrombin time (PT) 37.2 28.8 38.7 24.4 10.1-12.1 s
PTT ratio 1.62 1.99 2.35 1.83

PT international normalized ratio | 3.69 2.67 3.81 2.32

Thrombin time 14.3 9.7 8.4-11.1s
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infectious hepatitis and autoimmune hepatitis. However,
all studies were negative. After 3 days of treatment, her
general status improved, and she regained consciousness.
However, her liver functions and coagulation status
remained unstable. She was then transferred to the pedi-
atric gastroenterology unit of our institute for further
investigations to explore possible metabolic causes of
her condition. Her serum ammonia was significantly ele-
vated at 124 mcg/dL, but with normal levels of serum
ceruloplasmin and anti-nuclear antibodies were regular
(=Table 2). Then, a peripheral blood sample was taken for
a quantitative amino acid analysis and WES. She was put
on a strict diet in which protein was restricted to below
1g/kg/day and measures were taken to correct her meta-
bolic imbalances. Within 48 hours, she regained full con-
sciousness without seizures or confusion and over the next
few days her biochemistry gradually improved. She was
discharged 10 days after admission, when her coagulation
was fully normalized. When the WES results were ana-
lyzed, the variants prioritization suggested that the child’s
symptoms could be explained by a diagnosis of ORNT1
deficiency. Plasma amino acid analysis (Mayo Clinic Labo-
ratory, United States) showed serum ornithine at a very
high level at 337 nmol/dL (~Table 3), together with urine
homocitrulline at 241 nmol/mg creatinine. These findings
led to a definite diagnosis of HHH syndrome. The patient
was then supplemented with L-citrulline and sodium
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Table 2 Electrolyte and specific biochemistry of the patient at
the time of admission

Chemistry Value Reference
Blood urea nitrogen 12.9mg¥% 6-20 mg%
Creatinine 0.13mg% -

Sodium 138.0mmol/L | 136-145 mmol/L
Potassium 4.47 mmol/L 3.4-4.5 mmol/L
Chloride 105.6 mmol/L | 98-107 mmol/L
Bicarbonate 18.8 mmol/L 22-29 mmol/L
Calcium 9.8 mg% 8.6-10.2mg%
Phosphorus 4.2 mg% 4-7mg%
Serum ceruloplasmin | 21 mg%

Serum ammonia 124.0 mcg/dL 12-66 mcg/dL
Urine copper 0.031 mg/L

benzoate at a starting dosage of 250 mg/kg/day, following
which her serum ammonia decreased significantly over
3 weeks. At her latest follow-up at the age of 3 years, her
serum ammonia was still within normal limits (45
mcg/dL), could walk without assistance, and was able to
formulate long sentences and communicate with other
children.

Table 3 Serum quantitative amino acid validation of the patient

Amino acid Value Reference Amino acid Value Reference
Phosphoserine 0 <95 nmol/mL Histidine 128 12-132 nmol/mL
Phosphoethanolamine 3 <5nmol/mL Threonine 84 58-195 nmol/mL
Taurine 81 38-153 nmol/mL Citrulline 31 11-45 nmol/mL
Asparagine 86 29-87 nmol/mL Sarcosine 5 <5nmol/mL
Serine 152 71-208 nmol/mL Beta-alanine 15 <27 nmol/mL
Hydroxyproline 15 7-35nmol/mL Alanine 731 144-557 nmol/mL
Glycine 260 149-417 nmol/mL Glutamic acid 39 22-131 nmol/mL
Glutamine 1,510 239-976 nmol/mL 1-Methylhistidine 0 <20 nmol/mL
Aspartic acid 3 <11 nmol/mL 3-Methylhistidine 1 <1 nmol/mL
Ethanolamine <7 <64 nmol/mL Proline 254 80-357 nmol/mL
Argininosuccinic acid 0 <2nmol/mL Ornithine 377 22-97 nmol/mL
Carnosine 2 <1nmol/mL Cystathionine <1 <2nmol/mL
Anserine 0 <1 nmol/mL Cystine 37 2-36 nmol/mL
Homocitrulline 2 <2 nmol/mL Lysine 135 59-240 nmol/mL
Arginine 49 31-132 nmol/mL Methionine 61 11-37 nmol/mL
Alpha-aminoadipic acid <3 nmol/mL Valine 163 106-320 nmol/mL
Gamma-amino-n-butyric acid 0 <3 nmol/mL Tyrosine 88 31-106 nmol/mL
Beta-aminoisobutyric acid <5nmol/mL Isoleucine 66 30-111 nmol/mL
Alpha-amino-n-butyric acid 33 7-31 nmol/mL Leucine 103 51-196 nmol/mL
Hydroxylysine 0 <3 nmol/mL Phenylalanine 61 30-95 nmol/mL
Tryptophan 64 23-80 nmol/mL Allo-isoleucine 0 <3 nmol/mL
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Molecular Genetic Study

The peripheral blood sample was obtained from the patient
and all family members with an informed consent. Genomic
DNA was then extracted from the blood leukocytes, and the
quality and quantity were checked. The DNA of the proband
underwent exome capture and adapter ligation using Agilent
SureSelect XT. Massive parallel sequencing was performed
on paired-end reads using an Illumina platform. The quality
of sequencing data was verified and found to have an average
base quality score at Q30 more than 90% of the overall
sequences. Using bioinformatic tools, the sequence reads
were computed using Burrows-Wheeler Aligner and a Ge-
nome Analysis Toolkit pipeline with reference-based align-
ment. On mapping the sequences to the latest human
genome reference (GRCh38.p13), more than 90% of the reads
covered 40X of exome regions. During the discovery process,
the identified variants were annotated with several clinical
databases, namely the Human Gene Mutation Database, the
non-synonymous single-nucleotide variants database, and
the Genome Aggregation Database (=Supplementary
Figure S1, available in online version only). The possible
variants were filtered based on the criteria of allele calling at
more than 25% of supporting reads at the depth of coverage
of more than 40x and minor allele frequencies less than 0.01
in East Asian populations. Priority was given to rare homo-
zygous variants and compound heterozygous variants occur-
ring to genes in the urea cycle pathway (=Supplementary
Figure S2, available in online version only).

After prioritization, the most likely causative mutations
were found to be located in exons 3 and 5 of SLC25A15 at
positions g.40799063C > A and g.40807376C > T of chromo-
some 13. Those variants caused a missense mutation of
codon 21 (p.Thr21Lys) and a nonsense mutation of codon
179 (p.Arg179Ter). A mutation plot of the identified patho-
genic variants in SLC25A15 gene was made using the track-
Viewer package of R software (~Fig. 1).” The novel missense
mutation was validated by an in silico prediction database
using PROVEAN and SIFT. The reports showed deleterious
(—3.22) in PROVEAN and damaging (0.001) in SIFT. Those
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variants were then assessed in the girl’s parents using
polymerase chain reaction and Sanger sequencing. The
results evidenced a pattern of autosomal recessive inheri-
tance of ORNTT1, in which variant at position 40807376 was
inherited from the mother and at position 40799063 was
from the father (~Fig. 2).

Discussion

The urea cycle, an essential pathway in ammonia metabo-
lism, requires sequential functions of six catalytic enzymes
and two transportation processes in both the cytoplasm and
mitochondrial matrix. Defects of urea synthesis lead to
inherited inborn errors of metabolism. Affected patients
are commonly presented with hyperammonemia and accu-
mulation of intermediate metabolites. Most of UCDs are
caused by autosomal recessive inheritance that may manifest
with various spectra of onset and severity.8 Typically, acute
hyperammonemia is an emergency condition. If not properly
treated, an affected individual will potentially succumb to
the disease. To maintain metabolites within normal ranges in
affected people, a low-protein diet and essential amino acid
supplements are provided. The aims of long-term follow-ups
include reducing the effects of permanent neurocognitive
disabilities and preventing intermittent hyperammonemia
crises.”'% The incidence of ORNT1 deficiency caused by loss-
of-function mutations of the SLC25A15 is estimated at
1:2,000,000 livebirths and is most common in Canada,
France, Japan, and the Middle East.> SLC25A15, encodes
ORNT1 that contains 310 amino acids, which is located on
chromosome 13q14.11 and contains 7 exons. An ORNT1
deficiency leads to the loss of transportation of ornithine,
which is required for citrulline assembly. Normally, individ-
uals with definitive metabolite disturbances of HHH syn-
drome manifesting as ORNT1 deficiency have the triad of
symptoms of HHH. Diagnosis of HHH syndrome is frequently
delayed or misdiagnosed from nonspecific presenting symp-
toms and insufficient biochemical studies (=Fig. 3A). A
clinical WES study directly examines specific genes involved
in a specific metabolic pathway and can lead to rapid
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Fig. 1 Mutation plot of pathogenic variants of SLC25A15 identified in our family and earlier reports.
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Fig. 2 The pedigree shows the inheritant pattern of compound heterozygous mutations of SLC25A15 at codon 21 (p.Thr21Lys) and codon 179

(p.Arg179Ter).
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diagnosis of HHH syndrome and other UCDs. In our case, the
diagnosis of HHH syndrome was confirmed by conventional
molecular genetic analysis in both the patient as well as her
family and also by amino acid quantification (~Fig. 3B). The
trio study confirmed that the patient carried compound
heterozygous mutations in SLC25A15 of codon 21 in combi-
nation with codon 179. p.Arg179Ter, which is a well-known
mutation found in 25 to 30% of HHH patients.'! The hetero-

zygosity status of p.Arg179Ter with the biochemistry profile
showing severe hyperornithinemia and the mutation p.
Thr21Lys present in the other allele, which is likely to cause
loss-of-function of ORNT1 in a compound heterozygous
mode of inheritance. As p.Thr21Lys has not been reported
before, the novel mutation in this case could serve as an
evidence for variant annotation in an infant suspected of
HHH. Thr21 is located at the inner mitochondrial membrane
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portion of the protein, which could be functionally involved
in transporting ornithine, lysine, and arginine in exchange for
citrulline. The majority of SLC25A15 mutations reported in
HHH patients are more commonly recorded in this part of
ORNT1.2

Looking back to the first visit, the child was originally
brought to the hospital due to alteration of consciousness
and vomiting, following which hyperammonemia, trans-
aminitis, and coagulopathy were detected. Although her
global development delay might have suggested metabolic
disorders, her physical examination showed an indistinct,
non-specific neurological deficit. As a high-resolution serum
protein electrophoresis was not available in our setting,
clinical WES became a valuable tool in approaching the
hyperammonemia-related conditions in this patient. A ge-
nomic approach is particularly valuable when there are
fluctuations of serum chemistry in patients who have re-
ceived partial treatment. In HHH, abnormalities in serum
amino acids vary with types and amounts of protein intake.
In our patient, the serum homocitrulline was borderline, but
this was inconclusive as the blood sample was taken after the
acute life-threatening symptoms stage had passed. Mutation
data derived from WES were an adjunct to the biochemical
studies in the confirmation of the diagnosis. After ruling out
various causes of hepatic failure, aggressive elimination of
ammonia and protein restriction was started. To rapidly
reach an accurate diagnosis in this urgent situation, we
have performed genetic and proteomic studies to delineate
the cause of this disorder. When the definite diagnosis was
made, she received additional amino acid supplements and
ammonia scavenger drugs. Ultimately, her clinical and met-
abolic problems were successfully resolved.

Conclusion

In conclusion, HHH syndrome is a rare congenital disorder
found in a very wide range of differing populations. Due to a
variety of presentations and frequently misrecognized bio-
chemical profiles, affected individuals usually have delayed
or misdiagnoses, often leading to neurological disabilities. In
recent years, WES has rapidly decreased in cost and has
increased accuracy that enables clinicians to gain the infor-
mation of causative mutations that can be interpreted to-
gether with the standard quantification of aberrant
metabolites. In HHH cases, early diagnosis is essential for
both emergency correction of the metabolites and beginning
for the required managing therapies with supplementations.
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