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Summary

Clinical characteristics

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is a disorder of the urea cycle and
ornithine degradation pathway. Clinical manifestations and age of onset vary among individuals even in the
same family.

Neonatal onset (~8% of affected individuals). Manifestations of hyperammonemia usually begin 24-48 hours
after feeding begins and can include lethargy, somnolence, refusal to feed, vomiting, tachypnea with respiratory
alkalosis, and/or seizures.

Infantile, childhood, and adult onset (~92%). Affected individuals may present with:

o Chronic neurocognitive deficits (including developmental delay, ataxia, spasticity, learning disabilities,
cognitive deficits, and/or unexplained seizures);

« Acute encephalopathy secondary to hyperammonemic crisis precipitated by a variety of factors; and

o Chronic liver dysfunction (unexplained elevation of liver transaminases with or without mild
coagulopathy, with or without mild hyperammonemia and protein intolerance).

Neurologic findings and cognitive abilities can continue to deteriorate despite early metabolic control that
prevents hyperammonemia.

Diagnosis/testing

The biochemical diagnosis of HHH syndrome is established in a proband with the classic metabolic triad of
episodic or postprandial hyperammonemia, persistent hyperornithinemia, and urinary excretion of
homocitrulline. The molecular diagnosis of HHH syndrome is established in a symptomatic individual with or
without suggestive metabolic/biochemical findings by identification of biallelic pathogenic variants in
SLC25A15.

Author Affiliations: 1 Loma Linda University Health, Loma Linda, California; Email: jocamacho@lIlu.edu. 2 Email:
nrioseco@hotmail.com
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Management

Treatment of manifestations: Acute and long-term management is best performed in conjunction with a
metabolic specialist. Of primary importance is the use of established protocols to rapidly control
hyperammonemic episodes by discontinuation of protein intake, intravenous infusion of glucose and, as needed,
infusion of supplemental arginine and the ammonia removal drugs sodium benzoate and sodium phenylacetate.
Hemodialysis is performed if hyperammonemia persists and/or the neurologic status deteriorates.

Prevention of primary manifestations: Individuals with HHH syndrome should be maintained on an age-
appropriate protein-restricted diet, citrulline supplementation, and sodium phenylbutyrate to maintain plasma
concentrations of ammonia, glutamine, arginine, and essential amino acids within normal range. Note: Liver
transplantation is not indicated when metabolic control can be achieved with this regimen as liver
transplantation may correct the hyperammonemia but will not correct tissue-specific metabolic abnormalities
that also contribute to the neuropathology.

Surveillance: Routine assessment of height, weight, and head circumference from the time of diagnosis to
adolescence. Routine assessment of plasma ammonia concentration, plasma and urine amino acid
concentrations, urine organic acids, and urine orotic acid based on age and history of adherence and metabolic
control. Routine developmental and educational assessment to assure optional interventions. Attention to subtle
changes in mood, behavior, and eating and/or the onset of vomiting, which may suggest that plasma
concentrations of glutamine and ammonia are increasing. Periodic neurologic evaluation to monitor for
neurologic deterioration even when metabolic control is optimal.

Agents/circumstances to avoid: Excess dietary protein intake; nonprescribed protein supplements such as those
used during exercise regimens; prolonged fasting during an illness or weight loss; oral and intravenous steroids;
and valproic acid, which exacerbates hyperammonemia in urea cycle disorders.

Evaluation of relatives at risk: Once the pathogenic variants in a family are known, use molecular genetic testing
to clarify the genetic status of at-risk relatives to allow early diagnosis and treatment, perhaps even before
symptoms occur.

Pregnancy management: In general, pregnant women should continue dietary protein restriction and
supplementation with citrulline and ammonia-scavenging medications based on their clinical course before
pregnancy. Due to increased protein and energy requirements in pregnancy and, oftentimes, difficulty with
patient adherence, weekly to every two-week monitoring of plasma amino acids and ammonia is recommended,
especially in the first and third trimester, and close monitoring immediately after delivery.

Genetic counseling

HHH syndrome is inherited in an autosomal recessive manner. At conception, each sib of an affected individual
has a 25% chance of being affected, a 50% chance of being an asymptomatic carrier, and a 25% chance of being
unaffected and not a carrier. Once the SLC25A 15 pathogenic variants have been identified in an affected family
member, carrier testing for at-risk relatives, prenatal testing for a pregnancy at increased risk, and
preimplantation genetic testing are possible. However, the identification of familial SLC25A15 pathogenic
variants cannot predict clinical outcome because of significant intrafamilial phenotypic variability.

Diagnosis

Suggestive Findings

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome should be suspected in
symptomatic individuals with the following age-related clinical, laboratory, and neuroimaging findings.
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Clinical Findings

Neonatal presentation (~8% of individuals). Manifestations of hyperammonemia usually begin 24-48 hours
after the start of feeding and can include lethargy, somnolence, refusal to feed, vomiting, tachypnea with
respiratory alkalosis, and/or seizures.

Infantile, childhood, and adolescent/adult presentation (~92% of individuals) may exhibit any of the
following:

+ Chronic neurocognitive deficits including developmental and speech delay, ataxia, spasticity, learning
disabilities, cognitive deficits, and/or unexplained seizures

 Acute encephalopathy secondary to hyperammonemic crisis, which can be precipitated by infection,
fasting, or injury (or occur for no apparent reason) and can manifest as lethargy, decreased appetite,
nausea, vomiting, increased respiratory rate, and seizures

 Chronic liver dysfunction characterized by unexplained elevation of liver enzymes (AST and ALT) with
or without mild coagulopathy and with or without mild hyperammonemia.

« Mild encephalopathy manifesting as disorientation, irritability, and episodic confusion with mild
hyperammonemia, which is difficult to detect as it may resolve spontaneously without treatment or
quickly normalize with IV solutions that include glucose [Qadri et al 2016].

Laboratory Findings

Episodic or postprandial mild to moderate hyperammonemia. Plasma ammonia concentrations at the time of
diagnosis are summarized in Table 1. Note that neonates have a higher median plasma ammonia level than older
affected individuals.

Note: (1) In HHH syndrome the degree of hyperammonemia is usually significantly less than in other urea cycle
disorders such as OTC, ASS, or CPS-I deficiency (see Urea Cycle Disorders). (2) Once an affected individual is
placed on a protein-restricted diet and treated with sodium phenylbutyrate (see Management), plasma ammonia
concentrations return to normal.

Table 1. Plasma Ammonia Concentrations Observed in HHH Syndrome by Age of Diagnosis

Plasma Ammonia Concentration in umol/L by Age of Diagnosis !

Adolescence to

Neonatal (birth -1  Infantile (>1 mo -1 Childhood (>1 yr - 12 Adulthood (>12 yrs) Total (n=64)

mo) (n=6) yr) (n=5) yrs) (n=36)

(n=17)
Median 300 173 120 117 136
Mean 560 577 160 119 219
SD 507 965 121 69 339
Range 111-1300 49-2300 25-532 18-250 18-2300

Based on 64 of 120 individuals with HHH syndrome [Kumar et al 2015, Martinelli et al 2015, Qadri et al 2016, Guan et al 2017, Ono et
al 2018, Silfverberg et al 2018, Ho et al 2019, Wild et al 2019]

SD = standard deviation

1. The upper limit of normal plasma ammonia can vary among laboratories. Values of 40 pmol/L or less are usually considered normal
for most infants, children, and adults; however, the upper limit of normal in neonates is 100 umol/L (see Argininosuccinate Lyase
Deficiency).

Hyperornithinemia (increased plasma concentration of ornithine). At the time of initial diagnosis, plasma
concentration of ornithine can range from 200 to 1915 pmol/L (normal: 30-110 pmol/L).


https://www.ncbi.nlm.nih.gov/books/n/gene/ucd-overview/
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
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Note: While plasma concentration of ornithine decreases significantly with a protein-restricted diet, it very
rarely normalizes.

Homocitrullinuria (urinary excretion of homocitrulline) is a key feature of HHH syndrome; however,
exceptions exist: some infants with neonatal-onset HHH syndrome do not excrete homocitrulline in significant
amounts and individuals with HHH syndrome who self-restrict protein intake may excrete minimal or no
homocitrulline in the urine [Valle & Simell 2001]. In controls, homocitrulline is not detected in the urine.

Note: Homocitrulline may be found in infant formulas due to the carbamylation of lysine during manufacture
and, thus, may cause a false positive result.

Of note, in neonates, the classic metabolic triad of hyperammonemia, hyperornithinemia, and homocitrullinuria
may be absent or subtle; alternatively, it may be obscured by the abnormal plasma amino acid profile and
aminoaciduria characteristic of hepatic dysfunction and prematurity [Wild et al 2019].

Neuroimaging findings include evidence of cortical or subtentorial atrophy, abnormal white matter signal,
demyelination, stroke-like lesions, and/or calcifications/lesions of the basal ganglia [Al-Hassnan et al 2008,
Martinelli et al 2015, Guan et al 2017]. For example:

o At initial presentation brain MRI of a previously undiagnosed male age 36 years demonstrated multiple
foci of subcortical white matter gliosis and moderate atrophy of the frontoparietal opercula and cerebellar
hemispheres [Filosto et al 2013].

o The initial brain MRI findings (pre-diagnosis of HHH syndrome) in a male age 48 years were normal;
seven months after extended treatment for hyperammonemic coma requiring dialysis, brain MRI showed
evidence of severe hyperammonemic encephalopathy: brain gliosis, widespread hemorrhagic necrosis in
the tips of the temporal lobes, and widened horns of the lateral ventricles [Silfverberg et al 2018].

Establishing the Diagnosis

Biochemical Diagnosis

The biochemical diagnosis of hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is
established in a proband with the classic metabolic triad of episodic or postprandial hyperammonemia,
persistent hyperornithinemia, and urinary excretion of homocitrulline. Note: An incomplete metabolic triad
may be observed because of the following: (a) individuals whose protein intake was restricted during early
childhood may never have experienced hyperammonemia; (b) affected individuals who come to medical
attention because of learning disabilities or school difficulties may only have isolated persistent
hyperornithinemia at the time of evaluation; or (c) a low-protein diet can be associated with little to no
homocitrulline in the urine.

Molecular Diagnosis

The molecular diagnosis of HHH syndrome is established in a symptomatic individual with or without
suggestive metabolic/biochemical findings by identification of biallelic pathogenic (or likely pathogenic) variants
in SLC25A15 (Table 2).

Note: (1) Per ACMG/AMP variant interpretation guidelines, the terms "pathogenic variant” and "likely
pathogenic variant” are synonymous in a clinical setting, meaning that both are considered diagnostic and can
be used for clinical decision making [Richards et al 2015]. Reference to "pathogenic variants" in this GeneReview
is understood to include likely pathogenic variants. (2) Identification of biallelic SLC25A 15 variants of uncertain
significance (or of one known SLC25A15 pathogenic variant and one SLC25A15 variant of uncertain
significance) does not establish or rule out the diagnosis.
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Molecular genetic testing approaches that depend on the clinical and biochemical findings can include a
combination of gene-targeted testing (single-gene testing, multigene panel) and comprehensive genomic
testing (typically exome sequencing and exome array).

Gene-targeted testing requires that the clinician determine which gene(s) are likely involved, whereas genomic
testing does not. Individuals with the distinctive laboratory findings of HHH syndrome described in Suggestive
Findings are likely to be diagnosed using gene-targeted testing, whereas symptomatic individuals with
nonspecific but suggestive clinical, laboratory, and neuroimaging findings in whom the diagnosis of HHH
syndrome has not been considered are more likely to be diagnosed using either a multigene panel or
comprehensive genomic testing.

Single-gene testing. Sequence analysis of SLC25A15 is performed first to detect missense, nonsense, and splice
site variants and small intragenic deletions/insertions. Note: Depending on the sequencing method used, single-
exon, multiexon, or whole-gene deletions/duplications may not be detected. If only one or no SLC25A15 variant
is detected by the sequencing method used, the next step is to perform gene-targeted deletion/duplication
analysis to detect exon and whole-gene deletions or duplications (see Table 2).

Targeted analysis for the following pathogenic variants (see Table 8) may be considered.

o ¢.562_564delTTC (p.Phel88del):

o French-Canadian founder variant

o Accounts for 28% of individuals with HHH syndrome [Debray et al 2008, Martinelli et al 2015]
o ¢.535C>T (p.Argl79Ter):

o Japanese and Middle Eastern founder variant

o Accounts for 16% of individuals with HHH syndrome [Debray et al 2008, Martinelli et al 2015]

A hyperammonemia or urea cycle disorder multigene panel that includes SLC25A15 and other genes of
interest (see Differential Diagnosis) is most likely to identify the genetic cause of the condition while limiting
identification of variants of uncertain significance and pathogenic variants in genes that do not explain the
underlying phenotype. Note: (1) The genes included in the panel and the diagnostic sensitivity of the testing
used for each gene vary by laboratory and are likely to change over time. (2) Some multigene panels may include
genes not associated with the condition discussed in this GeneReview. (3) In some laboratories, panel options
may include a custom laboratory-designed panel and/or custom phenotype-focused exome analysis that
includes genes specified by the clinician. (4) Methods used in a panel may include sequence analysis, deletion/
duplication analysis, and/or other non-sequencing-based tests. For this disorder a multigene panel that also
includes deletion/duplication analysis is recommended (see Table 2).

For an introduction to multigene panels click here. More detailed information for clinicians ordering genetic
tests can be found here.

Comprehensive genomic testing. When the diagnosis of HHH syndrome has not been considered because an
individual has nonspecific clinical and laboratory findings, comprehensive genomic testing (which does not
require the clinician to determine which gene[s] are likely involved) is an option. Exome sequencing is most
commonly used; genome sequencing is also possible.

If exome sequencing is not diagnostic, exome array (when clinically available) may be considered to detect
(multi)exon deletions or duplications that cannot be detected by sequence analysis.

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.


https://www.ncbi.nlm.nih.gov/books/n/gene/app5.Multigene_Panels/
https://www.ncbi.nlm.nih.gov/books/n/gene/app5.Multigene_Panels_FAQs/
https://www.ncbi.nlm.nih.gov/books/n/gene/app5.Comprehensive_Genomic_Testing/
https://www.ncbi.nlm.nih.gov/books/n/gene/app5.Comprehensive_Genomic_Testing_1/
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Table 2. Molecular Genetic Testing Used in Hyperornithinemia-Hyperammonemia-Homocitrullinuria Syndrome

Proportion of Pathogenic Variants 2
1 p g
Gene Method Identified by Method
Sequence analysis 3 99.3% 4
SLC25A15 ) . i
Gene tarSgeted deletion/duplication See footnote 6.

analysis

1. See Table A. Genes and Databases for chromosome locus and protein.

2. See Molecular Genetics for information on variants detected in this gene.

3. Sequence analysis detects variants that are benign, likely benign, of uncertain significance, likely pathogenic, or pathogenic. Variants
may include missense, nonsense, and splice site variants and small intragenic deletions/insertions; typically, exon or whole-gene
deletions/duplications are not detected. For issues to consider in interpretation of sequence analysis results, click here.

4. Martinelli et al [2015]

5. Gene-targeted deletion/duplication analysis detects intragenic deletions or duplications. Methods used may include a range of
techniques such as quantitative PCR, long-range PCR, multiplex ligation-dependent probe amplification (MLPA), and a gene-targeted
microarray designed to detect single-exon deletions or duplications.

6. One exon-intron deletion (~4.5 kb) has been reported [Camacho et al 1999].

Clinical Characteristics

Clinical Description

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is characterized by variable clinical
presentation and age of onset ranging from the neonatal period to adulthood. Those with neonatal onset are
normal for the first 24-48 hours, followed by onset of symptoms related to hyperammonemia (poor feeding,
vomiting, lethargy, low temperature, rapid breathing). Those with later onset may present with chronic
neurocognitive deficits and/or unexplained seizures, spasticity, acute encephalopathy secondary to
hyperammonemic crisis, or chronic liver dysfunction. Neurologic findings and cognitive abilities can continue to
deteriorate despite early metabolic control that prevents hyperammonemia.

Unless otherwise indicated, the data used in this chapter are from a total of 122 individuals with HHH
syndrome: Martinelli et al 2015 (n=111), six subsequent case reports [Qadri et al 2016, Guan et al 2017, Ono et
al 2018, Silfverberg et al 2018, Ho et al 2019, Wild et al 2019] and three unpublished affected individuals
[Author, personal observation].

Table 3. Selected Clinical Findings in Hyperornithinemia-Hyperammonemia-Homocitrullinuria (HHH) Syndrome

Findings % of Persons w/Feature
Lethargy 62% (52/84)
Significant ' of liver enzymes AST & ALT 52% (44/84)
Findings that resolve quickly w/protein-restricted diet
Coagulopathy 49% (34/69)
Coma 33% (33/101)
Pyramidal signs 75% (71/95)
Long-term neurodevelopmental outcome Intellectual disability 66% (63/96)
Myoclonic seizures 34% (31/91)

The overall survival rate in individuals with HHH syndrome is 94% (109/116). Of the 21% (13/62) of individuals
with HHH syndrome who manifested in the neonatal period, the mortality rate is 15% (2/13). Treatment with a
protein-restricted diet resolves hepatic dysfunction (elevated transaminases and coagulopathy). Since


https://www.ncbi.nlm.nih.gov/books/n/gene/app2/

Hyperornithinemia-Hyperammonemia-Homocitrullinuria Syndrome 7

hyperammonemia in HHH syndrome responds quickly to treatment, early diagnosis leads to an overall
improved long-term outcome regardless of the age of onset.

The long-term neurodevelopmental outcome usually (but not always) correlates with the severity and duration
of the hyperammonemic insult.

Pyramidal tract findings and intellectual disability, which range from mild to severe, are generally evident by
childhood since almost 70% of HHH syndrome manifests in infancy and childhood [Martinelli et al 2015].
While treatment with a protein-restricted diet prevents postprandial and acute hyperammonemia, outcomes
vary. For example, individuals with HHH syndrome with limited clinical manifestations throughout life have
been reported [Filosto et al 2013; Silfverberg et al 2018; L Merritt, MD & E Font-Montgomery, MD, personal
communication (see Outcomes and Presentation; pdf). Conversely, three of four adults with HHH syndrome
who maintained normal levels of plasma ammonia for 11 to 38 years exhibited progressive neurologic and
cognitive deterioration with serious outcomes [Kim et al 2012].

Neonatal diagnosis (birth - 1 month). About 8% (9/116) of affected individuals were diagnosed during the
neonatal period, usually following an uncomplicated pregnancy and delivery. The clinical course is
indistinguishable from that of other neonatal-onset urea cycle disorders: the infant is asymptomatic for the first
24-48 hours and, thereafter, has episodes of poor feeding, vomiting, lethargy, low temperature, and/or rapid
breathing related to hyperammonemia (see Table 1). If left untreated seizures, coma, and even death may ensue.
Hepatic dysfunction and coagulopathy in the neonatal period are common [Martinelli et al 2015, Wild et al
2019].

Given the small number of case studies published to date, little is known about the long-term outcome of
individuals with neonatal onset of HHH syndrome. One child died from hyperammonemic encephalopathy at
birth and another at age two months. Survivors ranged in age from one to 23 years — one demonstrated normal
development at age six years, four had progressive pyramidal signs, and one with significant neuromotor
impairment underwent liver transplantation at age seven years. In eight survivors with neonatal onset, cognitive
abilities in four ranged from normal to mild deficiency, three exhibited severe cognitive impairment, and one
was a recently reported premature infant [Martinelli et al 2015, Wild et al 2019].

Click here (pdf) for more details about outcomes in the neonatal-onset cases described above.

Infantile (>1 month - 1 year) age at diagnosis. Approximately 10% (12/116) of individuals with HHH
syndrome present in this timeframe. Highly variable manifestations in infancy can include hypotonia, lethargy,
failure to thrive, seizures, psychomotor delay, hepatomegaly, hepatic dysfunction (coagulopathy and elevated
transaminases), hyperammonemia, feeding difficulties, and recurrent vomiting. Some children come to medical
attention only after experiencing environmental stressors, most commonly infection.

Unique case studies include an affected individual who presented with fulminant hepatic failure and a recent
example of the clinical progression of symptoms in an undiagnosed infant.

Click here (pdf) for more details about the presentation of infantile-onset HHHS described above.

Childhood (>1 year to 12 years) presentation accounts for almost half (56/116) of all HHH syndrome.
Children in this group come to medical attention either for findings related to mild hyperammonemia with or
without liver dysfunction or for evaluation of developmental and speech delay, dysarthria, intellectual disability,
learning disabilities, hyperactivity, recurring vomiting, academic difficulties, spasticity, ataxia, and/or
unexplained seizure activity. Environmental triggers (i.e., surgery, infection, medication) may also induce
manifestations in previously healthy children.

A salient characteristic of affected individuals diagnosed in childhood who have the same SLC25A15 pathogenic
variants is marked phenotypic variability.


https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/bin/hhhs-presentation.pdf
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/bin/hhhs-presentation.pdf
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/bin/hhhs-presentation.pdf
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Click here (pdf) for more details about outcomes in childhood-onset HHHS.

Liver dysfunction, a predominant feature at time of diagnosis, generally manifests as mild coagulopathy and
elevated liver enzymes (AST and ALT) with or without hyperammonemia. In a few reports acute liver failure
prompted consideration of liver transplantation [Fecarotta et al 2006, Mhanni et al 2008]. However, the liver
dysfunction that may occur during the initial clinical presentation does not appear to cause long-term
complications. Once the hyperammonemia is treated in a standard manner (see Treatment of Manifestations),
the liver dysfunction subsides [Martinelli et al 2015, Ono et al 2018].

Despite early detection and adequate metabolic control (i.e., absence of hyperammonemia), some individuals
with HHH syndrome continue to worsen neurologically with pyramidal tract involvement and cognitive decline
[Camacho et al 2006, Debray et al 2008, Tessa et al 2009, Martinelli et al 2015]. Subclinical hyperammonemia is
thought to be a major factor in neurocognitive decline, but not in the cause or progression of pyramidal
syndrome. In some individuals with early-childhood onset, gait abnormalities and spasticity are the
predominant findings.

The Urea Cycle Disorders Consortium reported developmental quotients (DQ) in four preschool children (age
4-5 years) with HHH syndrome: two were in the normal range and two were <71. Two also exhibited anxiety
and acting out behaviors [Waisbren et al 2016].

Adolescence/adulthood (>12 years) accounts for about one third (39/116) of persons with HHH syndrome.
After infancy, these individuals quickly learn to self-restrict their protein intake to avoid the malaise and
vomiting that accompanies protein-rich meals. The milder form of the disease and self-adherence to a low-
protein diet allow these individuals to lead a relatively symptom-free life and remain undetected until they
inadvertently overwhelm their compromised ability to detoxify harmful elevations of plasma ammonia.
Ammonia overload may result from catabolic events (i.e., surgery, infection, prolonged fasting, pregnancy;,
internal bleeding), deviation from a protein-restricted diet, or certain medications (e.g., valproate, steroids).

Individuals diagnosed in adolescence/adulthood may present with recurrent encephalopathy secondary to
hyperammonemia (lethargy, disorientation, episodic confusion, unexplained seizures), intellectual disabilities,
recurrent vomiting, chronic behavioral problems, cerebellar signs (dizziness, loss of balance, poor coordination,
abnormal gait/posture), and pyramidal tract dysfunction (inability to perform fine movements, positive Babinski
reflex, muscle weakness, ataxia, hyperreflexia, and spasticity).

Click here (pdf) for more details about outcomes in adolescent/adult-onset HHHS.

Cognitive development in persons with HHH syndrome ranges from normal (34%) to severe impairment
(34%), with the majority having normal to mild neurocognitive deficit (59%). In some reports, affected
individuals have significant neurologic findings such as spasticity and ataxia without cognitive impairment
[Martinelli et al 2015]. Of note, pyramidal signs of the lower extremities (hyperreflexia, clonus, tip-toe gait,
and/or spastic ataxia) may develop years after the initial diagnosis [Salvi et al 2001b, Debray et al 2008, Tessa et
al 2009].

The Urea Cycle Disorder Consortium reported findings of two successive neurocognitive evaluations given to
one adult with HHH syndrome: full scale IQ was 100 and 84 at ages 21 years and 26 years, respectively;
performance was significantly diminished across all neuropsychological tests. No cognitive or behavioral issues
were noted [Waisbren et al 2016].

Additional clinical biochemical abnormalities in HHHS can include the following:

« Mildly elevated plasma glutamine concentration (1.5- to 2-fold the upper limits of control values)
« Plasma lysine can range from normal to moderately decreased
o Increased urinary excretion of:


https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/bin/hhhs-presentation.pdf
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/bin/hhhs-presentation.pdf
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o Orotic acid (2.5- to 12-fold the upper limit of control values)

o Organic acids. An increase in the urinary excretion of components of the Krebs cycle (succinate,
citrate, fumaric, a-ketoglutaric), methylcitrate, and lactate has been documented in a few reports
[Korman et al 2004, Fecarotta et al 2006].

« Statistically significant elevation of AFP and pronounced liver ultrasound abnormalities at follow up
[Ranucci et al 2019]

Genotype-Phenotype Correlations

The SLC25A15 genotype does not correlate with the clinical or biochemical phenotype of HHH syndrome
[Fiermonte et al 2003, Camacho et al 2006, Tessa et al 2009].

Nomenclature

The name "hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome" was coined by Vivian
Shih, MD in 1969 for the disorder in which a "block in the ornithine metabolic pathway" has biochemical
findings "not concordant with those in patients with proven hepatic ornithine transcarbamylase deficiency”
[Shih et al 1969].

In 1999 after ORNTI (now known as SLC25A15), the gene encoding ORNT1, was identified, the term ORNT1
deficiency was introduced and used interchangeably with HHH syndrome [Camacho et al 1999].

HHH syndrome may also be referred to as "ornithine transporter deficiency” or "ornithine translocase
deficiency."

Prevalence

Since the description of the first individual with HHH syndrome by Shih et al [1969], approximately 122
individuals with HHH syndrome have been reported [Martinelli et al 2015, Qadri et al 2016, Guan et al 2017,
Ono et al 2018, Silfverberg et al 2018, Ho et al 2019, Wild et al 2019].

Summar et al [2013], using two large longitudinal registries in the US (NIH-sponsored Urea Cycle Disorders
(UCD) Consortium and The National UCD Foundation) and one in Europe (European Registry and Network
for Intoxication-Type Metabolic Diseases), calculated an incidence for HHH syndrome of 1% and 3% of all
UCDs in the US and Europe, respectively. In the US, the frequency of HHH syndrome is less than 1:2,000,000
live births [Summar et al 2013].

The incidence of HHH syndrome is highest in individuals of French-Canadian ancestry because of the
SLC25A15 founder variant ¢.562_564delTTC (p.Phe188del) in this population (see Table 8) [Camacho et al
1999, Debray et al 2008]. A study of this founder variant in an isolated northern Saskatchewan population of
mixed French-Canadian and Aboriginal descent suggested that the incidence of HHH syndrome in this
population is 1:1,550 live births [Sokoro et al 2010].

Another common pathogenic variant, ¢.535C>T (p.Argl79Ter) (see Table 8), seen in 14% of individuals with
HHH syndrome, is frequent in persons with HHH syndrome of Japanese and Middle Eastern descent [Tsujino et
al 2000, Salvi et al 2001a].

Genetically Related (Allelic) Disorders

No clinical or biochemical phenotypes other than those discussed in this GeneReview are known to be associated
with biallelic pathogenic variants in SLC25A15.


https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
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Differential Diagnosis

Hyperammonemia

Most commonly, neonates with hyperammonemia and neonatal-onset HHH syndrome are initially suspected of
having sepsis. See Héberle et al [2019] for a comprehensive algorithm for the differential diagnosis of neonatal
hyperammonemia based on plasma and urine metabolites.

Like other urea cycle disorders (UCDs), HHH syndrome should be included in the differential diagnosis of any
individual with hyperammonemia, including women who experience hyperammonemia during or following
pregnancy. The onset and severity of findings in HHH syndrome are more variable and less severe when
compared to UCDs like ornithine transcarbamylase (OTC) deficiency or carbamyl phosphate synthase (CPS-I)
deficiency (OMIM 237300). UCDs usually present with isolated elevation in plasma ammonia concentration and
metabolic alkalosis. Plasma amino acid analysis and acylcarnitine profile, urine amino acid analysis, urine
organic acid analysis, and urine orotic acid measurements allow diagnosis of the specific UCD (see Urea Cycle
Disorders) or HHH syndrome. Neonates with a UCD may have hypoglycemia.

A complete chemistry panel (CMP), CBC and differential, lactate determination, arterial blood gases, serum
creatine kinase (CK), and urinalysis (to check for ketonuria) should always be included in the evaluation of any
person with an elevated plasma ammonia concentration to evaluate for conditions including the following:

« Organic acidemias (present with acidosis)

 Lysinuric protein intolerance (associated with low plasma ornithine, lysine, and arginine)

« Fatty-acid oxidation defects (associated with nonketotic hypoglycemia and liver dysfunction). See
MCAD Deficiency.

» Pyruvate carboxylase deficiency (presents with lactic acidosis and hypoglycemia)

» Mitochondrial disease. Given that the neurologic nonacute presentation for HHH syndrome may be
indistinguishable from primary mitochondrial disease, urine organic acid analysis should also be ordered.
In some cases of HHH syndrome, urinary excretion of Krebs cycle components (succinate, fumarate,
citrate, and a-ketoglutarate) and lactate have been reported [Korman et al 2004]. This pattern of excretion
of organic acids, which is commonly seen in children and adults with defects in mitochondrial complex I
or III, may create the impression that persons with HHH syndrome have a primary rather than a
secondary mitochondrial defect.

Hyperornithinemia

The only other condition that causes chronic elevations in plasma ornithine concentration is deficiency of
ornithine amino transferase (OAT) (OMIM 258870), a mitochondrial matrix enzyme involved in the ornithine
degradation pathway. However, OAT deficiency never presents with the neurologic and clinical biochemical
features of HHH syndrome (e.g., elevation in plasma ammonia concentration and glutamine, urinary excretion
of homocitrulline and/or orotic acid). OAT deficiency presents mostly with ophthalmologic findings known as
hyperornithinemia with gyrate atrophy of the choroid and retina that manifest as chorioretinal degeneration
with loss of peripheral vision, night blindness, and often posterior subcapsular cataracts [Kim et al 2013].

Homocitrullinuria

Homocitrulline is a by-product of canned milk production that arises from the reaction of cyanate and the
terminal e-amino group of lysine. In canned formulas, cyanate is produced from heat-induced urea breakdown.
When homocitrulline is consumed in the diet from sources such as these, it is absorbed in the small intestine via
a transport system similar to that of cationic amino acids and excreted in the urine. In contrast,
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homocitrullinuria detected in neonates given IV glucose only (and no dietary source of protein) indicates the
presence of a metabolic disorder.

Some individuals with lysinuric protein intolerance (LPI) have been shown to excrete homocitrulline [Habib et
al 2013]. Although these individuals may also have hyperammonemia, their clinical biochemical profile
demonstrates low concentrations of plasma ornithine, lysine, and arginine and persistent urinary excretion of
lysine, ornithine, and arginine.

Neurologic Findings

In those individuals with early-childhood onset HHH syndrome in whom gait abnormalities and spasticity
predominate, the differential diagnosis should also include early-onset inherited spastic paraplegia (see
Hereditary Spastic Paraplegia Overview).

Arginase I deficiency is the only other urea cycle disorder (UCD) in which a prominent manifestation is
progressive pyramidal tract involvement leading to spastic paraparesis. In general, spastic paraparesis in arginase
I deficiency manifests earlier in childhood.

Management

Evaluations Following Initial Diagnosis

To establish the extent of disease and needs of an individual diagnosed with the hyperornithinemia-
hyperammonemia-homocitrullinuria (HHH) syndrome, the evaluations summarized in Table 4 (if not
performed as part of the evaluation that led to diagnosis) are recommended.

Table 4. Recommended Evaluations Following Initial Diagnosis in Individuals with Hyperornithinemia-Hyperammonemia-
Homocitrullinuria (HHH) Syndrome

System/Concern Evaluation Comment

Always consider ethnic/geographic origin as it may

Constitutional Measurement of HT, WT, & HC influence baseline HT & WT.

Assess cerebellar motor function (gait &

postural ataxia, dysmetria, Use standardized scale to establish baseline for ataxia
dysdiadochokinesis, tremor, dysarthria, (SARA, ICARS, or BARS) 1

nystagmus, saccades & smooth pursuit)

Can range from lower-limb hyperreflexia w/Babinski sign

Assess spasticit . " . .
P Y + gait abnormalities to spastic paraparesis

Neurologic Refer to neuromuscular clinic (OT/PT/ To assess gross motor & fine motor skills, ambulation, &
rehabilitation specialist) need for adaptive devices & PT.
EEG if seizures are suspected Mainly myoclonic seizures

« Baseline evaluation of persons w/significant
neurologic impairment

« Evaluation of persons who develop
hyperammonemic coma

MRI/MRS

To incl motor, speech-language evaluation, general

Development/ID cognitive, & vocational skills
Musculoskeletal Asses.s for skeletal involvement related to
spasticity.
Speech For those w/dysarthria: speech-language  Improving speech can v secondary behavior problems &

evaluation contribute to dietary adherence.


https://www.ncbi.nlm.nih.gov/books/n/gene/lpi/
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Table 4. continued from previous page.
System/Concern Evaluation Comment

For those w/recurrent vomiting or severe
Feeding dysphagia: assess nutritional status,
aspiration risk.

Consider involving a gastroenterology / nutrition / feeding
team.

In individuals age >12 mos: screen for problems incl sleep

Psychiatric Neuropsychiatric evaluation disturbances, ADHD, &/or anxiety.
. Evaluate for evidence of hepatic 1 transaminases & coagulopathy resolve after
Liver . . . . . . . .
dysfunction - biochemical profile & US. implementation of protein-restricted diet.

o Community or online resources such as Parent to
Family support/resources Parent

 Social work involvement for parental support
Miscellaneous/

. .. . « Consultation w/genetic counselor to address
Other Consultation w/clinical or metabolic . rgen
genetic counseling issues

eneticist, genetic counselor, metabolic .
(glietician 8% Jor social worker  Social worker can help w/school IEP, access to low-
’ protein foods, & social services assistance.

ADHD = attention-deficit/hyperactivity disorder; BARS = Brief Ataxia Rating Scale; HC = head circumference; HT = height; ICARS=
International Co-operative Ataxia Rating Scale; ID = intellectual disability; IEP = individualized educational plan; OT = occupational
therapist; PT = physical therapist; SARA= Scale for the Assessment and Rating of Ataxia; US = ultrasound; WT = weight

1. Biirk & Sival [2018]

Treatment of Manifestations

It is critical that the acute and long-term management of individuals with HHH syndrome be performed in
conjunction with a metabolic specialist. Of primary importance is the rapid control of acute hyperammonemic
episodes that may result from changes in diet (e.g., protein intake), infection, dehydration, fasting, injury, or
unknown cause. Long-term management focuses on prevention of postprandial hyperammonemia and acute
hyperammonemic episodes and efforts to lower the plasma ornithine concentration.

Acute hyperammonemic episodes are treated like hyperammonemic episodes in other UCDs: assessment of
plasma ammonia concentration, complete chemistry panel, arterial blood gases, CBC and differential (to
evaluate for an infectious process), urinalysis, urine and plasma amino acids, and urine orotic acid. Urine
organic acids should also be included to determine possible secondary mitochondrial dysfunction. Viral studies
are indicated to evaluate infection as a possible cause of catabolism.

Plasma ammonia concentrations >80 pmol/L (~2x control value) should be treated immediately.

Discontinue all oral intake until the affected individual is stabilized to stop all protein intake (a cornerstone of
acute treatment) and to reduce the risk of vomiting from hyperammonemia and/or nitrogen-scavenging
medications. Of note, use of the recently approved ammonia-scavenging medication glycerol phenylbutyrate
(RAVICTI®) should be stopped as it relies on pancreatic lipases and, thus, only works when administered with
food [Berry et al 2017].

Provide intravenous fluid with dextrose and intralipids to reverse catabolism while optimizing caloric intake:

o Initial intravenous infusion should be 10% dextrose (with 1/4 normal saline and 20 mEq/L KClI) at twice
maintenance; ammonia and glucose/Na/K/Cl/CO; concentrations should be monitored every two hours
or when neurologic status changes.

o Itis important to maintain an approximate glucose infusion rate (GIR) between 10 to 15 mg/kg/min in
order to prevent catabolism (protein sparring effect) and maintain adequate blood glucose levels between
100 and 150 mg/dL. The concentration of glucose may need to be increased (12.5% to 15%) to prevent
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fluid overload, particularly when secondary brain edema is present. As the affected individual's metabolic
condition stabilizes, it is important to keep a stable GIR and not decrease or stop infusion rate in response
to hyperglycemia (>150 mg/dL). An insulin drip should be used to maintain blood glucose at ~150-160
mg/dL during the critical phase of the hyperammonemic event and may be quickly withdrawn or reduced
in rate if hypoglycemia develops.

o The use of IV intralipids (2-3 g/kg/day) is an additional source of energy used in individuals with
prolonged episodes of hyperammonemia common during periods of infection.

« An individual with HHH syndrome is more likely to respond to the initial IV infusion of dextrose and to
normalize the individual's plasma ammonia concentration when compared to an individual with a urea
cycle disorder such as OTC deficiency or ASS deficiency. If clinical status does not improve, infusion of
supplemental arginine and ammonia removal drugs is added to the regimen.

Of note, as clinical manifestations often do not correlate with rising plasma ammonia concentrations, treatment
decisions should consider both plasma ammonia concentration and neurologic status.

Follow published protocols for treatment of acute hyperammonemic episodes similar to those instituted for OTC
deficiency (see National Organization for Rare Diseases Physician Guide to the Urea Cycle Disorders) [Brusilow
& Horwich 2001]. See also Héberle et al [2019] and Matsumoto et al [2019] for protocols specific to HHH
syndrome. These protocols consist of arginine supplementation and use of intravenous bolus and maintenance
infusions of the ammonia removal drugs sodium benzoate and sodium phenylacetate.

The New England Consortium of Metabolic Programs complete set of treatment protocols for neonatal
hyperammonemia and OTC deficiency focusing on the use of Ammonul® (Ucyclyd Pharma) are freely available.
Alfadhel et al [2016] provide an excellent online step-by-step resource for management of hyperammonemia.

It is important to note that unless the affected individual is transferred to a specialized metabolic center,
treatment with scavenging agents to remove excess nitrogen and ammonia from the blood will depend on
availability of medications.

An initial priming dose of arginine, benzoate, and phenylacetate is given (see Table 5).

Table 5. Initial Priming Dose of Arginine, Benzoate, and Phenylacetate by Age Group

Infusion ! Infants and Children Adolescents and Adults
10% arginine HCI 210 mg/kg 4.0 g/m?
Sodium benzoate 250 mg/kg 5.5 g/m?
Sodium phenylacetate 250 mg/kg 5.5 g/m?

1. Mix solutions of arginine, benzoate, and phenylacetate in a 10% dextrose solution at a dose of 25 mL of 10% dextrose/kg and infuse
over 90 minutes. The solutions containing arginine, benzoate, and phenylacetate should be given in conjunction with 10% dextrose +
1/4 normal saline + 20 mEq/L KCL solution.

If ammonia levels stabilize, the same arginine, benzoate, and phenylacetate solution is infused over 24 hrs.

Note: All preparations of arginine and ammonia removal drugs should be double- or triple-checked given the
potential for drug intoxication (if high doses are given) or for continued CNS ammonia toxicity (if low doses are
given). If sodium benzoate or sodium phenylacetate solutions are not available, infusion of arginine should be
started.

+ Sodium phenylbutyrate (sodium phenylacetate prodrug) may be given either by mouth or by nasogastric
tube (Bupheny1® powder) during acute episodes of hyperammonemia in hospitals that do not carry IV
Ammonul® (sodium benzoate/ phenylacetate). Moreover, in individuals who use glycerol phenylbutyrate


https://rarediseases.org/physician-guide/urea-cycle-disorders/
https://www.newenglandconsortium.org/neonateinfantchild-with-hyperammonemia
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for maintenance at home, sodium phenylbutyrate should continue after formula and food are started until
discharge to avoid double medication errors.
« Dose of sodium phenylbutyrate:
o <25 kg: 550-600 mg/kg/day
o >25kg: 9.9-13.0 g/m?/day

Table 6 summarizes mechanisms of drug actions in the treatment of hyperammonemia.

Table 6. Mechanisms of Drug Action in Treatment of Hyperammonemia
Drug Action

o Raises insulin levels
Glucose o Induces anabolic state
o Causes protein sparing effect from skeletal muscle amino acids

o Needs to be supplemented in those w/a urea cycle disorder
Arginine 1 « Stimulates secretion of insulin

« Plays a role in 1st step of creatine synthesis 2

o Forms benzoate-glycine (hippurate) via the benzoylCoA:glycine acyltransferase
reaction 4
« Eliminates 1 amino group in the urine

Sodium benzoate 3

o Forms a phenylacetate-glutamine compound via the phenylacetateCoA:glutamine
acetyl-transferase reaction
o Eliminates 2 amino groups in the urine

Sodium phenylacetate 3

1. A nonessential amino acid in humans

2. Interruption in the synthesis of brain creatine secondary to hyperammonemia has been proposed as a contributing factor to the
neurologic findings in affected individuals.

3. Initially esterified to its CoA-ester via the medium-chain fatty acid enzyme acyl-CoA ligase

4. Reaction takes place in the mitochondrial matrix (liver and kidney) [Brusilow & Horwich 2001].

Concurrent with the above, the trigger for the hyperammonemic event (most commonly infection or internal
bleeding) should be identified and treated to prevent ongoing protein catabolism and allow for the metabolic
stabilization of the affected individual.

Hemodialysis. If the individual fails to respond to the above treatment of hyperammonemia, if the plasma
ammonia concentration increases, and/or if the neurologic status deteriorates, dialysis should be started
promptly to remove ammonia from the circulation. Infusion of arginine, benzoate, and phenylacetate should
continue during dialysis. The preferred method to remove increased levels of ammonia in neonates, infants, and
children is continuous renal replacement therapy (CRRT), especially when there is hemodynamic instability
[Héberle et al 2019, Matsumoto et al 2019].

Need for dialysis (CRRT) falls into one of the following three categories based on age and plasma ammonia level
[Alfadhel et al 2016, Héberle et al 2019]:

« Neonates and children
o Unlikely: <200 umol/L
o Possible: 2200-300 umol/L if no response within four hours
o Definitely: >400-500 pmol/L

« Adolescents and adults. Definitely if ammonia >200umol/L

Dialysis may be prolonged if the catabolic state (e.g., infection) persists.

Nutrition. Twenty-four to 36 hours after initial admission oral intake should start, including daily doses of only
essential amino acids, carnitine, vitamins, and lipids to help avoid a catabolic state, which will prolong
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hyperammonemia. Note: Nonessential amino acids (i.e., glutamine, proline, and glycine) should be avoided
since they increase the nitrogen load to an already compromised urea cycle.

Long-term management includes maintenance on an age-appropriate protein-restricted diet that controls
hyperammonemia, but also provides sufficient protein for normal growth and development, especially for
infants and children.

The recommended amount of total protein, calories, and fluids consumed per day varies with age. The ratio of
natural protein to essential amino acids is approximately 60:40. The Ross Manual [Acosta & Yannicelli 2001] can
serve as a guide for the recommended daily nutrient intake for infants, children, and adults. For example,
individuals age 12 years or older usually need approximately 0.7-1.0 g/kg/day of total protein.

o Dietary supplementation with Cyclinex®—1 formula (infants and toddlers) or Cyclinex®—2 formula
(children, adolescents, and adults) that provides only essential amino acids and other nutritional
supplements has been helpful for some individuals. Children older than age 10-12 years and adults with a
urea cycle disorder use VITAFLO® essential amino acid supplement.

« Caloric supplements such as ProPhree® (4.5 calories per gram) are available for neonates, infants, and
toddlers.

. UCD-Trio® provides isoleucine, leucine, and valine for toddlers and children whose branched-chain
amino acid levels are consistently low, often due to ammonia-scavenging drugs.

« Citrulline supplementation at 0.17 g/kg/day or 3.8 g/m?/day is preferred to arginine because citrulline
provides better metabolic control and avoids secondary creatine deficiency [Martinelli et al 2015].
Citrulline accepts an aspartate (via the arginosuccinate synthase reaction) and therefore eliminates two
amino groups per cycle. Molema et al [2019] reported that in individuals with OTC deficiency, CPS1
deficiency, or HHH syndrome, the relatively greater bioavailability of citrulline leads to higher plasma
arginine levels than no supplementation or supplementation with arginine.

« Sodium phenylbutyrate (Buphenyl®) is given in three divided doses either as 450-600 mg/kg/day for
individuals <25 kg or as 9.9-13.0 g/m?/day for individuals >25 kg when glycerol phenylbuyrate
(RAVICTI®) is not available. Note that sodium phenylbutyrate initially is imported into the mitochondria
where it undergoes -oxidation to produce phenylacetate.

o Effective January 2019, the FDA approved the use of glycerol phenylbutyrate (RAVICTI®, Horizon
Pharma) for individuals of all ages (including neonates) for treatment of hyperammonemic episodes due
to urea cycle disorders [Author, personal communication].

« Lysine supplementation is indicated when plasma lysine concentrations are low. Low plasma lysine
concentrations have been associated with delayed growth and development.

« Creatine supplementation has also been recommended in HHH syndrome and urea cycle disorders such
as OTC and ASS deficiencies [Boenzi et al 2012]. In HHH syndrome, the synthesis of creatine from
arginine is decreased due to ornithine inhibition of the first step, which depends on glycine
transaminidase.

« Carnitine supplementation may be necessary due to carnitine deficiency secondary to dietary restriction
(e.g., meat) and/or conjugation of carnitine with ammonia removal drug metabolites (phenylacetate).

 Plasma concentrations of ammonia, glutamine, arginine, ornithine, and essential amino acids (in
particular lysine, isoleucine, leucine, and valine) should be maintained within the normal range.
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Note: (1) Although elevated plasma ornithine concentrations may decrease significantly if dietary
management is followed, complete normalization of plasma ornithine concentration is rarely observed. (2)
Even in the absence of hyperammonemic episodes, affected individuals may continue to develop
neurologic complications such as spasticity or learning disabilities. Maintaining as low a level of plasma
ornithine as possible by restricting protein intake could help prevent some of the progressive neurologic
complications seen in these individuals [Valle & Simell 2001].

Three individuals with HHH syndrome who had acute fulminant hepatic failure and coagulopathy rapidly
stabilized after protein restriction and arginine or citrulline supplementation [Fecarotta et al 2006, Mhanni et al
2008, Lee et al 2014].

Liver transplantation is not indicated when metabolic control can be achieved with diet, supplemental
citrulline, and ammonia-scavenging medications. Because SLC25A15 and the ornithine degradation pathway are
expressed in all tissues (e.g., brain, kidney) and most cell types (e.g., astrocytes, fibroblasts), liver transplantation
may correct the hyperammonemia, but it will not correct tissue-specific metabolic abnormalities that also
contribute to the neuropathology.

Two instances of liver transplantation for HHH syndrome were reported:

« A child age six years with a history of continued biochemical abnormalities, protein intolerance,
developmental delay, and abnormal posture [Guan et al 2017];

« A child age seven years with poor metabolic control who had presented at age four weeks with
hyperammonemic coma (plasma ammonia 2,300 pmol/L) [Verloo et al 2007].

Developmental Delay / Intellectual Disability Management Issues

The following information represents typical management recommendations for individuals with developmental
delay / intellectual disability in the United States; standard recommendations may vary from country to country.

Ages 0-3 years. Referral to an early intervention program is recommended for access to occupational, physical,
speech, and feeding therapy as well as infant mental health services, special educators, and sensory impairment
specialists. In the US, early intervention is a federally funded program available in all states that provides in-
home services to target individual therapy needs.

Ages 3-5 years. In the US, developmental preschool through the local public school district is recommended.
Before placement, an evaluation is made to determine needed services and therapies and an individualized
education plan (IEP) is developed for those who qualify based on established motor, language, social, or
cognitive delay. The early intervention program typically assists with this transition. Developmental preschool is
center based; for children too medically unstable to attend, home-based services are provided.

All ages. Consultation with a developmental pediatrician and social worker is recommended to ensure the
involvement of appropriate community, state, and educational agencies (US) and to support parents in
maximizing quality of life. Some issues to consider:

« IEP services:

o An IEP provides specially designed instruction and related services to children who qualify.

o IEP services will be reviewed annually to determine if any changes are needed.

o Asrequired by special education law, children should be in the least restricted environment feasible
at school and included in general education as much as possible and when appropriate.

o Vision and hearing consultants should be a part of the child’s IEP team to support access to
academic material.

o PT, OT, and speech services will be provided in the IEP to the extent that the need affects the child's
access to academic material. Beyond that, private supportive therapies based on the affected
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individual’s needs may be considered. Specific recommendations regarding type of therapy can be
made by a developmental pediatrician.
o Asachild enters teen years, a transition plan should be discussed and incorporated in the IEP. For
those receiving IEP services, the public school district is required to provide services until age 21.
o A 504 plan (Section 504: a US federal statute that prohibits discrimination based on disability) can be
considered for those who require accommodations or modifications such as front-of-class seating,
assistive technology devices, classroom scribes, extra time between classes, modified assignments, and
enlarged text.
» Developmental Disabilities Administration (DDA) enrollment is recommended. DDA is a public agency
that provides services and support to qualified individuals. Eligibility differs by state but is typically
determined by diagnosis and/or associated cognitive/adaptive disabilities.
o Families with limited income and resources may also qualify for supplemental security income (SSI) for
their child with a disability.

Surveillance

All surveillance of individuals with HHH syndrome (Table 7) should be a combined effort of the general
pediatrician or adult practitioner and a metabolic team (metabolic geneticist, metabolic dietician, and social

worker).

Table 7. Recommended Surveillance for Individuals with Hyperornithinemia-Hyperammonemia-Homocitrullinuria (HHH) syndrome

System/Concern

Constitutional

Metabolic status

Mood, behavior,
eating

Development

Academic

performance 3

Evaluation

Measure HT, WT, & HC. BMI should always be
included.

Concentration of:

« Plasma ammonia & amino acids 12
o Urine amino acids, organic acids, & orotic
acid

Phenylbutyrate & its metabolites (phenylacetate,
phenylacetate-glutamine) to optimize
management & check adherence

Parents should be alert to subtle behavior changes
which may suggest 1 plasma concentrations of
glutamine & ammonia.

Evaluation by developmental pediatrician to
assess & manage emergence of behavior issues
(ADD/ADHD)

Neurocognitive evaluation

Frequency

From time of diagnosis until adolescence

During pre-school years: follow WT, HT & HC in
conjunction w/PCP even when not seen in metabolic
clinic.

Routine monitoring based on:

Age:

<1 yr: every mo

1-2 yrs: every 2-3 mos
>2 yrs: every 3-4 mos

History of adherence
History of metabolic decompensation
Incl changes in eating habits, motor skills, & behavior

In children age <3 yrs, especially in flu season or hot/
humid weather

Prior to starting kindergarten; evaluate as needed.

1x/yr if any academic regression or behavior changes occur



18 ®

GeneReviews

Table 7. continued from previous page.
System/Concern Evaluation Frequency

A detailed evaluation by neurologist especially in
children w/neonatal, infantile, & early school-age  Monitor 1x/yr even when metabolic control is optimal,
onset to assess for slow, progressive neurologic especially in children age <12 yrs.

Neurologic involvement

evaluation
MRI/MRS every 2 yrs to correlate motor/cognitive/language

Perform MRI/MRS in consultation w/neurologist. development w/imaging findings (possible progressive cerebral
atrophy, stroke-like lesions, &/or white matter disease)

ADD = attention-deficit disorder; ADHD = attention-deficit/hyperactivitry disorder; BMI = body mass index; HC = head
circumference; HT = height; PCP = primary care provider; WT = weight

1. Low plasma concentrations of essential amino acids (isoleucine, leucine, valine, and arginine) could trigger a catabolic state,
requiring readjustment of diet/formulas and/or supplements.

2. Low plasma concentrations of lysine may lead to delays in growth and development in infants.

3. Poor school performance may lead to low self-esteem and/or behavioral problems that could influence adherence to a protein-
restricted diet.

Agents/Circumstances to Avoid
Avoid the following:

 Excess dietary protein intake

» Nonprescribed protein supplements such as those used to increase size of skeletal muscle during exercise
regimens

 Prolonged fasting during an illness or weight loss

 Use of oral and intravenous steroids

« Valproic acid, which induces and exacerbates hyperammonemia in urea cycle disorders

« Exposure to communicable diseases

Evaluation of Relatives at Risk
Testing of at-risk sibs is warranted to allow for early diagnosis and treatment.

If the SLC25A 15 pathogenic variants in the family are known and if prenatal testing has not been performed on
an at-risk sib, test for the familial SLC25A15 pathogenic variants in the newborn period while restricting the diet
(<1.2 g/kg/day protein using breastfeeding and a zero-protein formula) and monitoring plasma ammonia,
plasma amino acids, and urine orotic acid.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling purposes.

Pregnancy Management

Ho et al [2019] reported pregnancy management and outcomes of four women with HHH syndrome: a patient
of their own who had two pregnancies; and three women reported in the literature. They provide a systematic
protocol for severe metabolic decompensation during pregnancy.

Management of the affected mother before and during pregnancy to achieve metabolic control to enable
normal fetal growth and development. In general, pregnant women should continue dietary protein restriction
and supplementation with citrulline and ammonia-scavenging medications (after an appropriate benefit/risk
calculation) based on their clinical course before pregnancy. Protein restriction during pregnancy is challenging
given the complications that commonly arise during pregnancy (i.e., nausea, vomiting, anorexia) plus the natural
aversion to protein exhibited by individuals with HHH syndrome. Due to increased protein and energy
requirements in pregnancy and, oftentimes, difficulty with patient adherence, weekly to every two-week
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monitoring of plasma amino acids and ammonia is recommended, especially in the first and third trimester, and
close monitoring immediately after delivery. Plasma amino acid levels can help guide quick adjustments to diet
in order to achieve normal plasma amino acid profiles that prevent catabolism and hyperammonemia while
allowing for normal fetal growth and development. Protein intake during pregnancy varied from 0.8 g/kg/day to
1.3 g/kg/day (normal dietary reference intakes: 1.1 g/kg/day to 1.2-1.52 g/kg/day) [Ho et al 2019].

Delivery by cesarean section is recommended in order to optimize metabolic control.

Héberle et al [2019] provide a table detailing protein intake and extra energy requirements in pregnancy and
lactation.

Management of metabolic complications during pregnancy in women with HHH syndrome. Complications
related to HHH syndrome arose during pregnancy and delivery and in the immediate postpartum period in
three of the four women reported by Ho et al [2019]. Mild hyperammonemic episodes and seizures during
pregnancy were treated by adjustments to dietary protein intake (decrease) and anti-seizure medication
(carbamazepine), respectively [Kim et al 2012, Ho et al 2019].

« One woman experienced mild hyperammonemia at the end of the first trimester of her first pregnancy. In
her second pregnancy, she experienced metabolic decompensation (ammonia 295 umol/L) prior to the
second trimester and responded well to emergency treatment with Ammonul® and arginine [Ho et al
2019].

« A second woman experienced mild hyperammonemia at the end of the first trimester of her first
pregnancy, and developed petit mal seizures in the second trimester and elevations in ammonia (21-103
pmol/L) post partum. In her second pregnancy, she experienced hyperammonemia ten hours post-C-
section delivery that responded to treatment with oral sodium benzoate and IV arginine. During her third
pregnancy, she had a seizure.

o A third woman experienced mild elevation of plasma ammonia (43-126 umol/L) during labor.

Normal pregnancy and delivery were documented in two women with HHH syndrome.

« One, diagnosed with HHH syndrome at age 13 years in the course of evaluation of an affected sib, was
clinically asymptomatic before pregnancy. During the pregnancy, she was maintained on citrulline and an
appropriate protein-restricted diet [Rebecca Mardach, MD, Kaiser Permanente, personal communication].

o The other, a woman age 22 years with no neurologic findings, had learned to self-restrict protein intake
after severe protein intolerance in infancy [Ho et al 2019].

Fetal outcomes. Ho et al [2019] summarized the outcome of five previously reported infants born to three
women with HHH who were primarily on dietary management or older ammonia-scavenging medications
(lactulose) during pregnancy. Three of the five pregnancies resulted in healthy newborns.

» One female had intrauterine growth restriction (IUGR); development at age two years was normal.
 One of the neonates who had normal development at birth experienced transient respiratory distress
requiring mechanical ventilation.

There are no well-controlled epidemiologic studies of the fetal effects of sodium benzoate, phenylacetate, or
phenylbutyrate during human pregnancy, although there are several case reports.

« Redonnet-Vernhet et al [2000] reported a woman with symptomatic ornithine transcarbamylase (OTC)
deficiency who was treated with sodium benzoate during the first 11 weeks of gestation and was
subsequently transitioned to sodium phenylbutyrate for the remainder of pregnancy. She delivered a
healthy female who continued to do well at age two years.
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o Lamb et al [2013] reported another woman with symptomatic OTC who was treated throughout
pregnancy with sodium benzoate (4 g/4x/day), sodium phenylbutyrate (2 g/4x/day) and arginine (300
mg/4x/day) who delivered a healthy, unaffected male who was doing well at age six weeks.

« Ho etal [2019] are the first to document the use of sodium phenylbutyrate throughout two sequential
pregnancies in a woman with HHH syndrome:

o In the first pregnancy sodium phenylbutyrate (5.5 g/4x/day) was used as maintenance therapy. This
resulted in the delivery of a healthy female who was noted to have typical growth and development
at age five years.

o In the second pregnancy, emergency treatment with Ammonul® (sodium phenylacetate/sodium
benzoate) to manage hyperammonemic crisis (ammonia 295 pmol/L) was used in addition to
maintenance therapy of sodium phenylbutyrate (5 g/4x/day).

Although the mother responded well to emergency treatment, the baby experienced IUGR and
remained in the NICU due to prematurity and low birth weight. At age two years the child exhibited
speech delay and autism.

How severe metabolic decompensation, elevated plasma ornithine, and/or side effects of sodium
phenylbutyrate, phenylacetate, and/or benzoate may have contributed to the speech delay and/or
autism is not known.

» Ho etal [2019] prefer and recommend the use of sodium benzoate if deemed medically necessary during
pregnancy, but did not advise switching maintenance medications during pregnancy

Theoretic concerns. Sodium benzoate has been reported to lead to malformations and neurotoxicity/
nephrotoxicity in zebrafish larvae [Tsay et al 2007]. As a known differentiating agent, sodium phenylbutyrate
also functions as a histone deacetylase (HDAC) inhibitor with potential teratogenicity given its ability to alter
gene expression in fetal mice [Di Renzo et al 2007]. Theoretically, the use of benzoate/phenylacetate and in
particular sodium phenylbutyrate should be avoided during pregnancy, especially during the first trimester. The
use of these medications should be carefully evaluated for each individual (benefit/risk ratio) in consultation
with a metabolic genetics specialist.

See MotherToBaby for further information on medication use during pregnancy.

Therapies Under Investigation

Search ClinicalTrials.gov in the US and EU Clinical Trials Register in Europe for information on clinical studies
for a wide range of diseases and conditions. Note: There may not be clinical trials for this disorder.

Genetic Counseling

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is inherited in an autosomal
recessive manner.


https://www.mothertobaby.org/
https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/ctr-search/search
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Risk to Family Members
Parents of a proband

o The parents of an affected child are obligate heterozygotes (i.e., presumed to be carriers of one SLC25A15
pathogenic variant based on family history).

» Molecular genetic testing is recommended for the parents of a proband to confirm that both parents are
heterozygous for a SLC25A15 pathogenic variant and allow reliable recurrence risk assessment. Although
a de novo pathogenic variant has not been reported in HHH syndrome to date, de novo variants are known
to occur at a low but appreciable rate in autosomal recessive disorders [Jénsson et al 2017].

« Heterozygotes (carriers) are clinically asymptomatic and are not at risk of developing HHH syndrome.

Sibs of a proband

o If both parents are known to be heterozygous for a SLC25A15 pathogenic variant, each sib of an affected
individual has a 25% chance of being affected, a 50% chance of being an asymptomatic carrier, and a 25%
chance of being unaffected and not a carrier.

» Marked phenotypic variability is observed among sibs who have the same SLC25A15 pathogenic variants
[Camacho et al 2006, Debray et al 2008, Tessa et al 2009, Martinelli et al 2015].

» Heterozygotes (carriers) are clinically asymptomatic and are not at risk of developing HHH syndrome
[Valle & Simell 2001].

Offspring of a proband. The offspring of an individual with HHH syndrome are obligate heterozygotes
(carriers) for a pathogenic variant in SLC25A15.

Other family members. Each sib of the proband's parents is at a 50% risk of being a carrier.

Carrier Detection

Carrier testing for at-risk family members requires prior identification of the SLC25A 15 pathogenic variants in
the family.

Carrier testing using clinical biochemical parameters is unreliable; heterozygotes (e.g., parents and carrier sibs)
do not exhibit biochemical abnormalities in plasma or urine; therefore, molecular genetic testing is the only
reliable method of carrier detection.

Related Genetic Counseling Issues

See Management, Evaluation of Relatives at Risk for information on evaluating at-risk relatives for the purpose
of early diagnosis and treatment.

Family planning

 The optimal time for determination of genetic risk, clarification of carrier status, and discussion of the
availability of prenatal/preimplantation genetic testing is before pregnancy.

o Itis appropriate to offer genetic counseling (including discussion of potential risks to offspring and
reproductive options) to young adults who are affected, are carriers, or are at risk of being carriers.

DNA banking. Because it is likely that testing methodology and our understanding of genes, pathogenic
mechanisms, and diseases will improve in the future, consideration should be given to banking DNA from
probands in whom a molecular diagnosis has not been confirmed (i.e., the causative pathogenic mechanism is
unknown). For more information, see Huang et al [2022].
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Prenatal Testing and Preimplantation Genetic Testing

Once the SLC25A 15 pathogenic variants have been identified in an affected family member, molecular genetic
testing for a pregnancy at increased risk for HHH syndrome and preimplantation genetic testing are possible.
However, the identification of familial SLC25A 15 pathogenic variants cannot predict clinical outcome as
significant intrafamilial phenotypic variability is observed in HHH syndrome.

Differences in perspective may exist among medical professionals and within families regarding the use of
prenatal testing, particularly if the testing is being considered for the purpose of pregnancy termination rather
than early diagnosis. While most centers would consider use of prenatal testing to be a personal decision,
discussion of these issues may be helpful.

Resources

GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the
information provided by other organizations. For information on selection criteria, click here.

« Connecting Families - Urea Cycle Disorders (UCD) Foundation
Phone: 918-490-3055
ucdfamily.org

« National Library of Medicine Genetics Home Reference
Ornithine translocase deficiency

« National Urea Cycle Disorders Foundation
Phone: 626-578-0833
nucdf.org

o Metabolic Support UK
United Kingdom
Phone: 0845 241 2173
metabolicsupportuk.org

« Urea Cycle Disorders Consortium
Phone: 202-306-6489
Email: jseminar@childrensnational.org
ucdc.rarediseasesnetwork.org

» European Registry and Network for Intoxication Type Metabolic Diseases (E-IMD)
e-imd.org/event/european-registry-and-network-intoxication-type-metabolic-diseases

« National Urea Cycle Disorders Foundation International Patient Registry
Email: coordinator@ucdparegistry.org
ucdparegistry.org

+ Urea Cycle Disorders Consortium Registry
Children's National Medical Center
RDCRN Contact Registry


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
https://ucdfamily.org/
https://ghr.nlm.nih.gov/condition/ornithinetranslocasedeficiency
http://www.nucdf.org
https://metabolicsupportuk.org/
https://ucdc.rarediseasesnetwork.org/
https://www.e-imd.org/event/european-registry-and-network-intoxication-type-metabolic-diseases
https://www.ucdparegistry.org/
https://www.rarediseasesnetwork.org/registry
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Molecular Genetics

Information in the Molecular Genetics and OMIM tables may differ from that elsewhere in the GeneReview: tables
may contain more recent information. —ED.

Table A. Hyperornithinemia-Hyperammonemia-Homocitrullinuria Syndrome: Genes and Databases

Gene Chromosome Locus  Protein Locus-Specific HGMD ClinVar
Databases
SLC25A15 13q14.11 Mitochondrial SLC25A15 @ LOVD SLC25A15 SLC25A15

ornithine transporter 1

Data are compiled from the following standard references: gene from HGNC; chromosome locus from OMIM; protein from UniProt.
For a description of databases (Locus Specific, HGMD, ClinVar) to which links are provided, click here.

Table B. OMIM Entries for Hyperornithinemia-Hyperammonemia-Homocitrullinuria Syndrome (View All in OMIM)
238970 HYPERORNITHINEMIA-HYPERAMMONEMIA-HOMOCITRULLINURIA SYNDROME; HHHS

603861 SOLUTE CARRIER FAMILY 25 (MITOCHONDRIAL CARRIER, ORNITHINE TRANSPORTER), MEMBER 15;
SLC25A15

Molecular Pathogenesis

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is a disorder of the urea cycle (UC)
and ornithine degradation pathway. The urea cycle (Figure 1) eliminates 80% of toxic nitrogenous waste by
converting nitrogen (in the form of ammonia) to urea that is excreted by the kidneys. In humans, protein
catabolism generates ammonia, which is a neurotoxin.

HHH syndrome is caused by pathogenic variants in SLC25A 15, which encodes the mitochondrial ornithine
transporter, ORNT1. Ornithine, derived from the hydrolysis of arginine in the last step of the UC in the cytosol,
must enter the mitochondrial matrix. ORNT1, which translocates cytosolic ornithine into the mitochondrial
matrix, is a member of a family of mitochondrial carrier (MCF) proteins that are responsible for the selective
transport of solutes into and out of the mitochondrial matrix. Defective ORNT1 results in:

« Absence of intramitochondrial ornithine. The UC is disrupted in the liver and hyperammonemia ensues.
The toxic effects of ammonia and glutamine (product of ammonia and glutamate) include brain edema
and, if not treated, coma. Moreover, effects on astrocytes, which play a key role in long-term memory, may
explain "memory problems" that are common in individuals with HHH syndrome [Brooks 2018,
Matsumoto et al 2019].

« Disruption of the ornithine amino transferase reaction, the pathway for ornithine catabolism. Ornithine
accumulates, leading to hyperornithinemia.

« Underused carbamoyl phosphate either reacting with lysine to form homocitrulline or entering the
pyrimidine pathway to form orotic acid. Consequently, their accumulation leads to increased urinary
excretion of homocitrulline (homocitrullinuria) and orotic acid.

o Increased cytosolic ornithine leading to increased polyamine synthesis. Polyamines in excess increase
intramitochondrial calcium (promotes apoptosis), mitochondrial autophagy, and cell proliferation [Valle
& Simell 2001, Minois et al 2011].

o Inhibition of AGAT, which reduces endogenous creatine synthesis in the cerebrum and cerebellum,
increasing the brain’s susceptibility to local ammonia-induced damage [Valle & Simell 2001, Boenzi et al
2012].


https://www.ncbi.nlm.nih.gov/gene/10166
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=10166
http://www.uniprot.org/uniprot/Q9Y619
http://www.uniprot.org/uniprot/Q9Y619
http://www.lovd.nl/SLC25A15
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A15
https://www.ncbi.nlm.nih.gov/clinvar/?term=SLC25A15[gene]
http://www.genenames.org/index.html
http://www.omim.org/
http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/app1/
https://www.ncbi.nlm.nih.gov/omim/238970,603861
https://www.ncbi.nlm.nih.gov/omim/238970
https://www.ncbi.nlm.nih.gov/omim/603861
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Two other mitochondrial ornithine transporters, ORNT2 (SLC25A2) and ORNT3 (SLC25A29), exist; ORNT2
has been shown to co-transport citrulline and, thus, may compensate for a defective ORNT1 in the urea cycle.
Hence, gene redundancy may in part be responsible for the later onset and less severe clinical presentation in

individuals with HHH syndrome [Camacho & Rioseco-Camacho 2009, Porcelli et al 2014, Monné et al 2015].

Mechanism of disease causation. HHH syndrome is caused by loss of ORNT1 function.

SLC25A15-specific laboratory considerations. Five non-processed pseudogenes derived from SLC25A15
(13q14.11, NC-000013.11) have been identified on three different chromosomes, in addition to chromosome 13:

o ChrYql1.13 (NG_024787, SLC25A15 pseudogene 1)
o Chr21p11.2 (NG_025052, SLC25A15 pseudogene 4)
o Chr22ql1.1 (NG_027407, SLC25A15 pseudogene 5)
o Chr13q12.3 (NG_024903, SLC25A15 pseudogene 3)
o Chr13ql12.11 (NG_032358, SLC25A15 pseudogene 2)

When performing SLC25A15 mRNA analysis, note that SLC25A2 (ORNT2) is intronless and arose by
retrotransposition. SLC25A15 and SLC25A2 are 87% and 88% identical at the nucleotide and protein level,
respectively [Camacho et al 2003].

Table 8. Notable SLC25A15 Pathogenic Variants

DNA Nucleotide Predicted

Change Protein Change Comment [Reference]

Reference Sequences
French-Canadian founder variant. Residual activity in functional
biochemical studies. No function in cellular ornithine transport
studies. Found in 29% of persons w/mutation analysis [Camacho
et al 1999, Fiermonte et al 2003, Debray et al 2008].

c.562_564delTTC p.Phe188del

Common variant in persons of Japanese & Middle Eastern
ancestry. Found in 14% of persons w/mutation analysis.
Completely nonfunctional [Fiermonte et al 2003, Martinelli et al
2015].

NM_014252.3
NP_055067.1 c.535C>T p-Argl79Ter

Found in 2 related Mexican families (5 persons). Has residual
c.95C>G p-Thr32Arg function in cellular transport assay. Assoc w/late-onset disease &
phenotypic variability [Camacho et al 2006]

Variants listed in the table have been provided by the authors. GeneReviews staff have not independently verified the classification of
variants. GeneReviews follows the standard naming conventions of the Human Genome Variation Society (varnomen.hgvs.org). See
Quick Reference for an explanation of nomenclature.
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Figure 1. Compartmentalization of the biochemical pathways involved in HHH syndrome as a result of deficiency of the mitochondrial
ornithine transporter (ORNT1; encoded by SLC25A15), leading to abnormal accumulation of the metabolites shown in black-framed
rectangles. The urea cycle proteins are mostly expressed in the periportal hepatocytes of the liver, whereas the proteins of the ornithine

degradation pathway are expressed in the pericentral hepatocytes and other tissues including the brain, liver, or heart and cell types
including fibroblasts, astrocytes, and lymphocytes.

Reprinted with permission from Korman et al [2004]
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