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Skeletal Manifestations of Inborn Errors of Metabolism:
A Comprehensive Retrospect

Sung Yoon Cho, MD, PhD

Department of Pediatrics, Department of Medicine, Samsung Medical Center,
Sungkyunkwan University School of Medicine, Seoul, Korea

Inborn errors of metabolism encompass a wide variety of disorders, frequently affecting bone.
This review presents a comprehensive retrospect on the primary involvement of bone in inborn
errors of metabolism. Primary involvement of bone in inborn errors of metabolism includes
entities that primarily affect the bone marrow, mineral component or cartilage. These include
lysosomal storage disorders, hypophosphatasia, and hereditary hypophosphatemic rickets. In
this review, we discuss the primary involvement of bone in inborn errors of metabolism (hy-
pophosphatasia, X-linked hypophosphatemic rickets, Gaucher disease, and mucopolysacchari-
doses) along with the therapeutic agents used in clinical settings, diagnostic strategies, and
general management. With the development of disease-specific targeted therapies and suppor-
tive care, more number of patients with these disorders live longer and survive into adulthood.
Moreover, skeletal symptoms have become a more prominent feature of these disorders. This
makes the awareness of these skeletal symptoms more important.

Key words: Inborn errors of metabolism, bone, hypophosphatasia, X-linked hypophosphatemic
rickets, Gaucher disease, mucopolysaccharidoses

Introduction

The skeletal system is frequently affected by inborn
errors of metabolism. Some disorders, such as mucopo-
lysaccharidoses (MPSs), primarily affect the bone and
present with prominent skeletal features. On the other
hand, in other disorders, alterations such as low bone
mass may present secondary to nutritional deficiencies
as a consequence of strict diets, inflammation, hypogo-

nadism, and/or medications, especially anti-epileptic
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drugs”. This review presents a comprehensive retrospect
on primary involvement of bone in inborn errors of
metabolism. This group includes entities such as lyso-
somal storage disorders, hypophosphatasia (HPP), and
hereditary hypophosphatemic rickets that primarily
affect the bone marrow, mineral component or cartilage
(Table 1). Secondary involvement of bone in inborn
errors of metabolism mainly include disorders of amino
acid metabolism, such as phenylketonuria and homo-
cystinuria (Table 2). In this review, we discuss the
primary involvement of bone in inborn errors of meta-
bolism along with the therapeutic agents used in clinical

settings, diagnostic strategies, and general management.



- oigt GAA A A A 238 Al 18, ppl~11, 2023 -

Diagnostic clues

Inborn errors of metabolism manifest as skeletal
deformities, retarded growth, or both in children. On
the contrary, adults more frequently exhibit subtle de-
formities, pain, or fractures as initial symptoms of an
underlying metabolic defect. Therefore, diagnosis may
be delayed in patients with attenuated phenotypes. The
recent advent of genetic screening techniques, such as
whole—exome sequencing, have shortened the time to
diagnosis. However, clinical, biochemical, and radiol-
ogical findings are still required to arrive at an accu-
rate diagnosis?. The diagnostic clues for inborn errors

of metabolism are shown in Tables 1 and 2.

Table 1. Inborn errors of metabolism primarily affecting the bone

Clinical signs and symptoms

MBPSs are a group of rare lysosomal storage disorders
caused by inherited defects in the catabolism of sulfated
components of connective tissue known as glycosami-
noglycans. These group of disorders manifest as skeletal
dysplasia and dysostosis multiplex. It may also present
as the first sign of an attenuated phenotype®. Early
arthropathy is the primary and most common skeletal
symptom of mucolipidoses (MLs). Joint stiffness and
carpal tunnel syndrome are frequent symptoms of ML
III, which resemble the features of MPS I and VI. In
patients with mild MPS, hand arthropathy may mimic
rheumatological disease”. Although splenomegaly or

cytopenia are the first symptoms in most cases of

Disease Symptoms

Laboratory findings

Hereditary
hypophosphatemic rickets

Hypophosphatasia infantile : respiratory distress, hypotonia
older : rachitis-like features, chronic pain, recurrent fractures

Short stature, lower extremity deformities;

decreased plasma phosphate

decrease plasam bone specific
alkaline phophatase

Gaucher disease type 1 Bone pain, bone crises, pathological fractures, avascular necrosis, cytopenia

or 3 osteoporosis, Hepatosplenomegaly cytopenia

Niemann Pick A/B arthritis, osteopenia, hepatosplenomegaly, interstitial lung disease

MPSs dysostosis multiplex, short stature, joint stiffness, or laxity (MPS IV), increased GAGs, specific

facial dysmorphism, hernias (MPSes), corneal clouding,

enzyme deficiency

carpal tunnel syndrome, ENT problems, cognitive decline

accumulation of mannose-rich
oligosaccharides

Pycnodysostosis osteoporosis, short stature, pathological fractures

Mannosidosis dysostosis multiplex, psychiatric symptoms, corneal clouding or
cataract, hearing loss, immune deficiencies, myopathy

Alkaptouria

genitourinary tract stones, cardiac valve disease, dark urine,
pigmentation of the auricle and sclera

progressive deformation of the spine and arthrosis of the large joints, accumulation of homogentisic

acid and benzoquinone acetic
acid in urine

Table 2. Inborn errors of metabolism with secondary bone disease

Disease

Symptoms

All inborn errors of metabolism that require
strict dietary treatment

Galactosemia

Phenylketonuria

Homocystinuria

Lysinuric Protein Intolerance

Wilson disease

GSD type I (Pompe disease)

Miscellaneous; frequently neurological symptoms

Cognitive impairment, primary ovarian failure, cataract

Cognitive impairment in untreated patients

Marfanoid habitus, kyphosis, lens luxation, cognitive impairment

Protein avoidance, gastrointestinal symptoms hyperammonaemia, lung disease
Liver disease and / or neurological and psychiatric manifestations

Muscle weakness, secondary respiratory impairment
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Gaucher disease (GD), patients may seck medical at-
tention due to skeletal problems. Patients with GD may
present with pain as the first symptom. Severe bone
crises and avascular necrosis of the femoral head may
occur in these patients”. Erlenmeyer flask deformity of
the femur is a typical radiographic feature of GD.
Pathological fractures have been reported in patients
with GD and pycnodysostosis. Skeletal manifestations
are less prominent; however, arthropathy may occur
due to acid sphingomyelinase deficiency. In hypopho-
sphatasia, arthropathy is common, and chronic pain
may result from myopathy?. Spinal abnormalities, like
pathological fractures, bone crises, kyphosis can be
encountered in patients with GD. Contrarily, dysplasia,
kyphosis and scoliosis are the spinal abnormalities
commonly found in patients with MPSs. Osteoporosis
is unlikely to be a presenting symptom. Thus, in pa-
tients with joint stiffness, early arthropathy, arthritis
with negative rheumatoid factor, femoral head necrosis,
unexplained bone pain, and radiographic evidence of
bone deformities, especially in the presence of other
features such as growth retardation, underlying meta-
bolic disorders should be considered as a differential

diagnosis.
Biochemistry

Very low levels of bone-specific alkaline phospha-
tase (ALP) are good indicators of HPP. Hypophospha-
temia and low levels of normal circulating 1,25-dihy-
droxy vitamin D [1,25(OH)2D] levels are typical bio-
chemical findings in hereditary hypophosphatemic
rickets. Low 25-vitamin D and elevated ALP levels can
be easily mistaken for vitamin D deficiency in patients
with mild phenotypes. Routine biochemistry results are
usually normal in other metabolic disorders that pre-

sent with skeletal features.

Diagnosis

Enzymatic testing is the gold standard for diagnosing
lysosomal storage disorders. Appropriate genetic testing
should always be performed to confirm the diagnosis
of metabolic disorders. Furthermore, genetic counseling
is essential to identify other affected family members

and predict disease prognosis.
Specific diseases
1. Hypophosphatasia

HPP is a genetic disease caused by biallelic loss—of-
function of Alkaline Phosphatase, Biomineralization
Associated (ALPL) variants or a heterozygous ALPL
variant with dominant—negative effect. ALPL encodes
an enzyme, tissue—nonspecific alkaline phosphatase
(TNSALP), which hydrolyzes extracellular inorganic
phosphates, a potent mineralization inhibitor, to enable
the physiological deposition of hydroxyapatite in bones
and teeth, TNSALP also converts pyridoxal 5'—phosp-
hate (PLP) to pyridoxal (PL) to facilitate passage of the
active metabolite of vitamin B6 through the cell mem-
branes”. Inorganic pyrophosphate is an inhibitor of
bone and tooth mineralization, and PLP is involved in
neurotoxicity. The most common skeletal symptoms of
HPP include rickets, bone pain, and fractures. Muscle
hypotonia can result in walking problems. Hypotonia
and respiratory distress can lead to early death in peri-
natal and infantile patients. Children frequently exhibit
growth retardation and develop craniosynostosis. Adults
may also experience fragile fractures and chronic pain
8 HPP is classified into six subtypes on the basis of
symptom onset and severity of manifestations: perinatal
lethal, perinatal benign, infantile, childhood, adult, and
odontohypophosphatasia.

Radiographic and dental features of HPP include:
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—Prenatal long bone bowing with osteochondral
spurs
—Infantile rickets: under mineralized bones, flared
metaphyses, poorly ossified epiphyses, bowed long
bones, widened sutures, and rachitic costochondral
rib changes.
—Multiple tongue-like radiolucencies in the meta-
physes
—Premature loss of deciduous teeth
Conservative treatment for HPP includes perio-
dontal and dental care, sufficient physical activity, and
orthopedic interventions. Subcutaneous asfotase alfa
(Strensiq®), a first-in—class bone—targeted human re-
combinant TNSALP replacement therapy, was intro-
duced in Korea in 2016 and is now available in several
countries. It has been reported that asfotase alfa can
improve rickets in this group of patients, which was
proven by an improvement in radiographically assessed
severity scores at 24 weeks”. Furthermore, patients

experienced improvements in respiratory function, gross

Baseline

Year 6 after ERT Baseline

motor function, fine motor function, growth, and
quality of life'”. The 6-year outcomes of two children
with infantile and perinatal lethal HPP after estrogen
replacement therapy (ERT) has been described in our
previous report'”. Although clinical improvements were
noted in both patients, there were differences in clinical
features and treatment courses between the two patients
(Fig. 1). Age at the time of commencement of ERT and
genotype have important influences on clinical severity
and treatment outcomes. Clinical guidelines emphasize
early initiation of ERT before severe deterioration of
respiratory function and bone mineralization occur to
ensure better prognosis in patients with perinatal or
infantile HPP'?. Considering the high cost of this the-
rapy, collaborative efforts are needed to support treat-
ment decision-making. This is also a challenge for
adult patient group. HPP should be considered when
serum ALP levels are consistently lower than the normal

range in terms of age and sex.

Year 6 after ERT

Fig. 1. Radiographic findings of patients with hypophosphatasia (HPP). (A), (B), and baseline images of (C) are of a 21-month-
old patient with infantile HPP before starting enzyme replacement therapy (ERT). Severe fontanelle widening, thin ribs,
irregular osteolytic bone change with metaphyseal fraying in bones of leg, wrist, and hand can be seen. The images in
(D) are baseline images before ERT and images after 6 years of ERT in a patient with perinatal lethal HPP who started
ERT at 1 month of age. The patient who started ERT earlier showed better skeletal improvement.
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2. Hereditary hypophosphatemic rickets

The most common hereditary hypophosphatemic
rickets is the X-linked form (XLH), which occurs due
to a mutation in the PHEX gene. The prevalence of
XLH is approximately 1 in 20,000'?. PHEX gene is
involved in the downregulation of FGF23, which in-
hibits the renal production of 1,25-dihydroxyvitamin
D3 and reabsorption of phosphate by lowering 1-a -
hydroxylase in the renal proximal tubule!®" The diag-
nosis of XLH is based on the clinical manifestations,
laboratory findings, and radiographic findings. The
clinical characteristics include hypophosphatemia, de-
formity of the lower limb, bone pain, and growth ret-
ardation. Dental problems, such as tooth abscesses, can
also occur. Radiological signs of XLH in the hands,
knees, and lower limbs include long bone deformities
(valgus or varus) and abnormal growth plates with
widened and frayed metaphyses (Fig. 2).

Biochemical criteria for the diagnosis of XLH
include:

—Serum phosphate levels below the normal threshold

in terms of age associated with renal phosphate

Fig. 2.

Radiographic findings of a 39-month—old patient
with X-linked hypophosphatemic rickets (XLH). (B)
is the image of the right knee of (A). Radiologic fin-
dings of genu varum, metaphyseal flaring and de-
creased bone density are evident.

wasting, for example, reduced calculated maximal
tubular reabsorption of phosphate as a function
of glomerular filtration rate (TmP/GFR)™.

ALP levels above the upper limit of normal in terms
of age.

—Parathyroid hormone (PTH) levels within the

normal or upper normal range

—Normal serum calcium levels and low urinary cal-

cium excretion.

The final confirmation of XLH is through genetic
analysis, which identifies mutations in the PHEX gene
in approximately 70% of patients with hypophospha-
temic rickets and 85-90% of patients when the disease
is familial.

Medical treatment of XLH has included oral pho-
sphate supplementation and active vitamin D analog
(alfacalcidol or calcitriol) administration for decades'®.
However, several limitations of this therapy have been
identified over the years, including absence of correc-
tion for phosphate wasting, and the risk of nephrocal-
cinosis and hyperparathyroidism. Severe cases require
surgery, such as osteotomy or epiphysiodesis'”. Not all
patients tolerate liquid phosphate well; therefore, com-
pliance may be a challenge. A new treatment for XLH
involves administration of a recombinant humanized
monoclonal IgGl1 antibody against FGF23 (Burosumab,
Crysvita®, Ultragenyx). Results from phase 2 and 3
studies have shown that Burosumab can reduce the
loss of phosphate from the kidneys, improve abnormally
low serum phosphate concentrations, and reduce the
severity of rickets, as shown by radiologic findings'®.
Burosumab was recently approved by the European
Union for treatment of XLH in children above the age
of 1 year and adolescents who are still growing. The
drug is being used in the United States for treatment
of all patients affected by XLH above the age of 1
year. In Korea, this treatment will be used for patients
who fit the initial criteria under insurance coverage in

the coming time. The limitations of this treatment
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include injection site reactions, headaches, muscular
pain, and limited gain in growth velocity. Therefore,

long—term outcomes should be investigated.
3. Gaucher disease

GD, an autosomal recessive inherited lysosomal
storage disorder, is caused by the deficiency of beta-
glucocerebrosidase enzyme (GBA), which results in
accumulation of glucocerebroside (GC) within tissue
macrophages in multiple organs. Storage of GC in
macrophages causes hepatosplenomegaly and involve-
ment of the bone marrow. Severe bone marrow infilt-
ration by lipid-laden macrophages can occur in GD.
There are three subtypes of GD, types 1, 2, and 3,
classified on the basis of presence of neurological
deterioration, age at the time of identification, and
progression rate!”. Type 1 GD manifests as splenome-
galy, hepatomegaly, anemia, thrombocytopenia, bone
disease and growth retardation®”. Patients with type 2
GD typically exhibit neurodegeneration and hepatosp-
lenomegaly before one year of age. Most type 2 pati-
ents die at birth or within 2-3 years of life?”. Type 3
GD is a chronically progressive form, wherein the
onset of neurological symptoms occur at =1 year of
age.

Clinical or radiographic evidence of bone disease is
evident in 70%-100% of individuals with type 1 GD?.
Bone diseases range from asymptomatic osteopenia to
focal Iytic or sclerotic lesions and osteonecrosis®. Bone
involvement, which can lead to acute or chronic bone
pain, pathological fractures, and subchondral joint col-
lapse with secondary degenerative arthritis, is often the
most debilitating aspect of type 1 GD*. Bone crises
usually manifests as acute bone pain confined to one
extremity or joint?, and are often accompanied by
fever and leukocytosis with sterile blood culture. Radio-
graphy may reveal Erlenmeyer flask deformities in the

distal femur and endosteal scalloping caused by bone
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marrow infiltration (Fig. 3). MRI can be used to esti-
mate the extent of marrow involvement and presence
of fibrosis and/or infarction. Osteoporosis frequently
occurs in these patients. Bone disease may not correlate
with the severity of hematological or visceral problems
in patients with GD. Three recombinant glucocerebro-
sidase enzyme preparations are currently available: imi-
glucerase (Cerezyme®), velalglucerase alfa (VPRIV®),
and imiglucerase (Abcertin®). Regular intravenous in-
fusion of recombinant enzymes (ERT) have been proven
to be safe and effective for treating hematologic and
visceral involvement. However, the efficacy of ERT has
not been reported to be consistent with improvements
in neurologic symptoms”. Since the tight junctions of
the blood—brain barrier block the passage of ERT
drugs, improvements in CNS involvement are limited.
Early diagnosis and prompt treatment initiation is
crucial; however, patients with GD frequently experi-
ence significant diagnostic delays that can lead to com-
plications””. Timely administration of intravenous ERT
or oral substrate inhibitors can prevent skeletal compli-
cations. ERT, hematopoietic stem cell transplantation
(HSCT), substrate reduction therapy (SRT), and phar-

macological chaperone therapy (PCT) are currently

Radiographic and MRI images of a 19-month—old
patient with Gaucher disease. X-ray shows broad
diaphysis and metaphyseal flaring of femur (Erlenmeyer
flask deformity) as a result of under tubulation. T1-
weighted MRI image shows low signal intensity of
bone marrow, suggesting diffuse bone marrow invol-
vement of Gaucher cells.
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being used to treat patients with GD. Furthermore, the
potential of gene and stem cell therapies in treatment

of GD are being investigated®.
4. Mucopolysaccharidoses

Skeletal abnormalities are the hallmark of lysosomal
storage disorders, and are caused by accumulation of
glycosaminoglycans (GAGs) in MPS. There are 11 types
of MPSs, each caused by a deficiency of one of the 11

2 MPSs are multisystemic disorders with

enzymes
various severity and distinct clinical features (Table 3).
However, skeletal deformities are universal and usually
start at an early age due to the accumulation of GAGs
in bone and cartilages. These pathological processes
lead to growth retardation due to damage to the carti-
lage, destruction of the growth plate, and incomplete
ossification. Numerous lysosomal storage disorders,
particularly the MPSs, are characterized by a combi-
nation of radiographic features, dysostosis multiplex.
This includes “J”~shaped sella, oar—shaped ribs, anterior
inferior beaking of the vertebral bodies, flared iliac
wings, dysplastic femoral heads, “bullet-shaped” pro-
ximal phalanges, and central pointing of the proximal

metacarpals® (Fig. 4). These deformities have been

Table 3. Recognition of mucopolysaccharidosis (MPS)

associated with abnormal bone remodeling. GAG accu-
mulation has been reported in osteoblasts, osteoclasts,
and chondrocytes in animal models of MPS and in a
human case report. Therefore, it was hypothesized that
GAG accumulation impairs cellular function in bone.
In addition, increased levels of inflammatory biomarkers
in MPS may also be associated with impaired bone
function. The range of motion of multiple joints is
reduced to a variable degree in all types of MPS™,
except type IVA, where joint laxity occurs®”. As patients
age, progressive joint damage and secondary arthritic
changes lead to greater limitation of mobility. Hip
surgery is often performed to ameliorate pain and ma-
intain the walking ability™?. Skeletal pain is a frequent
complaint in MPS patients™. Other skeletal problems
associated with MPSs include restrictive pulmonary
disease caused by altered shape of the thorax, thoracic
wall stiffness, and spinal cord compression, which leads
to severe neurological symptoms. Definitive diagnosis
relies on enzymatic assay and genetic testing, Determi-
ning the type of GAG in urine can help distinguish the
enzyme that is deficient. However, the diagnosis of
MPS is often delayed because the majority of patients
appear normal in the early stages. Moreover, their total

GAG levels in urine may be normal, thus yielding a

Clinical features MPS 1 MPS I MPS TII MPS IV MPS VI MPS VII
Coarse facial features + + ~/+ —/+ + +
Cognitive retardation -/+ —/+ + - —/+

Epilepsy + + + + + -
Hepatosplenomegaly + + + —/+ + +
Valve disease + + + + + +
Inguinal and umbilical hernias + + + + + +
Corneal clouding + + + + + +
Short stature + + -/? + + +
Kyphoscoliosis + + + + + +
Joints stiffness + + -/? - + +
Hearing loss + + + + + +
Teeth abnormalites + + + + + +
Enlarged tongue + + + + + +
Hydrops fetalis +
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false negative result®®. Therefore, newborn screening
and identification of more sensitive biochemical markers
are required to diagnose MPS in a timely and precise
manner. Conservative treatment and surgery are in-
tended to mitigate symptoms and reduce suffering. At
present, disease—specific treatments for MPS include
HSCT and ERT. However, the major limitations of
HSCT include the rarity of matching donors and trans-
plant rejection. Clinical ERT trials have reported posi-
tive results for MPS I, 1L, IVA, VI, and VII®™¥. Both
HSCT and ERT have proven to be unsatisfactory in
patients with MPS III, since MPS 1III is a special type
of MPS that mainly involves the CNS*. Adverse effects
of ERT have been reported, and anti-ERT antibodies
have been observed in most of the patients*”’. More-
over, the efficacy of ERT treatment is reduced by its
low level of blood—brain barrier penetration and inef-
ficient delivery to avascular tissues, including bone.

Intracerebroventricular ERT is ongoing in Korea to
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overcome the CNS limitations. Approved therapeutics

and ongoing clinical trials are summarized in Table 4.

Treatment

Therapeutic approaches differ due to variations in
the pathophysiological mechanisms of inborn errors of
metabolism with skeletal involvement. Generally, ade-
quate intake of calcium, phosphate, and vitamin D
along with optimal physical activity are recommended.
However, achieving optimal physical activity can be
challenging in patients with cognitive dysfunction.
Skeletal dysplasia, arthropathy, and/or reduced bone
mineral density are symptoms of numerous inborn
errors of metabolism. For several disorders, disease—
specific therapies influencing the bone metabolism are
or will become available; for example, asfotase alfa for
HPP, anti-IGF23 for hypophosphatemic rickets, and

nitisinone for alkaptonuria. The long—term effects of

Fig. 4. Dysostosis in mucopolysaccharidoses (MPSs). (A) and (B) are images of a patient with MPS type II. (C, D), and
(E) are images of MPS type IV patients [(C) and (D) are images of the same patient]. The following radiographic
findings can be identified in each image; (A) J-shaped sell turcica, (B) oar—shaped ribs, (C) beaking of vertebral
bodies, (D) flared iliac wings and dysplastic femoral head, (E) bullet—shaped proximal phalanges, central pointing
of the proximal metacarpals.



- Sung Yoon Cho: Skeletal Manifestations of Inborn Errors of Metabolism: A Comprehensive Retrospect —

these drugs on skeletal manifestations of these disorders
remain to be established. With the development of
disease—specific targeted therapies and supportive care,
more patients survive into adulthood, and skeletal
symptoms have become a more prominent feature of
these disorders. This makes awareness of these skeletal

symptoms and options for management of the accom-

Table 4 List of approved therapeutics and clinical trials in MPS

panying complaints more important. Pain control,
physiotherapy, and well-timed surgical interventions
performed by an expert team skilled in treating these
complex multisystem disorders remain the cornerstone
of disease management. The importance of improving
the quality of life of these patients by maintaining

mobility should not be underestimated.

FDA-Approved

Ongoing Trials

Type Combination Therapy/Gene Therapy/
FRT Therapy ERTZCNS Cell Therapy/Substrate reduction
MPS 1 Laronidase IT-laronidase Laronidase/HSCT
IV-AGT-181 (Valanafusp alpha, mAb Laronidase/immunosuppressive agents
fusion protein) HSCT/immunosuppressive agent
IV-SB-318 (AAV2/6 vector)
IV-RGX-111 (AAV9 vector)
ICV-RGX-111 (AAV9 vector)
IV-ISP-001 (Human IDUA-producing B cell)
IV=-SIG-005 (Human IDUA)
MPS 1I Idursulfase IT-idursulfase IT-Idursulfase/IV-Elaprase
Idursulfase beta ICV-idursulfase beta IV-SB-913 (AAV2/6 vector)
IV-AGT-182 (Valanafusp alpha, Ab IV-RGX-121 (AAV9 vector)
fusion protein) IV-EGT-301 (AAV9 vector)
IV-JR-141 (mAb fusion protein)
IV-DNL310 (ETV-IDS, fusion protein)
MPS TIA IT-HGT-1410 (th heparin—N-sulfatase) ~ IV-ABO-102 (AAV vector)
IT-rhSGSH IV-EGT-101 (AAV9 vector)
IV-SOBI003 (thSGSH) IV-LYS-SAF302 (AAV vector)
IV-AGT-184 (Valanafusp alpha, mAb IV-OTL-201 (Autologous CD34+ cells)
fusion protein) ICV-EGT-101 (AAV9 vector)
ICV-LYS-SAF302 (AAV vector)
IP-SAF301 (AAV vector)
IP-LYS-SAF302 (AAV vector)
MPS 1IIB ICV-AX 250 IV-ABO-101 (AAV vector)

ICV-tralesinidase alfa (thNAGLU-IGF2)  IV-EGT-201 (AAV9 vector)
IV-SBC-103 (rthNAGLU)

BMN-250

IP-AAV5-hNAGLU

IGF-alpha—N-acetylglucosaminidase fusion

MPS VA Elosulfase alpha
MPS VI Galsulfase

MPS VI Vestronidase alfa—vjbk

HSCT/immunosuppressive agent
IV-AAV vector

NCT03173521 (systemic)
PO-IVA336 (Odiparcil's)
HSCT/immunosuppressive agent
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Inborn Metabolic Disorders Involving Kidney
Beom Hee Lee, MD, PhD
Department of Pediatrics, Asan Medical Center Children's Hospital,
University of Ulsan College of Medicine, Seoul, Republic of Korea
Patients with inborn metabolic disorder (IMD) show multisystemic manifestations. Heteroge-
nous renal manifestations can develop in IMD patients as well. In this review, the major renal
manifestations of IMD and their representative IMDs are described. The major renal manifesta-
tions include Fanconi syndrome, renal tubular acidosis, nephrolithiasis, renal cysts and glome-
rulopathy, and diverse types of IMDs such as carbohydrate metabolism disorders, lysosomal
disorders, organic acidemias, mitochondrial disorders, purine and pyrimidine disorders present
renal manifestations. Therefore, general and regular renal function evaluation is recommended
in addition to specific investigation according to IMD phenotypes.
Key words: Inborn metabolic disorder, Renal Manifestation
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Table 2. Renal manifestations of inborn metabolic disorders

Renal Manifestation Inborn Metabolic Disorders

Tubulopathy Methylmalonic aciduria

Fatty acid oxidation disorder

Deficiency of carboxylase pyruvate

Urea cycle disorder

Pearson syndrome

Lowe syndrome

Tyrosinemia type [

Dent disease

Fanconi-Bickel syndrome,

Cystinosis

Hereditary fructose intolerance

Galactosemia

etc

Nephrolithiasis Cystinuria

Primary hyperoxaluria

Lesch—-Nyhan syndrome

Glycogen storage disease

etc

Aminoaciduria Cystinuria

Lysinuric protein intolerance

Hartnup disease

etc

Fabry(-Anderson) disease

Mucopolysaccharidosis type 1

Congenital disorder of glycosylation
type 1

Sialic acid storage disease

£-1-Antitrypsin deficiency

Lysinuric protein intolerance

Glomerulopathy

Gaucher disease
Mitochondrial disease
etc
Renal Cyst Zellweger syndrome
Congenital disorder of glycosylation
Glutaric aciduria type 2
Smith-Lemli-Opitz syndrome
Pearson syndrome
Fabry(-Anderson) disease
etc
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Plasma Amino Acid and Urine Organic Acid in Diagnosis of MELAS
Ji-Hoon Na, MD, PhD and Young-Mock Lee, MD, PhD

Departments of Pediatrics, Gangnam Severence Hospital, Yonsei University College of Medicine, Seoul, Korea

Purpose: In the past, detection of metabolic abnormalities in plasma amino acid (PAA) and
urine organic acid (UOA) has been widely used to diagnose clinical mitochondrial diseases,
such as mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes
(MELAS). In this study, the diagnostic values of PAA and UOA were reviewed, and their
effectiveness in the diagnosis of MELAS was examined retrospectively.

Methods: Blood and urine samples at the time of diagnosis were collected from all clinically
diagnosed MELAS patients (n=31), and PAA and UOA tests were performed. All samples
were collected in a fasting state to minimize artifacts in the results. The difference in the
ratio of abnormal metabolites of PAA and UOA at initial diagnosis was statistically compared
between the MELAS with genetic confirmation (n=19, m.3243A>G mutation) and MELAS
without genetic confirmation (n=12) groups. The MELAS without genetic confirmation group
was used as control.

Results: Comparison of PAA and UOA between the two groups revealed that no abnormal
metabolites showed characteristic differences between gene-confirmed MELAS patients with
and those without genetic confirmation.

Conclusions: Abnormal values of metabolites in PAA or UOA might be useful as a screening

test but are not sufficient to diagnose MELAS patients.

Key words: Plasma amino acid, Urine organic acid, MELAS, Mitochondrial disease

Introduction

Mitochondrial diseases are those in which structural
or functional disabilities of the mitochondria occur due
to dysfunction of the mitochondrial respiratory chain,
resulting in various clinical phenotypes'?. Mitochon-
drial encephalomyopathy, lactic acidosis, and stroke—

like episodes (MELAS) are characterized by symptoms

Corresponding: Young—Mock Lee, MD, PhD

Department of Pediatrics, Yonsei University College of Medicine,
Gangnam Severance Hospital, 211 Eonju-ro, Gangnam-gu,
Seoul 06273, Korea

Tel: +82-2-2019-3354, Fax: +82-2-2019-4881

E-mail: ymleemd@yuhs.ac
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such as stroke-like episodes, encephalopathy with sei-
zures and/or dementia, muscle weakness, and early
psychomotor development. The m.3243A>G pathogenic
variant is found in approximately 80% of these pa-
tients genetic information®™.

Mitochondrial dysfunction causes various metabolic
abnormalities. Therefore, detection of abnormal meta-
bolites in serum lactate/pyruvate, plasma amino acid
(PAA), and urine organic acid (UOA) has been widely
used to diagnose clinical mitochondrial diseases, such

as MELAS. This is because such metabolic studies are

helpful for the assessment of mitochondrial energy pro-
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duction efficiency. Recently, however, with the deve-
lopment of mitochondrial DNA (mtDNA) and nuclear
DNA genome sequencing, targeted genomic tests have
evolved into confirmative tests for mitochondrial dis-

ease®?,

In this study, the diagnostic values of PAA and UOA,
which are representative metabolic tests that are rou-
tinely performed among patients with mtDNA mutation—
positive and—negative MELAS, were reviewed, and their
effectiveness in the diagnosis of MELAS was examined

retrospectively.
Materials and Methods
1. Selection of patients

This was a retrospective study of MELAS patients
diagnosed between 2003 and 2017 in a single tertiary
care center at Gangnam Severance Hospital, Yonsei
University College of Medicine, Seoul, Korea. The total
number of clinically diagnosed MELAS patients in-
cluded in this study was 31. The inclusion criteria for
MELAS patients in this study were based on the diag-
nostic criteria of the Japanese MELAS study committee,
which is currently the most commonly used in clinical

practice!”. With reference to these criteria, we defined

Al 237 A 13, ppl7~24, 2023 -

the patients with two or more findings in category A
and high lactate level in category B as MELAS with-
out genetic confirmation’. Meanwhile, patients diagnosed
with definitive gene mutation were defined as MELAS
with genetic confirmation. Their clinical and mito-
chondrial dysfunction—related characteristics and the
results of PAA and UOA were studied. Whole mito-
chondrial gene sequence analysis was performed for all
patients. NGS was used to genetically establish the
diagnosis of mtDNA-associated LS and to quantify the
heteroplasmic mutant load of mtDNA. The sequence
results were compared with those of the human mito-
chondrial reference (GenBank ID: NC 012920.1). As
a result, Nineteen patients were positive for the m.3243
A>G mutation, while 12 patients were negative for the
gene test (Fig. 1). This study was approved by the
Institutional Review Board of the Gangnam Severance
Hospital, Yonsei University College of Medicine (3-
2017-0168). Informed consent for this retrospective

study was waived by the board.

2. Clinical characteristics of MELAS patients
with genetic confirmation

The clinical characteristics of 19 MELAS patients

with genetic confirmation of the m.3243A>G mutation

Clinically diagnosed MELAS patients

N=31

}

Analysis of PAA and UOA

!

Mitochondrial whole sequencing

v

MELAS with genetic confirmation
N =19 (61.3%)

v

MELAS without genetic confirmation

N =12 (38.7%)

Comparison of PAA and UOA between two groups

Fig. 1. Study design and patient selection.
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were examined, including age at first clinical presenta-
tion, age at diagnosis of MELAS, time interval of fol-
low—up period, familial history of MELAS, presentation

of symptoms, and organ involvement.

3. Mitochondrial characteristics of MELAS
patients with genetic confirmation

The mitochondrial dysfunction profiles of all patients,
including serum lactate/pyruvate ratio and severity of
serum lactic acidosis, were graded as follows: mildly
increased, =2-fold of normal reference; moderately
increased, >3-fold of normal reference; severe, >4~

112 Serum lactate and

fold of normal reference values
pyruvate levels were measured in arterial blood samples.
Muscle biopsies of some patients were obtained and
were processed through routine morphological and
histochemical staining, including periodic acid—Schiff,
modified Gomori trichrome, ATPase 9.4, nicotinamide
adenine dinucleotide tetrazolium reductase, and succi-
nate dehydrogenase stains. All samples were examined
for changes, such as pleoconia and megaconia, using
electron microscopy. Abnormalities in magnetic reso-
nance imaging (MRI) and magnetic resonance spectro-
scopy (MRS) were also examined'*!?.

The clinical severity of the patients was graded as
follows: mild, self-ambulatory with or without inde-
pendence for daily activities; moderate, full-time wheel-
chair-bound or partially dependent for daily activities,
with ability for brief communication; severe, bedridden,
totally dependent for daily activities, or expired. In ad-
dition, the ratio of psychomotor retardation, oxygen
dependency, and enteral tube feeding status were also

investigated'*1¥.

4, Comparison of UOA and PAA

Blood and urine samples at the time of diagnosis

were collected from all clinically diagnosed patients with
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MELAS, and PAA and UOA tests were performed. All
samples were collected under fasting conditions to
minimize artifacts in the results®. The difference in the
ratio of abnormal metabolites of PAA and UOA at
initial diagnosis was statistically compared between the
MELAS with genetic confirmation and MELAS without
genetic confirmation groups. The MELAS without ge-

netic confirmation group was used as control.

5. Statistical analysis

All analyses were conducted using the Statistical
Package for the Social Sciences (SPSS version 22.0; IBM
Corp., Armonk, NY, USA). Descriptive statistics were
used, including median, range, and percentage. Chi-
square tests and Fischer's exact tests were used to eva-
luate differences between groups. Statistical significance
was set at £<0.05.

Results

1. Clinical characteristics of the MELAS with
genetic confirmation group

The male—to—female ratio of patients in the MELAS
with genetic confirmation group was 10:9, and the
median age of the first clinical presentation was 13
years (Table 1). The median age at diagnosis of MELAS
was 14 years, and the range was investigated from 3
to 29 years. The median time interval from the first
clinical presentation to the diagnosis of MELAS was 5
months, and the median time interval from the first
visit to the last visit was 107 months. Familial history
of MELAS was observed in five patients. The most
common presentations at disease onset were seizures
and headaches (42.1%). Problems with the central
nervous system were observed in all patients, along
with ophthalmic, endocrinologic, cardiologic, hearing,

psychological, myopathic, gastrointestinal, and renal
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problems. Severity was classified according to the degree
of organ involvement, and 42.1% of the patients had
multiple organ involvement, as well as central nervous

system and muscle problems.

2. Mitochondrial characteristics of the MELAS
with genetic confirmation group

Table 2 presents the mitochondrial characteristics
of patients that have the m.3243A>G mutation. In the
MELAS patients with genetic confirmation, 11 patients

had serum lactic acidosis at a moderate to severe degree

Table 1. Clinical characteristics of m.3243A>G mutation—
positive MELAS patients at diagnosis (n=19)

Gender (male:female) (n) 10:9
Age at first clinical presentation (years, 13 (0-24)
median, range)

Age of diagnosis of MELAS (years, 14 (3-29)
median, range)

Time interval from first clinical 5 (0-132)

presentation to the diagnosis of MELAS

(months)

Time interval from Ist visit to last visit 107 (28-180)

(months)

Familial history of MELAS (n, %) 5 (26.3)

Presented symptom at disease onset (n, %)
Seizure 8 (42.1)
Headache 8 (42.1)
Motor weakness 2 (10.5
Visual disturbance 2 (10.5
Ataxia 1.3
Delayed development 1.3

Organ involvement (n, %)
Central nervous system 19 (100)
Ophthalmic 15 (789)
Endocrinologic 13 (68.4)
Cardiologic 12 (63.2)
Auditory 10 (52.6)
Psychological 9 (47.49)
Myopathy 9 (47.49)
Gastrointestinal system 9 (47.49)
Renal system 5(26.3)

Organ involvement severity (n, %)
CNS only 8 (42.1)
CNS+muscle 3 (15.8)
CNS+muscle+multiple 8 (42.1)

Abbreviation: CNS, central nervous system
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(57.9%). Among the 19 patients, muscle biopsy samples
of eight patients were observed, and light and electron
microscopy changes were found in three patients. MRI
findings showed infarction in 94.7%, white matter signal
abnormality in 84.2%, and cortex signal abnormality
and cerebral atrophy in 78.9% patients. All 19 patients
had abnormal MRI findings. In addition, 13 patients
showed a lactate peak in MRS. On examining the
functional clinical severity of the patients, nine patients
were found above moderate levels. Delayed development
was observed in 14 patients (73.7%); among them, 11
had developmental regression, one had oxygen depen-

dency, and three required enteral tube feeding,

Table 2. Mitochondrial characteristics of m.3243A>G muta-
tion—positive MELAS patients (n=19)

Serum lactic acidosis (n, %)

Mild 8 (42.1)

Moderate 9 (47.9)

Severe 2 (10.5
Magnetic resonance imaging (n, %)

Infarction 18 (94.7)

Cortex signal abnormality 15 (78.9)

Diffuse cerebral atrophy

Mild 6 (31.6)
Severe 7 (36.8)

Cerebellar atrophy 15 (78.9)

Basal ganglia signal abnormality 8 (42.1)

Thalamus signal abnormality 2 (10.5

White matter signal abnormality 16 (84.2)
Magnetic resonance spectroscopy obtained

(n, %)

Presence of lactate peak 13 (68.4)
Muscle biopsy obtained (n=8)

Light microscopic changes (+) 3 (315

Electron microscopic changes (+) 3 (315
Clinical severity (n, %)

Mild 10 (52.6)

Moderate 3 (15.9)

Severe 3 (15.9)

Expire 3 (15.8)
Delayed development (n, %) 14 (73.7)
Regression / Deterioration (n, %) 11 (57.9)
Oxygen dependency (n, %) 1.3
Enteral tube feeding (n, %) 3 (15.9)
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3. Comparison of PAA between groups with
and without genetic confirmation at initial
diagnosis

PAA tests were performed as initial diagnostic te-
chniques at the time of the first diagnosis, and the
results were compared between the groups with and
without genetic confirmation. The number of patients
in each group with values above normal range in the
PAA test was compared. Among the metabolites exa-
mined, the major metabolites in which abnormalities
were observed are summarized in Table 3. No signifi-
cant difference was found between the two groups for
most of the metabolites in PAA. However, ethanola-
mine and glutamine levels were significantly higher in
the mutation—negative group than in the group with

mutations.

4, Comparison of UOA between groups with
and without genetic confirmation at initial
diagnosis

Similar to that for PAA, UOA testing were performed
as initial diagnostic tools at the time of the first
diagnosis, and the results were compared between the
groups with and without genetic confirmation (Table
4). The number of patients in each group with values
above normal range in the PAA test was compared.
The major metabolites wherein abnormalities were
observed are summarized in Table 4. No significant
difference was found between the two groups for most
of the UOA metabolites. Among the UOAs, 3—hydroxy
butyrate, acetoacetate, and lactate showed a higher fre-
quency in the m.3243 A>G mutation—positive group,

although this was not statistically significant.

Table 3. Comparison of PAA metabolites in groups with and without confirmation at initial diagnosis

m.3243 A>G m.3243 AG P

m.3243 A>G m.3243 AG

Metabolite mutation (+) mutation (-) Metabolite mutation (+) mutation (-)

(1=19) (h=1p) = valve (n=19) (h=1p) = value
Alanine 6 3 0.694  Aspartic acid 0 1 0.387
Phosphoserine 5 5 0.373  Glutamic acid 0 2 0.142
Ammonia 4 4 0.447  Methionine 0 1 0.387
Asparagine 4 5 0.282  Citrulline 0 1 0.387
1-methylhistidine 3 1 0.546  Glycine 0 0 -
Cystine 2 1 0.841  Lysine 0 0 -
Ethanolamine 2 5 0.043  Phosphoethanolamine 0 0 -
Histidine 1 1 0.735  Threonine 0 0 -
alpha—aminobutyric acid 2 3 0.286  Sarcosine 0 0 -
Ornithine 2 0 0.510  alpha—aminoadipic acid 0 0 -
Taurine 2 2 0.619  Cystathionine 0 0 -
Isoleucine 2 0 0.510  beta—alanine 0 0 -
Hydroxyproline 2 0 0.510  beta—aminoisobutyric acid 0 0 -
Glutamine 1 4 0.038  Homocystine 0 0 -
Proline 1 0 1.000  gamma—aminobutyric acid 0 0 -
Arginine 1 0 1.000  Ethanolamine 0 0 -
Tryptophan 1 0 1.000  Hydroxylysine 0 0 -
Valine 1 0 1.000  3-methylhistidine 0 0 -
Serine 0 2 0.142  Anserine 0 0 -
Leucine 0 1 0.387 Carnosine 0 0 -
Phenylalanine 0 1 0.387  Alloisoleucine 0 0 -
Tyrosine 0 1 0.387

Abbreviation: PAA, plasma amino acid
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Discussion

PAA analysis indicates disorders of mitochondrial
metabolism in the presence of increased alanine levels
in both plasma and CSF, but its sensitivity is low.
Increased levels of proline, glycine, and sarcosine have
also been associated with mitochondrial dysfunction®!,
However, to date, PAA metabolites associated with
MELAS have not yet been reported. The PAA level can
be changed by physiological stress or regression, and
a normal PAA level cannot be the basis for reliably
excluding mitochondrial disease. Moreover, in the pro-
cess of collecting PAA or in the case of hemolysis, an
error may occur. Improperly stored specimens cause
abnormal elevations in glutamate, aspartate, ornithine,
phosphoserine, and taurine with a decrease in gluta-
mine, cystine, asparagine, arginine, and homocystine®.
In this study, most of the PAA metabolites did not

show any characteristic differences depending on the
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presence or absence of mutations. It is difficult to rule
out the possibility that the significant increase in etha-
nolamine and glutamine observed in the mutation—nega-
tive group was an artifact generated during handling
of the specimen.

Organic acids are byproducts of protein, carbohyd-
rate, and fat catabolism. UOA has been widely used
in the diagnosis of sudden—onset encephalopathy pa-
tients, such as MELAS, due to high ease and accuracy
in its urine extraction compared to that from plasma.
Generalized aminoaciduria, along with renal tubular
acidosis and glycosuria, may accompany renal Fanconi
syndrome. These findings can be observed in mtDNA
deletion mitochondrial syndromes. However, thus far,
the metabolites of UOA associated with MELAS remain
unknown. There are many artifacts in the results, which
can be greatly influenced by medication and dietary
conditions”. Increased excretion of TCA cycle inter-

mediates, ethylmalonic acid, dicarboxylic aciduria, and

Table 4. Comparison of UOA metabolites in groups with and without confirmation at initial diagnosis

m.3243 A)G m.3243 A)G

Metabolite mutation (+) mutation (=)

Metabolite

m.3243 A>G m.3243 A>G
mutation (+) mutation (=)

(1=19) (n=1p) VAl ®@=19)  (=1p e
3-hydroxy butyrate 9 4 0.595 3-methylglutaconic acid 0 0 -
Acetoacetate 9 4 0.595 2-hydroxy—3-methylbutyric acid 0 0 -
Lactate 9 4 0.595 Tiglyglycine 0 0 -
2-hydroxybutyrate 2 1 0.841 2-ethylhydracrylic acid 0 0 -
Fumarate 1 1 0.735 2-hydroxyglutaric acid 0 0 -
2-propylglutaric acid 1 0 1.000 Hexanoylglycine 0 0 -
Phenylpyruvic acid 1 0 1.000 Suberylglycine 0 0 -
Malate 0 0 - 2-methyl-3-hydroxyacetoacetic 0 0 -
Methylmalonic acid 0 0 - acd
2-oxoadipic acid 0 0 - 3-methylglutaric acid 0 0 -
2—aminoadipic acid 0 0 - N-acetylaspartic acid 0 0 -
Methylcitric acids 0 0 - Mevalonic acid 0 0 -
Pyruvate 0 0 - 2-hydroxyisovaleric acid 0 0 -
3-hydroxypropionic 0 0 - 2-hydroxy—3-methylvaleric acid 0 0 -
acid 2-ketoisocaproic acid 0 0 -
Propionylglycine 0 0 - Phenyllactic acid 0 0 -
Isovalerylglycine 0 0 - 5-oxoproline (pyroglutamic acid) 0 0 -
3-hydroxyglutaric acid 0 0 - 3-hydroxyisovaleric acid 0 0 -
Dicarboxylic acid 0 0 - 3-methylcrotonylglycine 0 0 -
Acylglycine 0 0 - Methylsuccinic acid 0 0 -

Abbreviation: UOA, urine organic acid
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3-methyl glutaconic acid commonly occurs in mito-
chondrial disease but is rarely diagnostic of a specific
mitochondrial disorder™'¢™'®

Therefore, because PAA and UOA have diagnostic
limitations, genetic studies are considered the gold
standard for diagnosis of mitochondrial disease, and
their use is accelerating with the development of mas-
sively parallel sequencing. In addition to the classical
diagnostic criteria for MELAS, genetic defects such as
missense mtDNA mutations, like m.3243A>G, are
essential for diagnosis>®.

This study showed that the PAA and UOA of MELAS
patients with genetically confirmed m.3243A>G muta-
tion through whole mitochondrial sequencing showed
a slightly significant difference compared to those of
clinically diagnosed MELAS patients negative for the
mutation. It is rare to compare the results of PAA and
UOA with the results of MELAS gene, confirming that
the results for genetic defects accompanying clinical
features should be used rather than PAA and UOA in
future diagnostic methods for MELAS, One limitation
of the present work is that a more accurate study could
be achieved by comparing the results of our patients
PAA and UOA with those of the normal control group.
However, the focus of this study is to explore the dif-
ferences in metabolic abnormalities depending on the
genetic confirmation of MELAS. Studies exploring the
relationship between PAA and UOA tests that have
been carried out for the diagnosis of mitochondrial dis-
eases such as MELAS patients in the past, and genetic
tests can help understand MELAS.

We concluded that abnormal values of metabolites
of PAA or UOA might be useful as a screening test
but are not sufficient to diagnose MELAS patients.
Through this study, we reaffirm that genetic confirma-
tion is very important for the diagnosis of MELAS. In
addition, we think that this study provides an oppor-
tunity to consider the effectiveness of PAA and UOA,

which have been used to diagnose mitochondrial dis-
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eases such as MELAS. Further research is warranted
to establish whether PAA or UOA determination is

useful as a screening test for mitochondrial disease.

Ethical Publication Statement

We confirm that we have read the Journal’s position
on issues involved in ethical publication and affirm
that this report is consistent with those guidelines. Each
parent received a detailed explanation of the study and
signed an informed consent form before their child
participated in the study. This study was approved by
the Institutional Review Board of Gangnam Severance
Hospital, Yonsei University College of Medicine (3-
2017-0168).
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A Case of Urologic Manifestation of /ARS2-associated Leigh Syndrome

Hyunjoo Lee, Ji-Hoon Na, Young-Mock Lee

Department of Pediatrics, Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul, Korea

Leigh syndrome is a rare progressive neurodegenerative mitochondrial disorder with clinical
and genetic heterogeneity. Recently, balletic /ARS2 variants have been identified in a number
of patients presenting broad clinical phenotypes from Leigh and West syndrome to a rare
syndrome CAGSSS characterized by cataracts, growth hormone deficiency, sensory neuropathy,
sensorineural hearing loss, and skeletal dysplasia syndrome (OMIM#616007). We describe a
child with Korean Leigh syndrome with urologic manifestations resulting from a compound
heterozygote mutation in /ARS2. A 5-year-old girl visited the emergency room with a complaint
of abdominal pain accompanied by abdominal distension. Abdominal-pelvic CT showed a
markedly distended urinary bladder without definite obstructive lesions. She was diagnosed
with neurogenic bladder dysfunction based on a urodynamic study. She had global delayed
development due to neurologic regression after 6 months of age and a history of bilateral
cataract surgery at the age of 2 years. Her brain magnetic resonance imaging showed sym-
metrically increased signal intensities in the bilateral putamen and caudate nuclei with diffuse
cerebral atrophy. No gene variants were identified through whole-mitochondrial genome ana-
lysis. Whole exome sequencing was performed for diagnosis, and compound heterozygous
pathogenic variants were identified in /ARS2: ¢.2446C>T (p. Arg816Ter) and c.2450G>A (p.
Arg817His). To the best of our knowledge, this is the first case report of bladder dysfunction
manifestation in a patient with /ARS2-related Leigh syndrome. Thus, it broadens the clinical
and genetic spectrum of /ARS2-associated diseases.

Key words: /ARS2, Bladder dysfunction, Mitochondrial disease, Leigh syndrome, Overactive
bladder syndrome, Detrusor overactivity.

Introduction

Aminoacyl-tRNA synthetases (ARSs) are evolutio-
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narily conserved enzymes responsible for the first step
of protein synthesis. ARSs catalyze amino acid attach-
ment to their cognate tRNA during cytoplasmic and
mitochondrial translation. There are 37 members of the
ARS gene family: 18 encode an enzyme in the cyto-
plasm, 17 encode an enzyme in the mitochondria, and
2 encode a bifunctional enzyme. ARS nomenclature

includes the addition of “2” based on their cellular lo-
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calization to distinguish mitochondrial ARSs (ie. IARS2
for mitochondrial isoleucyl-tRNA synthetase)' ™.
TARS2 on chromosome 1g41 is a nuclear—encoded
mitochondrial isoleucyl-tRNA synthetase that catalyzes
the attachment of isoleucyl residues to cognate mt-
tRNA in the mitochondria. Genetic variants of IARS2
(OMIM 612801) were first described in two French-
Canadian families with a CAGSSS phenotype that is
characterized by cataracts, growth hormone deficiency,
sensory neuropathy, sensorineural hearing loss, and
skeletal dysplasia in 1993. JARS2 mutations are reported
to cause Leigh syndrome (OMIM 256000) with auto-
somal recessive inheritance*”. Leigh syndrome is a pro-
gressive neurodegenerative disorder accompanied by
bilateral symmetric hyperintense signal abnormalities
in the brain stem and/or basal ganglia, as visualized
using T2-weighted magnetic resonance imaging (MRD).
Recently, pathogenic JARS2 variants have been identified
in a number of patients presenting a wide range of
clinical phenotypes despite the fact that 29 patients
have been reported to date, including this case™”.
We report the case of a Korean girl with compound
heterozygous pathogenic variants, ¢.2446C>T (p. Arg
816Ter) and c.2450G>A (p. Arg817His), in [ARS2
(NM_018060.4), detected by whole exome sequencing
(WES), who presented with bilateral cataracts, delayed
development, developmental regression, peripheral neu-
ropathy, and severe urinary retention. This is the first
report of urological manifestations in [ARSZ-related
Leigh syndrome. This case expands the phenotypic

spectrum of [ARSZ-associated diseases.
Case Report

A 5-year-old girl visited the emergency room of
Gangnam Severance Hospital, Yonsei University College
of Medicine, because of abdominal pain and distention.
She was the first child born to healthy, non—consang-

uineous Korean parents. She was delivered after 40
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weeks of an uncomplicated gestational period with a
birth weight of 2,890 g (25th percentile). She was
diagnosed with bilateral cataracts at the age of 2 years
and underwent surgery on both eyes.

The patient began to roll over at 6 months of age
but subsequently showed delayed motor development
and neurologic regression to the extent that she could
not control her head at the time of her visit. She could
not speak a single meaningful word. She showed
symptoms of peripheral insensitivity neuropathy and
was somewhat insensitive to pain.

At 5 years of age, her height was 115 cm (50%-75"
percentile) and weight was 25 kg (50™"75" percentile).
Although the hearing test results were normal at birth,
no tests were performed thereafter. Facial dysmorphism
was not clear. She had no skeletal abnormalities, except
for mild scoliosis. Echocardiography revealed normal
cardiac anatomy and function. Magnetic resonance
imaging showed symmetrically increased signal inten-
sities in the bilateral putamen and caudate nuclei, with
diffuse cerebral atrophy (Fig 1).

When she visited the emergency room, she com-
plained of oliguria accompanied by fever and abdo-
minal distention, but there was no clear tenderness on
physical examination. No findings were suggestive of
acute pyelonephritis or urinary tract infection. Abdo-
minal pelvic CT showed significant dilatation of the
bladder without any obvious obstructive lesions (Fig.
1). She was given a Foley catheter to stabilize her
bladder for five days. She was later diagnosed with
overactive bladder syndrome due to detrusor overac-
tivity (DO) through a urodynamic study. The patient
had no congenital anomalies, such as spina bifida, no
complaints of ileus or constipation, and no traumatic
history that could cause a neurogenic bladder due to
a spinal cord injury. Her symptoms improved after
administration of antimuscarics, which suppress involun-
tary detrusor muscle contraction, for overactive bladder

treatment.
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We performed a muscle biopsy of the left thigh,
which showed normal pathological results. No variant
was identified through whole mitochondrial genome
analysis. We performed WES in trios (proband, mother,
and father) to determine the cause of the clinical mani-
festations. WES identified compound heterozygous pa-
thogenic variants in JARSZ: ¢.2446C)T (p. Arg816Ter)
and ¢.2450G>A (p. Arg817His); Sanger sequencing
confirmed that each asymptomatic parent had one
variant (Fig. 2). This is the first case of JARSZ-related
Leigh syndrome manifesting as overactive bladder syn-
drome. This study was approved by the Institutional
Review Board of Yonsei University Health System
(IRB, 3-2021-0379).

Discussion

Mitochondrial aminoacyl t—-RNA synthetase (mt—

ARS)-mediated disorders involve a wide range of
phenotypes, and defects in tRNA charging result in
impaired protein translation of oxidative phosphoryla-
tion complexes. Isoleucyl-tRNA synthetase 2-related
mitochondrial disease caused by bi—allelic mutations is

a rare genetic disease affecting mitochondrial isoleucyl-

e
IARSZ2 c.2446C>T IARSZ2 c.2450G>A
p.Arg816Ter p.Arg817His

IARS2 c.[2446C>T];[2450G>A]
p.[Arg816Ter];[Arg81/His]

Fig. 2. Pedigree of the patient with IARS2-associated Leigh
syndrome with results of familial mutation analysis.

Fig. 1. Abdominal CT (A and B) showing markedly distended urinary bladder
without definite obstructive lesions and gaseous dilated large and small
bowel loops. Brain magnetic resonance axial images showing symmetri-
cally increased signal intensities in bilateral putamen and caudate nuclei
with volume loss on T2 (C) and FLAIR (D) images.
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tRNA synthase’ .

Considering the wide range of phenotypes among
the 29 patients reported till date, including our patient,
TARSZ-associated disorders can be classified into three
categories: with isolated cataract, CAGSSS without
cognitive impairment, and neurological phenotypes in-
volving multi—organ systems with marked neurologic
symptoms (Table 1)***2_ In this divided phenotype,
three cases of isolated cataract and seven cases classified
as CAGSSS have been reported. Here, we report the
case of a Korean child with JARSZ-related neurologic
disorder who presented with developmental regression
and peripheral neuropathy. Although fewer than 30
patients have been reported to date, previous reports
have reported the identification of a homozygous mu-
tation in the anticodon—binding domain of IARSZ in
all seven CAGSSS patients, and patients with cataract
symptoms had at least one mutation in the anticodon—
binding domain, regardless of the three phenotypes. In

the present case, two heterozygous pathogenic variants

Table 1. Clinical information of 19 patients with IARS2
pathogenic variants in the neurologic phenotype
category

Neurologic phenotype  This case  Frequency reported

Developmental delay Yes 18/18
Hypotonia Yes 15/15
Leigh syndrome Yes 16/19
Seizure No 10/15
West syndrome No 3/15
Cataract Yes 10/15
Hearing loss N/A 8/8

Cardiomyopathy No 4/13
WPW No 1/12
Short stature No 3/12
Scoliosis Yes 3/12
Bladder dysfunction Yes 1/1

Sideroblastic anemia No 6/9

Hypoparathyroidism No 4/10
High serum lactate No 11/13
High CSF lactate N/A 5/5

Death No 5/15

N/A, not applicable; WPW, Wolff-Parkinson—White synd-

rome.

Al 238 Al 13, pp25~30, 2023 -

of IARS? (p. Arg816Ter and p. Arg817His), a combi-
nation that has not been previously reported, were all
identified in the anticodon—binding domain. This is
the first report on compound heterozygous variants in
the anticodon—binding domain of [ARS2 in a patient
with neurologic phenotype with cataracts. It is difficult
to definitively conclude whether patients with a com-
pound heterozygote variant in the anticodon—binding
domain have a different phenotype than patients with
a homozygous variant, and whether patients with a
variant in the isoleucyl-tRNA synthase domain have a
more severe phenotype. In the future, more cases should
be identified to accurately address genotype—phenotype
correlations.

Primary mitochondrial disorders (MD) are a clini-
cally heterogeneous group of disorders that arise as a
result of dysfunction of the mitochondrial respiratory
chain. Although efforts have been made to achieve
consensus on the optimal management of MD in recent
years, most have focused on common symptoms (e.g.,
external ophthalmoplegia, proximal myopathy, cardio-
myopathy, sensorineural deafness, diabetes mellitus,
encephalopathy, seizures, stroke-like episodes, ataxia,
etc.), and well- described information on urologic fin-
dings is limited®™?. Poole et al. reported an increased
risk of overactive bladder symptoms and weak stream
in 58 adult patients with MD exhibiting urological
symptoms compared to the control group'?. Feeney et
al. reported that 26% of adult patients with MD (N=
109) manifested at least one feature of lower urinary
tract dysfunction'”. Another recent study in 15 pediatric
patients with MD exhibiting urological symptoms
reported were urinary retention/incomplete emptying
(60%), urinary incontinence (60%), and urinary tract
infection (60%) as the most common symptoms'®.
These studies highlight the need to recognize urological
problems in patients diagnosed with MD and suggest
prompt implementation of appropriate treatment. The

present case report is the first to describe urological
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manifestations in a patient with multi-organ involve-
ment with JARS2 pathogenic variants in the neurolo-
gical phenotype (Table 1).

In summary, [ARSZ pathogenic variants cause a
loss of ARS activity, which results in impaired protein
translation of oxidative phosphorylation complexes.
TARSZ-related Leigh syndrome involves a wide range
of phenotypes. In addition, mitochondrial dysfunction
can lead to bladder dysfunction, including chronic
urinary retention, and increases the risk of recurrent
infection and renal impairment. Our findings will help
broaden the clinical phenotypic spectrum of [ARSZ-
related Leigh diseases.
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