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CLPB Variants Associated with Autosomal-Recessive
Mitochondrial Disorder with Cataract, Neutropenia,
Epilepsy, and Methylglutaconic Aciduria

Carol Saunders,1,2,* Laurie Smith,1,3 Flemming Wibrand,4 Kirstine Ravn,4 Peter Bross,5

Isabelle Thiffault,1 Mette Christensen,4 Andrea Atherton,3 Emily Farrow,1,3 Neil Miller,1

Stephen F. Kingsmore,1,2,3 and Elsebet Ostergaard4,*

3-methylglutaconic aciduria (3-MGA-uria) is a nonspecific finding associated with mitochondrial dysfunction, including defects of

oxidative phosphorylation. 3-MGA-uria is classified into five groups, of which one, type IV, is genetically heterogeneous. Here we report

five children with a form of type IV 3-MGA-uria characterized by cataracts, severe psychomotor regression during febrile episodes,

epilepsy, neutropenia with frequent infections, and death in early childhood. Four of the individuals were of Greenlandic descent,

and one was North American, of Northern European and Asian descent. Through a combination of homozygosity mapping in the

Greenlandic individuals and exome sequencing in the North American, we identified biallelic variants in the caseinolytic peptidase

B homolog (CLPB). The causative variants included one missense variant, c.803C>T (p.Thr268Met), and two nonsense variants,

c.961A>T (p.Lys321*) and c.1249C>T (p.Arg417*). The level of CLPB protein was markedly decreased in fibroblasts and liver of affected

individuals. CLPB is proposed to function as amitochondrial chaperone involved in disaggregation of misfolded proteins, resulting from

stress such as heat denaturation.
3-methylglutaconic aciduria (3-MGA-uria) is a nonspecific

biochemical finding associated with a group of inborn

errors of metabolism, particularly mitochondrial disorders.

3-MGA is a branched-chain organic acid and intermediate

of leucine degradation and themevalonate shunt pathway.

The latter is essential for the synthesis of cholesterol, coen-

zyme Q, dolichols, and isoprenoids, which are needed for

sterol synthesis and acetyl-CoA metabolism in mitochon-

dria.1–4 The clinical features of the 3-MGA-uria syndromes

are diverse and are classified into five types, each with

significant heterogeneity.5,6 In all types, with the excep-

tion of 3-MGA-uria type I (MIM 250950), the activities of

3-methylglutaconyl-CoA hydratase and other enzymes of

leucine degradation are normal, and the 3-MGA-uria is

thought to be secondary to defects in phospholipid remod-

eling or integrity of mitochondrial membranes, leading to

electron transport chain dysfunction.7,8 3-MGA-uria type I

is an inborn error of leucine metabolism, caused by vari-

ants in AUH (MIM 600529). AUH encodes 3-methylglu-

taconyl-CoA hydratase, which catalyzes the fifth step of

leucine catabolism, whereby 3-methylglutaconyl-CoA is

converted to 3-hydroxy-3-methylglutaryl-coenzyme A.9

3-MGA-uria type I might present as an acute, life-threat-

ening condition in childhood with nonspecific features

such as seizures, intellectual disability, or abnormal liver

function. It might also present as leukoencephalopathy

in adults.5

3-MGA-uria type II (MIM 302060), or Barth syndrome, is

an X-linked recessive disorder caused by variants in TAZ
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(MIM 300394), which encodes taffazin, a cardiolipin

transacylase in the inner mitochondrial membrane.10

Clinical findings include cardiomyopathy, myopathy,

short stature, neutropenia, hypocholesterolemia, dysmor-

phism, and cognitive difficulties. 3-MGA-uria type III

(MIM 258501), or Costeff syndrome, is caused by variants

in OPA3 (MIM 165300), characterized by early-onset optic

atrophy, extrapyramidal signs, spasticity, ataxia, dysar-

thria, and cognitive deficiency.11 OPA3 is a mitochondrial

outer membrane protein involved in maintenance of

the respiratory chain. 3-MGA-uria type V (MIM 610198)

features early-onset dilated cardiomyopathy, nonprogres-

sive cerebellar ataxia, testicular dysgenesis, and growth

failure. Type V is caused by variants in DNAJC19 (MIM

608977), which encodes a mitochondrial cochaper-

one.7,12 DNAJC19 forms a complex with prohibitins

(PHB) and lipid scaffolds in the inner membrane of mito-

chondria that is necessary for mitochondrial morphogen-

esis, neuronal survival, and phospholipid remodeling. In

particular, this complex regulates cardiolipin remodeling

in cardiac mitochondrial membranes through tafazzin.7,8

Thus, 3-MGA-uria types V and II affect a common pathway

related to mitochondrial membrane metabolism, defects

in which lead to loss of electron transport chain function

and energy production.

3-MGA-uria type IV (MIM 250951), the ‘‘unclassified

type,’’ includes all other forms of 3-MGA-uria with normal

3-methylglutaconyl-CoA hydratase enzyme activity. A

diagnosis of 3-MGA-uria type IV is complicated by the large
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Table 1. Biochemical Findings in Individuals with CLPB Variants

Subject 1 2 3 4 5

White blood count (WBC), 3 109/l (reference, 4.0–14.0 3 109/l) 1.4–9.3 2.8–7.1 2.3–7.7 NA 2.69–8.19 3 103 mcl (reference, 5–21)

Absolute neutrophil count (ANC), 3 109/l (reference:
neutropenia < 1.5 3 109/l, severe neutropenia < 0.5 3 109/l)

0–0.8 0.1–1.9 0.3 NA 0.00–0.39 3 103 mcl (reference, 1.5–9.0)

Platelets NA NA NA NA 66–188 3 103 mcl (reference, 150–450)

Blood lactate, mmol/l (reference, <1.7 mmol/l) <7.7 3.8 NA NA 2.2–5.5 (0.7–2.1)

CSF lactate, mmol/l (reference, <1.7 mmol/l) 5.89 2.11 NA NA

Urine methylglutaconic acid, mg/g creatinine (reference,
<15 mg/g creatinine)

70–250 250 210–260 80–220 193 mmol/mol creatinine (reference, <15)

NA, not available.
number of implicated genes, including those involved in

mitochondrial DNA depletion syndromes, mitochondrial

DNA deletion syndromes, MELAS (MIM 540000), Smith-

Lemli-Opitz syndrome (MIM 270400), and glycogen stor-

agedisease type1b (MIM232220).5,6,13,14Many individuals

with type IV 3-MGA-uria have pathogenic variants in

nuclear-encoded mitochondrial genes involved in respira-

tory chain function.5,15,16 In addition, two genes have

been associated with specific type IV 3-MGA-uria disorders.

First, variants in SERAC1 (MIM 614725), which encodes an

enzyme involved in phosphatidylglycerol remodeling,

are associated with MEGDEL syndrome (MIM 614739),

characterized by progressive spasticity, dystonia, deaf-

ness, psychomotor retardation, hypocholesterolemia, and

Leigh-like lesions on MRI.17 Second, variants in TMEM70

(MIM 612418) are associated with an isolated mitochon-

drial complex V deficiency and neonatal hypotonia,

hypertrophic cardiomyopathy, psychomotor retardation,

cataract, and hyperammonemia.6

Molecular diagnosis of 3-MGA-uria is complicated

by marked clinical and locus heterogeneity, and many

affected individuals lack a specific genetic etiology because

of the number of diverse targets, some of which have yet to

be identified. Individuals with 3-MGA-uria present with

variable symptoms and organ involvement, with predom-

inantly progressive neurological impairment in combina-

tion with 3-MGA-uria and other biochemical findings

suggestive of mitochondrial dysfunction.

Here, we describe the identification of variants in CLPB,

associated with a distinct 3-MGA-uria syndrome character-

ized by cataracts, severe psychomotor regression during

febrile episodes, epilepsy, neutropenia with frequent infec-

tions, and death in early childhood. Four individuals,

including one pair of siblings, were from Greenland; the

fifth was a North American, of Northern European and

Asian descent. None of the families from Greenland were

known to be related.

Written informed consent was obtained from all individ-

uals investigated or their guardians, and the research

protocols were performed in accordance with the ethical

standards of the respective national and international

committees on human subject research.
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Individual 1 was female, the first child born to healthy

parents after an uncomplicated pregnancy, weighing

2,680 g at term. At the age of 6 months, she was diagnosed

with bilateral cataracts. Although psychomotor develop-

ment was apparently normal, by 9 months of age, hypoto-

nia was identified. Severe dehydration and respiratory

distress was precipitated by a febrile illness at 11 months

of age, after which developmental regression occurred

along with severe hypotonia and development of extrapy-

ramidal symptoms (buccolingual movements, myoclonus,

and choreoathetosis) and, subsequently, seizures. No dys-

morphic features were noted. Hepatic transaminases were

elevated and associated with marked macronodular steato-

sis on liver biopsy. Her clinical course featured intermittent

leukopenia, moderate to severe neutropenia, and frequent

infections (Table 1). Bone marrow examination showed a

profound maturation arrest. Blood and cerebrospinal fluid

(CSF) lactic acid levels were elevated, and urine organic

acid screening demonstrated moderate 3-MGA-uria, with

marked increase during the first febrile episode. She died

at 11 months of age with heart failure, kidney failure,

and pneumothorax.

Individual 2 was the younger brother of individual 1.

Pregnancy and birth were uncomplicated. He was born at

term with a birth weight of 3,090 g and a head circumfer-

ence of 34 cm. Like his sister, his early development

was normal until a febrile illness at 9 months of age,

when he developed a very similar phenotype and labora-

tory findings. No dysmorphic features were noted. He

required tube feeding (Table 1). Analysis of bone marrow

showed deficient granulopoiesis. Magnetic resonance im-

aging (MRI) of the brain showed symmetrical hyperinten-

sities in the globus pallidus and cerebral atrophy. Muscle

histology was normal. He died at 3 years of age; cause of

death was not reported.

Individual 3 was female, and the first child born to

healthy parents, weighing 3,000 g and measuring 51 cm

at birth. Her early development was apparently normal,

but from age 6 months, she was noted to have psy-

chomotor retardation with regression and hypotonia.

No dysmorphic features were noted. At 1 year of age,

she was admitted to the hospital because of generalized
an Journal of Human Genetics 96, 258–265, February 5, 2015 259



epilepsy. She was microcephalic (42.7 cm, 2 SD below the

normal range), with hypertonicity of the upper extremities

and hyperreflexia. Ophthalmologic examination showed

slight zonular cataracts bilaterally. A brain MRI was

normal. She had leukopenia and severe neutropenia. Urine

3-MGA was moderately elevated. She died at 2.5 years of

age from pneumonia.

Individual 4 was female, the third child born to healthy

parents after an uncomplicated pregnancy and term birth,

weighing 2,700 g and measuring 50 cm. Her two older

siblings were healthy. She had pneumonia three times in

the first 4 months of life. During the last episode, she

was lethargic and had convulsions, featuring opisthoto-

nus. She was nondysmorphic. She subsequently had severe

hypotonia, psychomotor retardation, repeated episodes of

opisthotonus, hyperreflexia, dystonia, and few sponta-

neous movements. She had growth retardation and micro-

cephaly (�3 SD). She developed severe generalized epilepsy

at the age of 2 years. Liver transaminases were normal.

There was chronic neutropenia but not leukopenia.

3-MGA excretion was moderately elevated. Brain CT at

age 6 months was normal. She died at 4 years of age; cause

of death was not reported.

Individual 5 was a female infant born to a 26-year-old

G2P1 011 mother. She was delivered at 39 weeks gestation

by elective Caesarean section, because of breech presenta-

tion. Her birth weight was 2,466 g. Pregnancy was compli-

cated by polyhydramnios, growth retardation, poor fetal

movements, and suspected arthrogryposis. Prenatal testing

included normal maternal serum screening and a normal

46, XX karyotype. At birth, she was cyanotic with no

observed respiratory effort. She was noted to have a rigid

trunk, extremities, neck, and jaw; her extremities were

fixed in partial flexion with fisting of hands in upper ex-

tremities and with hip flexion and lower leg extension.

In addition, she hadmild upper and lower extremity rhizo-

melia and contractures at elbows, wrists, fingers, and hips.

Her facial appearance was unusual, including a slanting

forehead, downslanting palprebral fissures with periorbital

fullness, small appearing globes, prominent nasal bridge,

bulbous nose with perinasal creases, and micrognathia.

Neurologic exam revealed tremors, 1þ/4 deep tendon

reflex at both knees, and absent deep tendon reflexes

at the elbows. In addition, she had congenital cataracts

and mild bilateral pelviectasis. She had at least two

events featuring oxygen desaturation and bradycardia

that required positive pressure ventilation. Due to poor

neurological prognosis, care was redirected and she expired

on day 8 of life after respiratory failure.

A brain MRI was consistent with observed microcephaly

and demonstrated generalized decreased parenchymal vol-

ume without evidence of brain malformations or recent

ischemia, although a left choroid plexus hemorrhage

without hydrocephalus was incidentally identified. An

electroencephalogram (EEG) showed long runs of general-

ized attenuation without seizure activity. Biochemical

testing, including serum amino acid, urine organic acid,
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and urine amino acid profiles, revealed moderately

elevated levels of 3-MGA in addition to nonspecific eleva-

tions of urinary amino acids. Other notable laboratory

findings included significant neutropenia and thrombocy-

topenia. In addition, she had a bleeding diathesis with

elevated prothrombin time, partial thromboplastin time,

and decreased fibrinogen, which required infusion of

blood products. Testing for factor V Leiden and prothrom-

bin variants was negative.

The current Greenlandic population of ~55,000

descended from a presumably small number of Inuit

founders from Canada who lived in relative isolation for

centuries, accounting for a founder effect and high carrier

rate for certain rare conditions. Assuming a common

founder in the four Greenlandic individuals, a genome-

wide search for homozygosity was performed with the

Affymetrix GeneChip 50cK Xba array, v.2.0 (Affymetrix).

This revealed a single homozygous region of 4.5 Mb

on chromosome 11, between markers rs826056 and

rs1938685, encompassing 62 genes. The Maestro database

was used to search for genes with a predicted mitochon-

drial localization (score R 4).22 The highest-scoring genes

were UCP2 (8.6), MRPL48 (4.7), CLPB (4.1), and FAM86C

(1.6). Sequencing analysis revealed no variants in UCP2,

MRPL48, or FAM86C. Analysis of CLPB (RefSeq accession

number NM_030813.3) showed a homozygous missense

variant, c.803C>T (p.Thr268Met), in all four affected chil-

dren (Figure 1A). The parents of individuals 1 and 2 were

each heterozygous for the variant; the parents of the other

two children were not available. To assess the potential

pathogenicity of this variant, the relative incidence,

conservation, in silico predictions for pathogenicity, and

potential effect on splicing was evaluated. To rule out a

splicing defect, cDNA derived from fibroblasts was ampli-

fied and sequenced, revealing a normally spliced mRNA

(data not shown) with band of normal size (Figure 1B).

The variant results in the substitution of a highly

conserved polar threonine for a nonpolar methionine

(Figure 1C), which is located in one of the ankyrin do-

mains (Figure 1D) and predicted to be pathogenic

by SIFT, PolyPhen-2, and MutationTaster. A TaqMan assay

was developed to assess the carrier frequency of c.803C>T

variant in Greenlandic controls: 6 of 184 samples were

determined to be heterozygous, corresponding to a carrier

frequency of 3.3%, which is comparable to carrier fre-

quencies of other founder variants in the Greenlandic pop-

ulation. It was not found in 2,180 samples sequenced at

Children’s Mercy Hospital (CMH) or in 13,000 alleles in

the Exome Variant Server but was reported with a carrier

frequency of 1 out of 662 in ClinSeq (rs200032855).

Sequencing of CLPB was performed in two additional indi-

viduals of Danish descent with a similar phenotype, but no

variants were identified.

In parallel, independent exome sequencing analysis was

performed on individual 5 (CMH193) and her two healthy

parents. DNA was prepared utilizing the KAPA Biosystems

library preparation kit (KAPA Biosystems) followed by
5, 2015



Figure 1. Identification of CLPB Variants in Five Individuals
(A) DNA sequence analysis of CLPB shows the position of the homozygous c.803C>T variant in the subject compared to the control.
(B) Analysis of cDNA encompassing the c.803C>T variant shows a band of normal size in individual 1. To assess the functional effect of
the c.803C>T variant on splicing, RNA was extracted from fibroblasts and reverse transcribed to cDNA with the SuperScript II Reverse
Transcriptase kit (Invitrogen), and PCR of a 381 bp cDNA fragment encompassing exons 4–8 was performed. To assess the carrier fre-
quency for the c.803C>T variant, a TaqMan assay was developed (Applied Biosystems). The PCR conditions were: 10 ml Universal
PCR Master Mix, 0.5 ml 40 3 assay mix, and 20–100 ng DNA in a total volume of 20 ml. The PCR program was 95�C for 10 min, and
50 cycles at 92�C for 15 s and 60�C for 1 min. The samples were run on an ABI Prism 7000 and analyzed with ABI SDS software.
(C) The alignment of the amino acid sequences of CLPB homologs in different vertebrate species shows the conservation of the mutated
threonine at position 268.
(D) A schematic representation of human CLPB (not to scale) shows the predicted domains and the position of the p.Thr268Met
substitution. The following abbreviations are used: ANK, ankyrin repeat; CC, coiled-coil domain; AAAþ, AAAþ ATPase; and D2-small,
ClpB-D2-small.
(E) DNA sequence analysis of CLPB DNA shows the position of the heterozygous c.961A>T variant in subject 5 compared to the control
(left) and of the heterozygous c.1249C>T (right).
Illumina TruSeqExome enrichment (Illumina). Samples

were sequenced on an Illumina HiSeq 2000 instrument

with TruSeq v.3 reagents, as paired 100 nucleotide reads

to a depth of 7.7 gigabases resulting in median target

coverage of 1353; the mitochondrial genome was repre-

sented at an average depth of 2003. Alignment and variant

calling was performed as previously reported,18,19 resulting

in the identification of ~170,000 nucleotide variants.

Variants were filtered to 1% minor allele frequency in an

internal database of 1,913 samples, then prioritized by

the American College of Medical Genetics (ACMG) cate-

gorization,20 OMIM identity, and phenotypic assessment.

Genomic sequence data are available at dbGAP (accession

phs000564). No rare homozygous or compound heterozy-

gous variants comprising a diagnostic genotype were iden-
The Americ
tified in a previously reported disease-associated gene, but

one de novo variant was identified in ATP6VOA2, associ-

ated with autosomal-recessive cutis laxa (MIM 219200).

Because of minimal phenotypic overlap and the absence

of a second variant, this finding was not pursued. In

addition, this individual was found to be compound het-

erozygous for two nonsense variants in CLPB, c.961A>T

(p.Lys321*) and c.1249C>T (p.Arg417*) (Figure 1E). The

two variants were confirmed by Sanger sequencing. Segre-

gation analysis confirmed that the variants were inherited

from carrier parents, consistent with an autosomal-reces-

sive inheritance pattern. In addition, genotyping of two

subsequently born healthy siblings revealed that they

were each heterozygous for one of the variants. Both

CLPB variants were absent from the NHLBI Exome
an Journal of Human Genetics 96, 258–265, February 5, 2015 261



Figure 2. Analysis of CLPB Protein Levels
and In-Gel Activity of Complexes I and IV
(A) In-gel enzyme activity in liver from
individual 5 shows normal activity of com-
plexes I and IV.
(B) Analysis by SDS-PAGE of CLPB protein
in different human tissues showing ubiqui-
tous localization of CLPB.
(C and D) Immunoblot analysis of CLPB in
fibroblasts from individuals 3 and 4 and
liver from subject 5 (D) shows absence
of CLPB protein. In brief, mitochondrial

protein was isolated from fibroblasts and liver as previously reported.23 The samples (25–30 cmg protein/lane) were run on a 12% SDS
polyacrylamide gel and transferred to a PVDF membrane. The membrane was probed with a polyclonal antibody against CLPB (Atlas
Antibodies) at a 1:1,000 dilution and developed with a 1:1,000 dilution of goat anti-rabbit antibody (Dako). An antibody against porin
(Proteintech) was used as a loading control at a 1:1,000 dilution, and SUCLA2was used as a reference at a 1:1,000 dilution. The secondary
antibody was goat anti-mouse at a 1:1,000 dilution (Dako). The bands were visualized with the Supersignal West Pico and Femto sub-
strates (Thermo Fisher Scientific) and MicroChemi imaging (DNR Bioimaging Systems).
Sequencing Project (EVS) and an internal variant database

of 2,180 samples. In addition, truncating CLPB variants

were absent from the internal data set and rare in the

EVS; homozygous truncating variants were absent. CLPB

c.1249C>T has been reported in dbSNP as rs200203460,

but with unknown frequency.

Respiratory chain enzyme assays were performed on

frozen muscle and liver from individual 5 as part of a meta-

bolic autopsy at the Center For Inherited Disorders of En-

ergy Metabolism (CIDEM) (Cleveland, OH). Muscle tissue

showed generally decreased enzyme activities, probably

due to tissue deterioration. In frozen liver, the activity of

rotenone-sensitive NADH-cytochrome c reductase (reflect-

ing complexes I and III) was significantly below the control

range (14%), as was complex III activity (28%), whereas

complexes I and II had normal activity (88% and 73%,

respectively). Complex IV activity was not assayed. Citrate

synthase activity was 90% of control. In addition, ATP

production in digitonin-permeabilized fibroblasts and

in-gel enzyme activity in frozen liver was performed as

reported.21,23 ATP production in digitonin-permeabilized

fibroblasts from individual 1 energized with either

10 mM pyruvate plus 10 mM malate, 10 mM glutamate

plus 10 mM malate, or 10 mM succinate plus rotenone

was normal (37.9 nmol/min/mg protein, reference

31.8 5 4.5 [mean 5 SD]; 41.0 nmol/min/mg protein,

reference 33.0 5 5.8; and 19.2 nmol/min/mg, reference

14.9 5 3.3, respectively). Analysis of in-gel enzyme

activity showed normal activities of complexes I and IV

in the liver of individual 5 (Figure 2A).

To investigate normal localization of CLPB protein,

immunoblot analysis of several human tissues was per-

formed, demonstrating ubiquitous presence of CLPB,

although protein abundance was more variable than other

mitochondrial proteins (Figure 2B). Immunoblot analysis

performed on fibroblasts from individuals with the

p.Thr268Met variant (Figure 2C), as well as in liver from

individual 5 (with two nonsense variants) showed absence

of CLPB protein (Figure 2D).

Our data indicate that biallelic recessive variants in CLPB

result in a specific clinical and biochemical phenotype
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associated with 3-MGA-uria (summarized in Table 1). The

onset of clinical disease in CLPB-associated 3-MGA-uria

ranged from prenatal in one individual with poly-

hydramnios, intrauterine growth retardation, and poor

movements to postnatal onset between 4 and 9 months

of age. Postnatal onset was characterized by development

of cataracts, psychomotor regression or lethargy, and

frequent febrile illnesses complicated by development of

seizures and psychomotor regression. Neutropenia was a

consistent finding in all. Cataracts were identified in four

of five individuals and microcephaly in three of five. Life

expectancy was short, with death by 8 days in the child

with prenatal onset, and from 11 months to 4 years of

age in the remaining individuals.

Many of the clinical findings in the individuals with

CLPB-associated 3-MGA-uria were similar to those seen in

other mitochondrial disorders, such as onset coincident

with systemic illness and the presence of epilepsy, psycho-

motor regression, andmicrocephaly.Neutropenia,however,

is an uncommonfinding in those with othermitochondrial

disorders, exceptMGA-uria type II (Barth syndrome), where

it is found in the majority of affected individuals.22 As in

Barth syndrome, bone marrow histology showed arrested

granulopoiesis as the proximal cause of neutropenia.

Cataract is infrequently reported in mitochondrial disor-

ders, although it is present in Sengers syndrome (MIM

212350)24 and in individuals with TMEM70- and GFER-

related (MIM 60094) disease.25–27 The main mechanism

of cataract development is unknown. However, variants

in GFER, AGK (MIM 610345), TMEM70, TAZ, and SERAC1

affect mitochondrial membrane integrity28 or lipid

metabolism of the mitochondrial membranes.29 Hence,

cataract formation in the individuals reported here can

be explained by disrupted protein-lipid interactions

affecting oxidative phosphorylation enzymes, increasing

oxidative stress, and stress-induced protein damage. In

addition, it might be speculated that a contributing factor

to CLPB-related disease is the resultant accumulation of

aggregated proteins.

Although cerebral MRI was normal in one individual,

two others showed cerebral atrophy, of whom one also
5, 2015



had hyperintensities in the globus pallidus, similar to

findings in Leigh syndrome (MIM 256000). In addition,

although not apparent on MRI, it should be noted that

all of the individuals with pathogenic CLPB variants had

signs and symptoms of basal ganglia degeneration.

No evidence of a severe respiratory chain enzyme defi-

ciency was found in children with CLPB-related disease,

although lactic acidosis was present in all. This is similar

to other types of 3-MGA-uria, the exception being individ-

uals with TMEM70-related disease, which is usually associ-

ated with complex V deficiency.

The levels of 3-MGA-uria in the individuals reported

here were similar to those seen in Barth syndrome.30 In

type I 3-MGA-uria, 3-MGA is produced through catabolism

of leucine, which is not likely the case in the other types,

because these individuals do not excrete higher amounts

of 3-MGA after a protein-rich meal, as seen in type I.31

Also, 3-MGA level might fluctuate substantially in non-

type I 3-MGA-uria and is apparently unrelated to the

clinical course.6 All types of 3-MGA-uria are associated

with some degree of mitochondrial respiratory chain

dysfunction, but the exact mechanism is unknown. How-

ever, in vivo experiments indicate that oxidative stress can

be induced by accumulation of 3-MGA in tissue and bio-

logical fluids in affected individuals, which presumably

contributes to the mitochondrial pathophysiology.32

The phenotype of individual 5, who exhibited prenatal

onset of symptoms and neonatal death, was more severe

than in the children homozygous for the p.Thr268Met

missense variant. The compound heterozygous nonsense

variants led to absence of CLPB protein in immunoblots

of liver. In addition, CLPB protein was not detected in

fibroblasts from the individuals homozygous for the

p.Thr268Met variant. Such missense variants might be ex-

pected to produce residual amounts of partially functional

protein, perhaps below the detection limits of this assay in

fibroblasts, and might account for the slightly milder

phenotype in the p.Thr268Met homozygotes. Whether

the earlier diagnosis of such individuals could lead to a

change in management should be investigated, such as

metabolomic analysis to identify the pathways involved

and possible alternative routes for energy provision.

Most knowledge of CLPB function has come from

studies in E. coli (ClpB) and yeast (Hsp78) homologs, which

belong to the Clp/Hsp104 family (Hsp100), a group of

AAAþ proteins containing two consensus ATP-binding

sites. Hsp100 family proteins are chaperones that disaggre-

gate proteins misfolded due to stress such as heat shock.33

The current structural model of ClpB is a ring-shaped hex-

amer, where the aggregated target polypeptides bind near

the central cavity and are threaded through the ring com-

plex, thereby becoming disaggregated.34 The ClpB homo-

hexamer is part of a larger oligomeric protein complex.

In contrast, Hsp78 occurs mainly as a homotrimer.35

ClpB/Hsp78 act in close collaboration with DnaK/Hsp70

chaperones that bind aggregates and target them to

ClpB/Hsp78. Both bacterial Clpb and yeast Hsp78 have
The Americ
been shown to bind newly imported proteins and to pre-

vent aggregation of misfolded proteins in the mitochon-

drial matrix under conditions of impaired DnaK/Hsp70

function.36 Hsp78 deletion mutants exhibit no abnormal

phenotype under normal conditions but show effects on

mitochondrial protein biosynthesis37 and mtDNA replica-

tion38 at high temperatures. Hsp78 deletion mutants

harboring an additional variant in Hsp70 exhibit loss of

mitochondrial DNA and aggregation of mutant Hsp70,

suggesting that one function of Hsp78 might be to keep

mutant forms of Hsp70 in a functional and soluble

state.33,39 In E. coli, deficiency of ClpB leads to increased

heat sensitivity.40

E. coliClpB and yeast Hsp78 contain two AAAþ domains

(Figure 1D), which function to mediate oligomerization of

the protein.41 In contrast, mammalian CLPB has a single

AAAþ domain, along with three ankyrin-like repeats,

which are not found in the E. coli and yeast homologs.

Ankyrin repeats are involved in protein-protein interac-

tion and could aid in oligomerization of CLPB.

A striking finding of the children reported here was

onset and/or severe psychomotor regression during febrile

episodes, which could be consistent with a function of

human CLPB in disaggregation of proteins misfolded due

to heat denaturation, similar to that of its proposed

homologs, although this is also a common feature in other

mitochondrial disorders. Another important mitochon-

drial chaperone, Hsp60 (GroEL in E. coli), and its partner,

HSP10, assume a similar role to DnaK/Hsp70 in mediating

the ATP-dependent mitochondrial import of nuclear-

encoded proteins, as well as protein folding and refolding

both under normal and cellular stress conditions.42,43 Var-

iants in HSPD1 (MIM 118190) encoding Hsp60 have been

reported in association with MitCHAP60 disease (MIM

612233), an early-onset neurodegenerative disorder similar

to CLPB-related disease. Individuals with MitCHAP60 dis-

ease exhibit leukodystrophy, hypotonia, developmental

delay, pyramidal signs, seizures, microcephaly, episodes

of abnormal breathing, growth failure, andmildly elevated

plasma lactate during acute illness.44 Mild reductions in

COX activity were observed in only the most severely

affected individuals; muscle biopsies revealed giant mito-

chondria with abnormal cristea.44 Knockout of Hspd1 in

mice results in embryonal lethality45 and null variants in

Hsp60 are nonviable in yeast, secondary to severe mito-

chondrial-protein folding defects, whereas conditional

mutations result in the accumulation of misfolded pro-

teins incapable of forming active oxidative phosphoryla-

tion enzyme complexes.44 These studies suggest a key

role of Hsp60 and Clpb in regulating protein folding inside

the mitochondrial matrix. Defects in mitochondrial chap-

erones exert a profound impact on overall mitochondrial

biogenesis, membrane integrity, and function.44,46,47

In conclusion, we report a severe, recessive form of type

IV 3-MGA-uria associated with mitochondrial dysfunction

caused by loss-of-function variants inCLPB. Further studies

are needed to explore the exact function of human CLPB.
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