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Abstract

Cardiac dysfunction is a common phenotypic manifestation of primary mitochondrial disease with 

multiple nuclear and mitochondrial DNA pathogenic variants as a cause, including disorders of 

mitochondrial translation. To date, five patients have been described with pathogenic variants in 

MRPL44, encoding the ml44 protein which is part of the large subunit of the mitochondrial 

ribosome (mitoribosome). Three presented as infants with hypertrophic cardiomyopathy, mild 

lactic acidosis, and easy fatigue and muscle weakness, whereas two presented in adolescence with 

myopathy and neurological symptoms.

We describe two infants who presented with cardiomyopathy from the neonatal period, failure to 

thrive, hypoglycemia and in one infant lactic acidosis. A decompensation of the cardiac function 

in the first year resulted in demise. Exome sequencing identified compound heterozygous variants 

in the MRPL44 gene including the known pathogenic variant c.467T>G and two novel pathogenic 

variants. We document a combined respiratory chain enzyme deficiency with emphasis on 

complex I and IV, affecting heart muscle tissue more than skeletal muscle or fibroblasts. We show 
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this to be caused by reduced mitochondrial DNA encoded protein synthesis affecting all subunits, 

and resulting in dysfunction of complex I and IV assembly. The degree of oxidative 

phosphorylation dysfunction correlated with the impairment of mitochondrial protein synthesis 

due to different pathogenic variants. These functional studies allow for improved understanding of 

the pathogenesis of MRPL44-associated mitochondrial disorder.
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cardiomyopathy; combined deficiency; genetic cause; mitochondrial ribosome; mitochondrial 
translation

1. Introduction

Disorders of mitochondrial cellular energetics present with a wide spectrum of clinical 

symptoms. Cardiac involvement occurs in approximately half of all patients with 

mitochondrial diseases presenting in childhood [1]. Presentations can include congestive 

heart failure, dilated cardiomyopathy, hypertrophic cardiomyopathy, left ventricular non-

compaction and cardiac fibrosis [2]. Cardiac involvement carries a worse prognosis than 

neuromuscular involvement [1]. The genetic cause for mitochondrial cardiomyopathies is 

highly heterogeneous and includes various pathogenic variants in mitochondrial DNA 

(mtDNA), as well as nuclear DNA causing isolated complex deficiencies, deficiencies of 

assembly factors, combined deficiencies of mitochondrial biogenesis, and disorders of the 

mitochondrial environment. Mitochondrial DNA encodes for 13 subunits of the respiratory 

chain complexes. These coding regions require transcription and translation process inside 

the mitochondria. Many disorders of the mitochondrial protein translation process are 

identified and include disorders of mitochondrial tRNAs or rRNAs, or nuclear encoded 

genes responsible for tRNA aminoacylation, or modification including formylation of the 

initiation methionine tRNA, proteins of the mitochondrial ribosome and ribosomal assembly 

proteins, and proteins involved in translation initiation, elongation, termination and release 

factors and translational activators [3]. Of these, cardiomyopathy has for instance been 

described in the following genes: AARS2, YARS2, GARS, KARS, MRPL3, MRPS22, 

MRPS14, MRPL44, TSFM, RMND1, MTO1, HSD17B10, ELAC2, TRMT5, GTPBP3 [3].

Five patients have been described with compound heterozygous or homozygous pathogenic 

variants in MRPL44 [4,5]. All patients presented as children with hypertrophic 

cardiomyopathy, had mild lactic acidosis, and easy fatigue and muscle weakness. The first 

child died in infancy of cardiac failure following an acute infection, whereas in her sister the 

cardiomyopathy stabilized, and she remained well with only asymptomatic cardiomyopathy 

at the time of publication at age 14 years [4]. Another child presented with cardiomyopathy, 

mild liver disease, and mitochondrial myopathy, but remained well at the time of publication 

at age 8 years [5]. Both these children have normal cognitive function [4,5]. The fourth 

patient from age 14 years on developed cardiomyopathy, hemiplegic migraines, learning 

difficulties, myopathy, tapetoretinal dystrophy, and Leigh-like lesions in thalami, basal 

ganglia and cerebellum on brain MRI [5]. A fifth patient presented as a young adult with 

skeletal myopathy and exercise intolerance, subclinical cardiac hypertrophy recognized at 
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age 21 years, migraine, transient episodes of neurological dysfunction of hemiparesis and 

confusion, spasticity and ataxia, and on brain MRI lesions in basal ganglia, thalami and 

midbrain and subcortical and cerebellar white matter [6]. She had normal cognitive function, 

but as a young adult started to have reduced processing speed and executive function. 

Patients who had heart and skeletal muscle biopsy examined showed a combined deficiency 

of complex I and IV [4,6], but only of complex IV in fibroblasts [4,5]. The variant 

c.467T>G; p.(Leu156Arg) is a commonly recurring causal pathogenic variant present in 9 of 

10 alleles published (Supplemental Table 1), and was associated with reduced protein 

stability [4–6].

The protein product of the MRPL44 gene, ml44, was identified as a component of the large 

subunit of the mitochondrial ribosome (mitoribosome) [7,8]. Mitochondrial ribosomes 

contain a small (28S) and a large subunit (39S). The large ribosomal subunit consists of the 

mtDNA encoded 16S rRNA and 52 nuclear-encoded mitochondrial ribosomal proteins 

(MRP) including mt-tRNAVal as a structural subunit, whereas the small subunit has the 

mtDNA encoded 12S rRNA and 30 nuclear-encoded MRPs [9,10]. In the large subunit, only 

28 proteins have homologues in bacteria, the other subunits including ml44 are unique to 

eukaryotes and their functions remain unclear [4]. In the expansion of the bacterial ribosome 

to eukaryotic mitochondrial ribosome, the ml44 protein was added early and is located near 

the peptide exit channel [10]. In yeast, it is present in the first assembly intermediate of the 

large mitoribosome [11]. In mice, it is expressed widely throughout multiple tissues during 

development and its absence is embryonically lethal [12].

It has an RNA binding domain (residues 236–306) and an RNase III-like domain (residues 

86–228) although the latter is lacking critical residues and is likely non-functional [4]. It is 

uniquely located in the mitochondria where it forms a dimer and is associated with the large 

mitoribosome subunit [8]. It has a double band on the immunoblot of cardiac tissue [4]. The 

variant p.Leu156Arg, which is present in four patients [4–6], results in strongly reduced 

protein levels [4,6]. Downregulation of MRPL44 transcription by siRNA resulted in 

decreased COX1 levels but not a decrease in mitochondrial protein translation products [4]. 

It resulted in a reduction in the amount of the assembled large mitoribosomal subunit, but 

not the small mitoribosomal subunit proteins [4]. In another downregulation experiment of 

stably transfected shRNA in NIH3T3 cells [9], mtDNA levels were maintained, but mtDNA-

encoded RNAs were decreased and unprocessed tRNAs were increased, and protein 

translation was generally reduced with reduced levels of mtDNA-encoded proteins and 

resulting decreased oxidative phosphorylation (OXPHOS) capacity [9]. Proteins and 16S 

rRNA were decreased indicative of instability of the large mitoribosome [9]. A new putative 

role in the regulation or maturation of mtDNA-encoded RNA products has been proposed 

[9]. The reason for the differences in these results is unclear. In a patient homozygous for the 

common pathogenic variant, reduction in the large mitoribosome and reduced mitochondrial 

protein synthesis was noted [6].

We describe here two additional cases of children with compound heterozygous variants in 

MRPL44. Functional studies further describe the impact on mitochondrial function.
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2. Case Reports

2.1 Case 1

This was the second child of non-consanguineous parents. During the pregnancy, there was 

concern that the fetus was small for gestational age and had an echogenic bowel, but this 

resolved prior to delivery. A prenatal TORCH infection evaluation was negative. Following 

vaginal delivery at 396/7 weeks gestation, during the neonatal period the girl had an episode 

of hypothermia and was persistently hypoglycemic (lowest 16 mg/dL), which was treated 

with continuous intravenous glucose. A septic workup and evaluation for hyperinsulinism 

were unremarkable. She had feeding difficulties taking only 10 to 30% of her feeds orally 

with the remainder provided by nasogastric tube feeding. At 51 days of age, a chest 

radiograph identified cardiomegaly and an echocardiogram revealed an ejection fraction of 

25% (normal 55–70%) with left ventricular dysfunction and hypertrophy. The patient 

responded well to treatment and was discharged at 71 days of life while being treated with 

beta blockers and receiving feeding mainly via gastrostomy tube. At this time, urine organic 

acids analysis showed elevated Krebs’ cycle intermediates, an acylcarnitine profile showed 

elevated C2- and C5-dicarboxylylacylcarnitines but was otherwise unremarkable. 

Chromosomal microarray revealed a deletion of 16q23.3 (arr[hg19] 16q23.3 

(83838395-84068625)X1), and a comprehensive cardiomyopathy sequencing panel did not 

report any variants.

Over the next months, the child showed adequate weight gain using gastrostomy feedings 

but remained unable to take adequate oral feedings. Her echocardiogram showed at four 

months an improved ejection fraction of 41%, which remained stable at eight months of age 

at 40%. Due to persistent concern for mitochondrial disease based on her multisystem 

involvement, poor growth, cardiac phenotype and history of hypoglycemia, the patient at this 

time underwent cardiac catheterization with myocardial biopsy and skeletal muscle biopsy 

for functional mitochondrial testing, followed by sequencing tests of whole exome and 

mitochondrial DNA. At nine months of age during a respiratory syncytial viral infection, she 

was admitted for hypoxia and had respiratory failure for ten days after which she recovered 

back to baseline. However, three days after discharge at ten months of age, she was 

readmitted in cardiogenic shock, hypotensive, hypoglycemic, lethargic and hypoxic, likely 

due to right ventricular failure. She required multiple inotropic medication, and placement of 

a Berlin heart left ventricular assist device, but still developed liver and renal dysfunction. 

She received venous to arterial extracorporeal membrane oxygenation (ECMO) support, 

followed by placement of a Berlin heart right ventricular assist device. She remained in 

cardiogenic shock and hepatic failure, and ultimately developed disseminated Candida 
lusitanease infection which resulted in her death two days after her first birthday.

Clinical exome sequencing demonstrated compound heterozygosity for pathogenic variants 

in the MRPL44 gene (NM_022915.3): maternal c.481_484delinsTC; p.(Thr161Serfs*2), and 

paternal c.467T>G; p.(Leu156Arg), a previously reported missense pathogenic variant [4–

6].
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2.2 Case 2

This female was born as the first child of healthy non-consanguineous Caucasian parents at 

39 weeks of gestation with normal Apgar scores of 9 at 1 min and 10 at 5 min, weight 3.560 

kg, length 49 cm and head circumference 34 cm. She presented on the second day of life 

with Kussmaul breathing due to metabolic acidosis (pH < 7.0, base excess – 27 mEq/L), 

with elevated lactate 19 mmol/L (normal < 2 mmol/L) and mildly elevated ammonia 180 μM 

(normal < 100 μM). The physical examination was unremarkable. During the 5 weeks 

admission, she remained clinically stable with intermittently elevated lactate levels, and age-

adequate development. She did not show signs of neurologic dysfunction, and had a normal 

brain ultrasound. Echocardiography at age days 15 and 29 showed a prominent left ventricle 

with normal function. She did have recurrent asymptomatic hypoglycemia (lowest glucose 

40 mg/dL), with appropriate insulin, cortisol, and growth hormone response during 

hypoglycemia. The persistent lactic acidemia (3.3 to 15 mmol/L, normal < 2 mM) did not 

change in relation to feeding, the lactate/pyruvate ratio (lactate 9.5 mol/L, pyruvate 0.18 

mmol/L, ratio 53 (normal <20) was elevated. Routine laboratory values of blood counts, 

transaminases, renal function, prothrombin time, and ammonia remained within normal 

limits. Plasma amino acids and acylcarnitines in dried blood spot were unremarkable, 

urinary organic acids were not performed.

A skin biopsy for fibroblast culture was obtained at age 5 weeks, and a skeletal muscle 

biopsy was performed at age 3 months. Histology showed some fibers with central cores and 

some hypercontracted fibers. Gomori trichrome staining did not reveal ragged blue fibers, 

and there were no cytochrome c oxidase negative fibers.

At age 6 months, she was admitted with worsening general condition. She had cardiomegaly 

on chest X-ray, and echocardiography showed a very restrictive right ventricle and a 

ballooned left ventricle with barely any unmeasurable contraction and blood flow, and she 

died in cardiac failure shortly after.

Exome sequencing done according to published protocols [13,14] showed compound 

heterozygosity for two variants in MRPL44 (NM_022915.3) c.467T>C; p.(Leu156Pro), and 

c.467T>G; p.(Leu156Arg).

3. Methods

Studies were performed under the Institutional Review Board approved study COMIRB# 

16-0146, and under an Ethics board approved protocol of the Technical University München, 

5360/12 S.

3.1 Genetic testing

The presence of the variants was confirmed by Sanger sequencing. After DNA extraction 

from fibroblasts, PCR was performed followed by dideoxy-sequencing with primers as 

detailed in Supplemental Materials.
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3.2 Cardiac histology

For electron microscopy examination, a portion of the heart biopsy was obtained and 

immediately fixed in cacodylate-buffered 2.5% glutaraldehyde before processing according 

to standard electron microscopy techniques, including secondary fixation in 2.0% osmium 

tetroxide, dehydration, and then embedding in epoxy resin. 80 nm ultrathin sections were 

poststained with uranyl acetate and lead citrate and imaged using a JEOL JSM-1400+ TEM 

(JEOL, Tokyo, Japan) equipped with a Gatan Orius SC1000B digital camera system (Gatan, 

Pleasanton, CA).

3.3 Mitochondrial functional studies

For Patient 1, respiratory chain enzyme activities were determined spectrophotometrically in 

a post 600 × g supernatant as described for muscle, heart, and fibroblasts [15,16]. Activities 

were expressed per mg protein, and as the ratio over the activity of citrate synthase and of 

complex II. The log transformed values of these activities and ratios in control samples were 

normally distributed, and patient activities can be expressed as Z-scores of this distribution. 

Further, respiratory chain complex activities were also analyzed by separation on a blue 

native gel and identification by in-gel activity staining as described before [15–17]. For 

Patient 2, respiratory chain enzyme activities were measured spectrophotometrically in fresh 

unfrozen muscle biopsy as described [18,19] and in fibroblasts as described [15,16]. 

Substrate oxidation rates in fresh muscle tissue was performed using various 14C-labeled 

substrates as described [20].

The assembly of complex I was evaluated in mitochondrial membrane fractions isolated by 

differential centrifugation, solubilized, separated on a blue native gel, and after blotting 

probed with an antibody against NDUFS2 for the assembly of complex I and with an 

antibody against COX4 for the assembly of complex IV, subunits that are incorporated early 

as described [21]. The source and specifications of all antibodies used are listed in 

Supplemental Table 2.

3.4 Protein amount

The amount and the size of the ml44 protein in mitochondrial fractions isolated by 

differential centrifugation in skeletal muscle, heart and fibroblasts derived from Patient 1 and 

fibroblasts derived from Patient 2 and controls were evaluated by SDS-PAGE followed by 

western blot and detected using an antibody against ml44 protein. Furthermore, western blot 

analysis was performed on the 600 × g supernatants obtained from both control and Patient 1 

skeletal muscle, heart tissue, and fibroblast and from Patient 2 fibroblasts using antibodies 

for both MT-CO1 and ATP5F1B. The synthesis of these proteins is more sensitive to 

mitochondrial translational defects.

3.5 Mitochondrial translation

The translation of mitochondrial proteins was evaluated in fibroblasts grown to 70–90%-

confluency as described [22,23]. Fibroblasts were labeled by growing for 60 minutes in 

methionine and cysteine-free DMEM containing 200 μCi/ml of 35S-methionine and 35S-L-

cysteine (EasyTag™ EXPRESS35S Protein Labeling Mix, Perkin-Elmer) and 100 μg/ml of 

the cytoplasmic protein synthesis inhibitor emetine. Cells were harvested, resuspended in 
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200 μL phosphate buffered solution (PBS) and protein concentration was determined using 

the Bio-Rad protein assay. Between 30 to 50 μg cellular protein were then separated on a 15 

to 20% gradient polyacrylamide denaturing gel. The gel was dried and the film developed by 

direct autoradiography to visualize the labeled mitochondrial translation products. A 

quantitative assay of mtDNA encoded protein synthesis was developed by harvesting the 

translation assay-labeled cells, and then resuspending the cells in 100–200 μL PBS as above. 

Four volumes of icecold acetone were added, samples were incubated at −20°C for at least 1 

hour to precipitate proteins, and then pelleted by centrifugation for 10 min at 13,500 × g. 

After resuspending in 100 μL CelLytic™ M lysis buffer (Sigma), aliquots were analyzed by 

scintillation counting and protein concentration was determined using the Bio-Rad protein 

assay. The results were expressed as cpm/μg protein, which using the specific activity of the 

labeled amino acids allowed expression as fmol amino acid incorporated/ μg protein. Results 

were obtained from the average of six independent translation assays in Patient 1 fibroblasts 

and two independent translation assays in Patient 2 done in duplicate, and normal values 

were obtained from 17 control cell lines done in duplicate.

3.6 Respirometry

Cellular respiration was measured using an Oroboros Oxygraph 2k system following a 

substrate inhibitor (SUIT) protocol as described previously (17). Patient fibroblasts were 

assayed six times and compared to the data obtained from 41 control fibroblast cell lines, 

with the difference evaluated by Student t-test.

4. Results

In Patient 1, on electron microscopy, the heart showed areas of contractile element loss 

within the cardiomyocytes and a diffuse proliferation of enlarged, atypically shaped 

mitochondria with aberrant cristae, typical for a mitochondrial cardiomyopathy (Figure 

1A,B). In Patient 2, on light microscopy skeletal muscle showed abnormal mitochondria 

with granular content and abnormal cristae, and in some fibers enlarged mitochondria were 

noted.

Sanger sequencing confirmed the presence of the variants identified on exome sequencing in 

the mitochondrial gene MRPL44 (Supplemental Figure 1). The variant in Patient 1 

c.481_484delinsTC p.Thr161Serfs*2 is predicted to cause either nonsense-mediated mRNA 

decay or a premature stop codon. The pathogenicity of the variant c.467T>G; p.Leu156Arg 

present in both patients was previously reported and causes protein instability [4,5]. The 

additional variant in Patient 2 affected the same amino acid Leu156, but the change was to 

proline instead of arginine. Substitutions to proline are generally strongly disruptive of 

secondary structure [24]. We thus expect that all variants decrease the amount of ml44 

protein and we indeed found the amount of ml44 protein sharply reduced in all tissues 

examined for both patients (Figure 2A–D). Notable is the presence in patients’ tissues of an 

additional band of slightly higher MW, which had already been noted in a patient 

homozygous for p.Leu156Arg. In fibroblasts only the band of increased MW is present 

(Figure 2C,D), whereas in heart muscle and skeletal muscle, both the band of normal MW 

and of increased MW is present (Figure 2A,B).

Friederich et al. Page 7

Mol Genet Metab. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pathogenic variants of mitoribosomal proteins are most likely to cause a deficiency of 

mitochondrial protein translation and thus a combined deficiency. Indeed, in Patient 1 

respiratory chain enzyme activities showed a combined deficiency of the activities of 

respiratory chain enzyme complexes in heart tissue, with a profound decrease in complex IV 

and a strong decrease in complex I, and a mild decrease of complex II-III (Table 1). In 

skeletal muscle, there was increased activity in complex II and citrate synthase and relative 

to this a mild decrease in the activities of complexes I and IV. In fibroblasts, there was a 

borderline decreased activity of complex IV. On blue native PAGE with in-gel activity 

staining there is decreased staining of complex IV in heart, and in all three tissues heart 

muscle, skeletal muscle, and fibroblasts, there are bands of incompletely assembled complex 

V, more so in heart than in the other tissues (Figure 3A–C). In combination, these two 

functional studies indicate a combined deficiency affecting the complexes I, IV, and V, 

which have mtDNA encoded subunits. Further, the assembly of complex I shows multiple 

bands of incompletely assembled complex I in heart, muscle and fibroblasts (Figure 

4A,C,D). Complex IV showed lesser amount of holocomplex at approximately 200 kDa 

(Figure 4E). The amount of MT-CO1 was decreased in all tissues, but the amount of 

ATP5FB1 was normal (Figure 2A–C). These results are consistent with a disorder affecting 

the synthesis of the proteins encoded by mtDNA.

In Patient 2, the respiratory chain enzyme activities in skeletal muscle showed a severe 

deficiency of complex IV activity and further deficiencies of the activities of complexes I, 

III, and V (Table 1). In fibroblasts the respiratory chain enzyme activities were normal in the 

600 × g homogenate, but showed low complex IV activity in a mitochondrial isolate. The 

blue native PAGE with in-gel activity staining showed normal activities and normal complex 

V assembly (Figure 3D). Likewise, the complex I assembly assay did not show abnormal 

intermediates (Figure 4B), and the complex IV holoenzyme was normal (Figure 4F). 

However, similar to Patient 1, the amount of MT-CO1 was reduced compared to controls and 

the amount of ATP5FB1 was normal (Figure 2D).

A decrease in ml44 would affect the translation process on the mitoribosomes. We 

developed a quantitative assay of the synthesis of mtDNA encoded proteins by measuring 

the incorporation of 35S-labeled sulfur amino acids into mitochondrial protein synthesis. The 

average incorporation of 35S-labeled amino acids in control fibroblasts was 6.79 ± 3.22 fmol 

AA/μg protein (range 2.01–13.68 fmol AA/μg protein, n=17) whereas inhibition by the 

known mitochondrial protein synthesis inhibitor chloramphenicol showed an incorporation 

of 35S-labeled sulfur amino acids of 2.27 fmol AA/μg protein. The fibroblasts of Patient 1 

indeed had clearly decreased synthesis of mitochondrial proteins at 2.23 ± 0.48 fmol AA/μg 

protein, 33% of the average incorporation (p<0.01) (Figure 5A). The fibroblasts of Patient 2 

had 3.8 ± 0.99 fmol AA/μg protein, 56% of average controls (p=0.08) (Figure 5A).

The activity of complex IV appeared more affected than that of other complexes in our 

patients. To evaluate if this was due to a differential effect on the rate of the synthesis of 

individual mtDNA-encoded subunits, we separated the labeled newly synthesized 

mitochondrial protein subunits on a gel and compared Patient 1 labeled products to in assay 

controls (Figure 5B). We found that the decrease in synthesis of complex IV encoded 

subunits COI 34.6±8.0%; COIII 29.8±8.9%; COII at 29.3% of concurrent control 
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fibroblasts, was similar to that of complex I encoded subunits: ND3 33.8±24%, ND2 

32.2±7.2%, ND1 45.7%, ND5 63.9%, and ND6 21.2% of concurrent controls, and for 

complex V subunit ATP6 40.9±10.0% of concurrent control, and for complex III CYTB 

60.15%. The average of all complex IV subunits was 30.1% whereas the average of all 

complex I subunits was 34.3%; these similar rates are not significantly different.

Functional impact of the mitochondrial dysfunction is shown on high resolution 

respirometry in fibroblasts of Patient 1 (Table 2). This showed low rates of oxygen 

consumption with all substrates, and a clear restriction of maximal rate after uncoupling, 

with limitation of the increase upon uncoupling resulting in increased coupling control ratio. 

Both the complex I and complex IV related rates are deficient, consistent with a combined 

deficiency. In muscle of Patient 2, there was low oxidation rates using both pyruvate and 

acetylcarnitine as substrates, although this was less evident after correction for citrate 

synthase (Supplemental Table 3). Thus, both patients showed metabolic dysfunction either 

as substrate or oxygen utilization as a result of the respiratory chain dysfunction.

5. Discussion

We present two patients with MRPL44-related mitochondrial disease. Clinically, both 

patients presented with a phenotype similar to previously reported patients with progressive 

and severe cardiomyopathy which became fatal in infancy, as well as recurrent 

hypoglycemia and failure to thrive, and in one patient lactic acidosis. As three of the 

previously five reported patients with cardiomyopathy did not develop systemic symptoms 

including neurodevelopmental involvement until the age of 8, 12, and 14 years, respectively, 

aggressive management including left ventricle assist device was performed in the case 

presented here. We were considering cardiac transplantation as an option in this condition in 

infancy, bearing in mind that in adolescence a progressive clinical involvement including 

neurological symptoms may still occur. An case of spontaneous resolution of 

cardiomyopathy after the first year was recently noted [30].

Genotypically, both patients had the known pathogenic variant c.467T>G; p.(Leu156Arg) in 

combination with a novel variant [4–6]. This variant is purported to leave some residual 

protein and activity. It is noteworthy that both patients presenting after infancy were 

homozygous for the c.467T>G; p.(Leu156Arg) pathogenic variant [4,6] (Supplemental 

Table 1). The variant c.481_484delinsTC; p.Thr161Serfs*2 causes a frameshift with 

premature stop codon, which would be expected to result in absent protein for this allele in 

Patient 1. In Patient 2, the variant c.467T>C; p.(Leu156Pro) affects the same amino acid 

Leu156 but a change to proline is considered particularly deleterious to the secondary 

structure of a protein usually resulting in strongly decreased, but not necessarily absent 

protein levels. Experimentally, in both patients the amount of ml44 protein was decreased. In 

addition to the decrease in abundance of the ml44 protein, it also appeared to have a slightly 

larger molecular weight. This may represent the retention of the mitochondrial leader 

peptide, which could be seen if the protein was not imported into the mitochondrion. 

Although this could not be quantified, from the genotype we would presume that Patient 1 

(with a frameshift allele that results in absent protein) may be somewhat more affected 
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enzymatically than Patient 2 (with a missense allele that results in strongly reduced but not 

absent protein).

The ml44 protein is a subunit of the large mitoribosome. Reduced mitochondrial protein 

synthesis in a patient homozygous for c.467T>G was previously reported [6]. Indeed, 

protein synthesis of mtDNA-encoded subunits was decreased in fibroblasts from both 

patients, but the decrease was more pronounced in Patient 1 than in Patient 2. We presume 

that this may relate to the genotypic differences in residual activity, and the quantitative 

assay was able to resolve this. This difference in severity is further evident that in fibroblasts 

Patient 1 had abnormal complex V on blue native PAGE and abnormalities in complex I 

assembly, that were not present in the fibroblasts of Patient 2. Yet, both patients had clearly 

decreased amounts of MT-CO1 in fibroblasts, and borderline low complex IV activity.

There are tissue specific differences. The enzyme deficiency was most pronounced in 

cardiac muscle tissue, where there was massive proliferation of mitochondria on electron 

microscopy displacing contractile elements. In skeletal muscle there was also deficient 

enzyme activity of complexes I and IV in both patients, but to a lesser extent than in heart. In 

fibroblasts, there was a borderline deficiency of complex IV activity only in both patients. 

Indeed, the primary clinical presentation also affected heart tissue primarily in our patients 

and in the previously reported patients.

The cause for the decreased activity appears in the synthesis of the mtDNA encoded 

proteins. It is remarkable that the activity of complex IV appeared to be somewhat more 

affected than that of complex I. This was also similarly observed in previously reported 

patients [4]. In many mitochondrial transcription and translation defects, complex I, which 

has seven mtDNA-encoded subunits, is affected more pronounced than complex IV which 

has only three mtDNA-encoded subunits or complex III which has only a single mtDNA-

encoded subunit. A greater involvement of complex IV has also been reported for certain 

other disorders such as LRPPRC and TACO1 [25,26]. The reason for this more pronounced 

defect in complex IV is not clear. The decrease in the rate of synthesis of the newly formed 

mtDNA-encoded subunits of complex IV (MT-CO1, MT-CO2, MT-CO3) appeared similarly 

affected to that of proteins from complex I (MT-ND5, MT-ND2, MT-ND1) and that of 

complex V (MT-ATP6). A similar decrease in protein synthesis between complex I and 

complex IV but less than for complexes III and V was previously noted [6]. Thus, it does not 

appear to be due to a difference in the synthesis rate of the different subunits. A difference in 

the stability of synthesized proteins could not be excluded.

The decrease in mitochondrial protein synthesis affected respiratory chain function. In 

Patient 1, oxygen consumption was decreased in fibroblasts, and in Patient 2, the rate of 

substrate oxidation in muscle tissue was affected. This shows that regardless of tissue, the 

impact on mitochondrial function was demonstrable. Since the amount of residual activity is 

related to translational efficiency, to improve the function and perhaps allow infants to 

recover from the cardiac dysfunction, increasing the amount of ml44 should be considered. 

Upregulators of the expression of MRPL44 such as mitochondrial biogenesis inducers such 

as Nrf2 activators, PGC1-α activators or PPAR-δ activators could be explored [27–29].
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In conclusion, pathogenic variants in MRPL44 are a cause of infantile cardiomyopathy. 

They reduce the amount of ml44 protein which causes a reduction the synthesis of mtDNA-

encoded proteins with a resulting combined deficiency with emphasis on complex I and IV 

impairing oxidative phosphorylation activity. The degree of oxidative phosphorylation 

dysfunction correlated with the impairment of mitochondrial protein synthesis due to 

different pathogenic variants. These functional studies allow for improved understanding of 

the pathogenesis of MRPL44-associated mitochondrial disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

1. Patients with MRPL44-disorder clinically present in infancy with 

cardiomyopathy, and survivors develop encephalomyopathy in childhood to 

early adulthood

2. MRPL44-disorder causes a defect of mitochondrial translation impairing the 

synthesis of all mitochondrial DNA encoded subunits and thus causing a 

combined oxidative phosphorylation deficiency

3. The degree of biochemical impairment may be related to the residual activity 

of the pathogenic variant.
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Figure 1: Electron microscopy of the heart
Electron microscopic examination shows areas of contractile element loss within the 

cardiomyocytes (A) and a diffuse profusion of enlarged, atypically shaped mitochondria 

with aberrant cristae (B). The scale bar in A represents 2 μm and in B represents 1 μm.
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Figure 2: Mitochondrial protein amounts of ml44, MTCO1, and ATP5FB1 by western blot 
analysis
Protein amounts for ml44, MTCOI and ATP5FB1 are shown after separation on an SDS-

PAGE gel, followed by western blotting in Patient 1 heart muscle (A) skeletal muscle (B) 

and fibroblasts (C) and in Patient 2 fibroblasts (D). The ml44 protein is reduced in the heart 

muscle, skeletal muscle and fibroblasts in Patient 1 and in fibroblasts from Patient 2. In heart 

and skeletal muscle, the ml44 protein appears as a double band, one similar to that of 

controls, and an added band of slightly higher molecular weight. In fibroblasts, only the 

band with a slightly higher MW is visible. The MTCOI protein is reduced in the heart 

muscle, skeletal muscle and fibroblasts in Patient 1 and in fibroblasts from Patient 2 but the 

amount of the ATP5FB1 protein in both patients is not reduced compared to the control 

samples. Citrate synthase is used as a loading control.
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Figure 3: Mitochondrial enzyme complexes evaluated by blue native polyacrylamide gel 
separation with in-gel activity staining
The activity of complexes I, II, IV, and V is shown by in-gel activity staining following 

separation on a blue native polyacrylamide gel electrophoresis in Patient 1 (A) heart muscle 

(B) skeletal muscle and (C) fibroblasts, and in (D) Patient 2 fibroblasts. Complex IV staining 

is reduced in heart muscle. Complex V staining reveals the presence of two additional bands 

representing incompletely assembled F1 subunits, not present in controls, as is typically 

observed when the mitochondrial DNA encoded subunits of complex V are insufficiently 

present. In the fibroblasts of Patient 2, no abnormalities were observed.
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Figure 4: Examination of the assembly of complexes I and IV using non-denaturing 
polyacrylamide gel followed by western blot
(A–D) The assembly of complex I is shown by separation on a non-denaturing 

polyacrylamide gel followed by western blotting and detection with an antibody against 

NDUFS2 in Patient 1 and Patient 2 in comparison to controls and HepG2 cells treated with 

chloramphenicol. (A) Control fibroblasts show in addition to the fully assembled 

holocomplex, a faint band at 230 kDa, whereas as Patient 1 shows additional bands at 400, 

460, and 850 kDa. (B) Assembly of complex I in Patient 2 in fibroblasts is normal. (C) In 

skeletal muscle from Patient 1, control samples show in addition to the holocomplex typical 

additional bands at 400 and 460 kDa, whereas the patient’s sample also showed abnormal 

bands at 100 and 230 kDa. (D) In heart muscle, control samples show in addition to the 

holocomplex also a faint band at 100 kDa, and in the patient sample additional bands at 230, 

400 and 460 kDa were present. (E,F) The assembly of complex IV is shown by separation 

on a non-denaturing polyacrylamide gel followed by western blotting and detection with an 

antibody against COXIV in Patient1 and Patient 2. No abnormal intermediates are seen in 

Patient 1 (E) and Patient 2 (F).
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Figure 5: Mitochondrial protein synthesis in fibroblasts of Patient 1 and Patient 2
Mitochondrial DNA encoded proteins are labeled with 35S-methionine and 35S-cysteine in 

fibroblasts. (A) In a quantitative assay the amount of radioactive incorporation into proteins 

is reduced in fibroblasts of Patient 1 to a similar degree as of inhibition of mitochondrial 

protein synthesis by chloramphenicol, but to a lesser extent in Patient 2. (B) Labeled 

proteins are separated on an SDS-PAGE gel showing two controls in comparison with two 

samples from Patient 1. The samples show a reduction in each of the protein bands.
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