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Background: As one of the assembly factors of complex I in the mitochondrial respiratory chain, FOXRED1 plays an important role in mitochondrial function. However, only a few patients with mitochondrial encephalopathy due to FOXRED1 defects have been reported.

Methods: Two Chinese patients with mitochondrial encephalopathy due to mutations in FOXRED1 were identified through trio whole-exome sequencing. The clinical presentation, laboratory data, brain imaging findings, and genetic results were collected and reviewed. All previously reported cases with FOXRED1-related mitochondrial encephalopathy were collected using a PubMed search, and their data were reviewed.

Results: Two patients presented with severe neurodevelopmental delay, epilepsy, high lactic acid levels, and remarkable diffuse brain atrophy and polycystic encephalomalacia during early infancy. Trio whole-exome sequencing revealed compound heterozygous variants in both patients: one case harbored a c.606_607delAG frameshift variant and a c.1054C>T (p.R352W) variant. At the same time, the other carried a novel c.352C>T (p.Q118X) variant and a reported c.1054C>T (p.R352W) variant. To date, nine patients have been reported with FOXRED1 defects, including our two cases. The most common presentations were neurodevelopment delay (100%), epilepsy (80%), poor feeding (30%), and vision loss (20%). Multisystem involvement comprised cardiovascular dysfunction (30%), abnormal liver function (20%), and hypoglycemia (10%). The neuroimaging results ranged from normal to severe cerebral atrophy and polycystic encephalomalacia in early infancy. Eleven pathogenic variants in FOXRED1 have been reported, comprising six missense variants, two non-sense variants, two frameshift variants, and one splice variant; among these the c.1054C>T (p.R352W) and c.612_615dupAGTG (p.A206SfsX15) variants are more common.

Conclusion: FOXRED1-related mitochondrial disorders have high clinical and genetic heterogeneity. Our study expanded the clinical and genetic spectrum of FOXRED1 defects. Early infantile onset and progressive encephalopathy are the most common clinical presentations, while the variants c.1054C>T (p.R352W) and c.612_615dupAGTG (p.A206SfsX15) may be critical founder mutations.
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INTRODUCTION

Mitochondrial diseases (MDs) are by far the largest class of inborn errors of metabolism, with a collective incidence of 1~1.6 in 5,000 (1, 2), among which defects in complex I (CI) activity are the most common (3). Complex I comprises seven subunits encoded by mitochondrial DNA (mtDNA) and 38 subunits encoded by nuclear DNA (nDNA), and mutations of these genes account for 25 and 20% of CI deficiency, respectively (4). The remaining half of CI deficiency is believed to be caused by mutations in ancillary factors necessary for proper CI assembly and functioning (5). To date, 15 assembly factors have been identified (6).

FAD-dependent oxidoreductase domain-containing protein 1 (FOXRED1) encodes a FAD-dependent oxidoreductase complex-I-specific molecular chaperone (5), which has recently been identified to play an important role in the mid-late stages of CI assembly (7). By 2019, only seven patients with mitochondrial CI deficiency caused by mutations in the FOXRED1 gene had been reported (5, 8–12). Here, we describe two Chinese patients with compound heterozygous variants in the FOXRED1 gene, both presenting with neonatal onset severe progressive mitochondrial encephalopathy and characteristic neuroimaging of early cerebral atrophy and encephalomalacia. In this study, we also reviewed all the data of previously reported patients with mitochondrial encephalopathy caused by mutations in the FOXRED1 gene and summarized the genetic and clinical findings of FOXRED1-related MDs.



PATIENTS AND METHODS


Patients

Two patients with suspected mitochondrial encephalopathy due to FOXRED1 variants were enrolled from the Department of Neurology, Children's Hospital of Fudan University, between September 2019 and November 2020. The clinical presentation, laboratory data, brain imaging findings, and genetic results were collected and reviewed.

Ethical approval for the study was obtained from the health authority ethical committee of Children's Hospital of Fudan University. All the blood samples were collected after obtaining written consent from the parents of each patient in compliance with the Declaration of Helsinki.



DNA Isolation, Molecular Tests, and Analysis

Both patients received trio whole-exome sequencing tests, which were performed at the Translational Research Center of Children's Hospital of Fudan University. Nuclear DNA was extracted from 2-mL aliquots of whole-blood leukocytes obtained from the patients and their parents. NGS of nDNA was performed using genomic DNA from each patient on a HiSeq 2000 platform (Illumina). After mapping to the reference human genome (UCSC hg 19), the sequencing data were sorted and merged, with duplicate reads removed from BAM files using SAM tools version 0.1.16. Sanger sequencing was performed to validate the variations and determine their parental origin.

The variants were classified as “pathogenic” or “likely pathogenic” according to the variant interpretation guidelines of the American College of Medical Genetics and Genomics (13).



MR Techniques and Protocols

Brain MRI of both patients was conducted at the Department of Radiology, Children's Hospital of Fudan University, and included high-resolution spin-echo T1-weighted images, spin-echo T2-weighted images, T2-weighted images with suppression of the cerebrospinal fluid (CSF) signal [fluid-attenuated inversion recovery (FLAIR)], and diffusion-weighted images sensitive to water diffusivity.



Literature Review

Previously reported cases with FOXRED1-related mitochondrial encephalopathy were identified through a PubMed search. The clinical, biochemical, neuroimaging, molecular data and neurodevelopmental outcomes were obtained from the respective references, reviewed and compared with those of our present cases.




RESULTS


Case Description

Case 1 is a 10-month-old boy, the first child of healthy nonconsanguineous Chinese parents of Han nationality, who had been mentioned in our previous report (14). During late pregnancy, a small head circumference was noticed. He was born at term in an uneventful delivery, with a birth weight of 3.35 kg. Three weeks after birth, he was admitted to the NICU at our hospital because of difficulty in feeding, little voluntary movement, and unsatisfactory weight gain. Physical examination showed a poor response, microcephaly, high muscle tone, muscle weakness, and absent primary reflection. The laboratory investigation revealed an elevated lactic acid level of 5.0 mmol/L (normal range: <2.1 mmol/L). The results of liver function, blood ammonia, glucose, creatine kinase, thyroid function, and intrauterine infection investigation (TORCH) were unremarkable. Echocardiography showed patent ductus arteriosus (PDA) and pulmonary artery hypertension. Brain MRI at 1 month revealed profound diffuse abnormal signals, brain atrophy, and partial encephalomalacia (Figures 1A–C). Neonatal infection and encephalopathy were diagnosed. Following symptomatic treatment with anti-infection and nutrition guidance, 7 days later, he was discharged because of improvement in mental state and feeding.


[image: Figure 1]
FIGURE 1. Brain magnetic resonance imaging results of the two patients in the present study. Brain magnetic resonance imaging of patient one in our study at 1 month old revealed cerebral atrophy and partial encephalomalacia, a diffuse abnormal signal in the cerebral white matter, with a low signal in T1WI (A) and a high signal in T2WI (B), and high signals in the bilateral occipital and temporal lobes, basal ganglia and thalamus (C). An MRI of patient two at 3 months old indicated polycystic encephalomalacia and diffuse cerebral atrophy, with diffuse abnormal signals in the brain, low signals on T1WI and high signals on T2WI and DWI (D–F), and a high signal in the cerebral peduncle (G–I).


At ~1 month of age, partial tonic and myoclonic epilepsy occurred refractory to levetiracetam, sodium valproate, and topiramate. Furthermore, the patient developed poor tracking gradually. Sleep EEG showed multispike slow waves in the bilateral temporal region (predominantly left). Visual evoked potentials showed poor waveform differentiation. The blood tandem mass spectrometry results were normal, while urine gas mass spectrometry indicated elevated 4-hydroxyphenylacetic acid and aconitrate levels.

At 10 months old, the patient was admitted to our intensive care unit again for dysphagia and difficult breathing. He was intubated with ventilator support and nasal feeding, and other symptomatic treatments were introduced, including acidosis correction and anti-infection medication. 5 days later, his parents took him home, and he failed to survive.

Trio whole-exome sequencing performed when the patient was 10 months old revealed compound heterozygous variants in the FOXRED1 gene (NM_017547), including a frameshift c.606_607delAG variant in exon 5, which has been submitted to the public database ClinVar (http://www.ncbi.nlm.nih.gov/clinvar, submission number: SUB6664717) and a c.1054C>T (p.R352W) missense variant in exon 9. The father was heterozygous for c.606_607delAG, while the mother was heterozygous for c.1054C>T (p.R352W). The patient's c.1054C>T (p.R352W) variant has never been reported in the 1,000 Genomes Project, and only three individuals who were heterozygous for c.1054C>T (p.R352W) were reported in the ExAC database. Complex I deficiency was identified in one patient with homozygous variants of c.1054C>T (p.R352W) (5). According to the ACMG criteria 2015 guidelines (13), it is classified as likely pathogenic (PM1, PM2, PP3, PP5). The c.606_607delAG variant causes a frameshift change, which interrupts the transcription of subsequent sequences. It has never been reported in the 1,000 Genomes Project or ExAC database, and it is considered pathogenic (PVS1, PS4, PM2, PP1) according to the ACMG 2015 guideline (13), as described in our previous report (14).

Case 2 is a 3-month-old boy, the first child of healthy non-consanguineous parents of Han ethnicity. His mother had a history of preeclampsia during late pregnancy, and he was born by cesarean section at 36+6 weeks because of abnormal fetal heart monitoring, with a normal Apgar score. After birth, less movement of the left limbs was noticed without any interference. At 3 months, he was taken to our neurology clinic because of developmental delay, poor tracking and response, and a cluster of limb and head shaking. Physical examination showed no remarkable neurological signs. Laboratory investigation showed slight elevation in liver function (ALT 51 IU/L, normal range: 9–50 IU/L; AST 60 IU/L, normal range: 15–40 IU/L), lactic acid (Lac 4.5–6.2 mmol/L, Nor: <2.1 mmol/L), and creatine kinase (CK 337 IU/L, normal range: 0–164 IU/L). Intrauterine infections, such as CMV and HSV, were expelled. Blood ammonia, thyroid function, and blood serial mass spectrum were normal, while the urine mass spectrum test indicated slightly elevated 2-ketoglutarate and aconitrate levels. Electroencephalography (EEG) was performed and revealed slow waves (2–3 Hz) and low voltage in the background without epileptic discharge. Brain MRI at 3.5 months showed impressive diffused abnormal signals in the cortex and white matter, polycystic encephalomalacia, cerebral atrophy, and bilateral subdural effusion (Figures 1D–I). Neonatal encephalopathy and epilepsy were diagnosed, and clonazepam was prescribed. However, no obvious improvement was observed until now.

Additionally, trio whole-exome sequencing was conducted and revealed compound heterozygous variants in the FOXRED1 gene (NM_017547), including a novel c.352C>T (p.Q118X) nonsense variant in exon 3, which has been submitted to the public database ClinVar (http://www.ncbi.nlm.nih.gov/clinvar, submission number: SUB 8878161) and a reported c.1054C>T (p.R352W) missense variant in exon 9. The father was heterozygous for c.352C>T (p.Q118X), while the mother was heterozygous for c.1054C>T (p.R352W). The variant c.352C>T (p.Q118X), which has never been reported in the 1000 Genomes Project or ExAC database, leads to premature termination of translation and causes protein shortening; according to the ACMG 2015 guideline (13), it is pathogenic (PVS1, PM2, PP3).



Literature Review of Previously Reported Patients

To date, nine patients with FOXRED1-related mitochondrial encephalopathy from 8 unrelated families have been reported, including our two cases (Table 1). All the patients had an early onset except for one patient who had a learning disorder and clumsiness at 4 years old (Table 1, case 8). Developmental delay or the loss of acquired milestones was most common in these patients, followed by epilepsy and vision impairment. Among seven patients with neuroimaging results, five revealed diffuse abnormal signals in the cortex and deep white matrix during early infancy. Eleven variants were reported in the FOXRED1 gene, comprising six missense variants, two non-sense variants, two frameshift variants, and one splicing variant (Figure 2).


Table 1. Clinical and genetic characteristics of FOXRED1-related mitochondrial encephalopathy.
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FIGURE 2. Family pedigrees of our cases and all the reported pathogenic variants mapped on the FOXRED1 gene structure. (A) Two patients from unrelated families in our study both harbored compound heterozygous mutations in the FOXRED1 gene. (B) The FOXRED1 gene comprises 11 exons, which are illustrated in blue. The pathogenic variants identified in this study are illustrated on the upper side of the exons with novel variants highlighted in bold; other previously reported variants are on the lower side.





DISCUSSION

FOXRED1, a mitochondria-targeted 486-amino acid FAD-dependent oxidoreductase (15), is one of the 15 assembly factors of complex I, the first and largest complex of the OXPHOS system. Mutations in FOXRED1 have been reported to be associated with Leigh syndrome (7, 8) and infantile-onset mitochondrial encephalopathy (5). Here, we described two Chinese patients with neonatal-onset progressive mitochondrial encephalopathy with a new neuroimaging pattern caused by compound heterozygous variants in the FOXRED1 gene, including one novel nonsense c.352C>T (p.Q118X) variant, which expanded the clinical and genetic spectrum of FOXRED1-related mitochondrial disorders.

Like other mitochondrial disorders, there is high clinical heterogeneity in FOXRED1-related mitochondrial disorders (Table 1), which range from mild learning disorders and clumsiness (12) to severe progressive mitochondrial encephalopathy and even failure to survive (11). The most common symptoms comprise developmental delay (100%), epilepsy (80%), vision loss (20%), and dysphagia (20%). Multisystem involvement, such as cardiovascular dysfunction, abnormal liver function, and hypoglycemia, has also been observed. In our study, we reported two patients with neonatal onset, severe progressive encephalopathy with lactic acidosis, and characteristic polycystic encephalomalacia on brain MRI. Among these FOXRED1-mutated patients, eight patients had an onset in infancy (8/9, 88.9%), and five patients had an even earlier neonatal onset (5/9, 55.6%); thus, the percentage of both is much higher than that (~30%) of infantile-onset or neonatal-onset cases among overall nuclear-encoded complex I defects (16). Among the infantile-onset patients, three cases had IUGR (3/8, 37.5%). Additionally, among the five cases with abnormal brain MRI results (5/7, 71.4%), four showed remarkable lesions during infancy (ranging from 13 days after birth to 8 months). These phenomena indicate early damage in the brains of FOXRED1-mutated patients. Studies in different mammalian species have shown that FOXRED1 expression increases rapidly during embryonic development (17), and proinflammatory conditions during pregnancy, such as IUGR and preeclampsia, can dramatically increase ROS production, placing even higher demands on the oxidative stress defense systems (18). Accordingly, in 2015, one researcher hypothesized that, as a sarcosine oxidase, the catalytic activity of FOXRED1 protects the developing fetus from oxidative stress during pregnancy (19), a notion that is consistent with our investigations. However, more evidence must be elucidated.

All mitochondrial encephalopathy patients with FOXRED1 mutations are inherited in an autosomal recessive pattern. To date, 11 pathogenic variants in the FOXRED1 gene have been reported (Figure 2), including six missense variants, two non-sense variants, two frameshift variants, and one splice variant. Among these variants, c.1054C>T (p.R352W) and c.612_615dupAGTG (p.A206SfsX15) were more common than others. Concerning c.1054C>T (p.R352W), the transition from a highly conserved arginine residue to the much larger tryptophan possibly results in the tryptophan sidechain being closer to the FAD-binding site, thus interfering with FAD binding. This variant was found in two Chinese patients (cases 8 and 9) and one Iranian-Jewish patient (case 2). According to public databases such as ExAC, c.1054C>T (p.R352W) has a frequency of 0.01% in East Asians (much higher than in other populations); thus, it may be a hot spot in East Asian FOXRED1-mutated MDs and may play a critical role in molecular screening in Asian patients. The duplication c.612_615dupAGTG (p.A206SfsX15) variant, which changes alanine 206 to a serine residue, causes a frameshift and creates a premature stop codon at position 15 of the new reading frame, leading to a loss of normal protein function either through protein truncation or nonsense-mediated mRNA decay and is predicted to be pathogenic (11). The c.612_615dupAGTG (p.A206SfsX15) variant has a relatively high frequency of 0.08% in Ashkenazi Jews; however, the ethnic group of two patients who were reported to carry the variant was unavailable. Further investigation is needed to evaluate the hot spots.

Loss of FOXRED1 function mainly leads to a reduction in the amount of fully assembled complex I (5). In 2017, the characterization of fibroblast lines from FOXRED1-mutated patients demonstrated that FOXRED1 is involved in the middle to late stages of complex I assembly (7). However, another study demonstrated that FOXRED1 function likely involves the assembly of two flavoprotein-containing OXPHOS complexes (Complexes I and II) and is cell-type specific; for example, FOXRED1 is required for complex II assembly in myoblasts (9). However, the precise molecular role of FOXRED1 in the OXPHOS system and pregnancy remains to be elucidated.

No genotype-phenotype correlation seems to exist for FOXRED1-related mitochondrial encephalopathy, similar to many other mitochondrial disorders. No curative methods are currently available for FOXRED-1-related complex I deficiency patients. With palliative care, two patients failed to survive, and most of the living patients showed a progressing disease course, severe disability and poor quality of life.



CONCLUSION

In this study, we reported two Chinese patients with neonatal-onset severe progressive encephalopathy with lactic acidosis and characteristic polycystic encephalomalacia on brain MRI, expanding the clinical and molecular genetic spectrum of FOXRED1-related mitochondrial encephalopathy. Based on the literature review, early infantile onset and progressive encephalopathy are the most common clinical presentations, always with high mortality and disability. Among the mutations, c.1054C>T (p.R352W) and c.612_615dupAGTG (p.A206SfsX15) are more common, which may be helpful in molecular genetic analysis.
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