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Case report: novel mutations of NDUFS6 and 
NHLRC2 genes potentially cause the quick 
postnatal death of a Chinese Hani minority 
neonate with mitochondrial complex I deficiency 
and FINCA syndrome
Yangfang Li, MDa,†, Yu Zhang, MScb,†, Gengpan Jiang, MMa, Yan Wang, MMb, Canlin He, MDa,  
Xiaofen Zhao, MDa, Ling Liu, MDa, Li Li,MDb,* 

Abstract 
Introduction: Mitochondrial complex I deficiency (MCID) and abbFINCA syndrome are lethal congenital diseases and cases in 
the neonatal period are rarely reported. Here, we identified a Chinese Hani minority neonate with rare MCID and FINCA syndrome. 
This study was to analyze the clinical manifestations and pathogenic gene variations, and to investigate causes of quick postnatal 
death of patient and possible molecular pathogenic mechanisms.

Patient concerns: A 17-day-old patient had reduced muscle tension, diminished primitive reflexes, significantly abnormal 
blood gas analysis, and progressively increased blood lactate and blood glucose. Imaging studies revealed pneumonia, pulmonary 
hypertension, and brain abnormalities.

Diagnosis: Whole-exome sequencing revealed that the NDUFS6 gene of the patient carried c. 344G > T (p.C115F) novel 
homozygous variation, and the NHLRC2 gene carried c. 1749C > G (p.F583L) and c. 2129C > T (p.T710M) novel compound 
heterozygous variation.

Interventions and outcomes: The patient was given endotracheal intubation, respiratory support, high-frequency ventilation, 
antishock therapy, as well as iNO and Alprostadil to reduce pulmonary hypertension and maintain homeostatic equilibrium. 
However, the patient was critically ill and died in 27 days.

Conclusion: The patient has MCID due to a novel mutation in NDUFS6 and FINCA syndrome due to novel mutations in 
NHLRC2, which is the main reason for the rapid onset and quick death of the patient.

Abbreviations: ABE = actural base excess, CNS = central nervous system, eLV = left ventricular, IFINCA = fibrosis, 
neurodegeneration, cerebral angiomatosis syndrome, ISC = Fe-S clusters, MRI magnetic resonance imaging, MCI = mitochondrial 
complex, MCID = mitochondrial complex I deficiency, MPP = mitochondrial processing proteases, NDUFS6 = NADH dehydrogenase 
(ubiquinone) iron-sulfur protein 6, NHLRC2 = NHL-repeat-containing protein, PASP = pulmonary arterial systolic pressur, pCO2 = 
partial pressure of carbon dioxide, pO2 = partial pressure of oxygen, ROS = reactive oxygen species, SBC = standard bicarbonate 
radical, SBE = standard base excess, SpO = oxygen saturation, UCG = ultrasonic cardiogram.
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1. Introduction
Mitochondrial complex I deficiency (MCID) is one of the most 
common mitochondrial diseases,[1] accounting for approximately 

30% of human respiratory chain disorders, inherited in an auto-
somal recessive manner. Mitochondrial complex I (MCI) has a 
complex structure and comprises at least 45 subunits, of which 
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38 are encoded by the nucleus and the other 7 are encoded by 
mitochondria.[2,3] MCID can result from a functional mutation in 
the genes encoding any of the subunits. It is reported that 20% of 
MCID is caused by mutations in genes encoded by mitochondrial 
DNA, and 80% is caused by mutations in nuclear genes.[4–6] Due 
to the diversity of pathogenic genes, the clinical manifestations of 
MCID vary greatly among individuals, including lactic acidosis in 
the neonatal period, subacute necrotizing encephalomyelopathy 
(Leigh syndrome MIM: 256000) in early childhood, mitochon-
drial encephalomyopathy and MELAS syndrome in childhood, 
neurodegenerative diseases in adulthood, as well as cardiomyopa-
thy, nephropathy, hepatopathy, leukodystrophy with macroceph-
aly.[7,8] So far, 17 pathogenic genes of MCID have been included 
in the OMIM database,[9] and there are still many other genes that 
may lead to MCID. However, the lack of relevant cases and stud-
ies regarding phenotype-genotype correlations makes the patho-
genic molecular mechanism of MCID not fully clarified. NDUFS6 
is one of the known pathogenic genes of MCID on chromosome 
5 (Chr 5q15.33) and consists of 4 exons and 3 introns. It encodes 
NADH dehydrogenase (ubiquinone) iron-sulfur protein 6, which 
is the main accessory subunit of MCI and involved in the trans-
port of electrons from NADH to the respiratory chain.[10] MCID 
resulting from NDUFS6 deficiency often has an early onset and 
critical symptoms, with the most important clinical manifestation 
being fatal infantile lactic acidosis. Most of the patients die in the 
neonatal period.[6] Animal studies have confirmed that Ndufs6 
knockout in mice can lead to MCI deficiency, excessive ROS gen-
eration and kidney injury.[11]

FINCA (fibrosis, neurodegeneration, cerebral angiomatosis) 
syndrome is a progressive brain-lung disease (OMIM 618278) 
caused by a variation in the NHLRC2 gene, first reported in 
2018.[12] FINCA syndrome is inherited in an autosomal recessive 
manner, with neurological symptoms first manifested, followed 
by multiple organ involvement as the disease progresses, such 
as severe tissue fibrosis, neurodegenerative diseases and cerebral 
hemangioma.[13] The neuropathological findings of the patients 
include brain atrophy, vacuolar neurodegenerative diseases, loss 
of myelin with glioma, cerebral hemangioma, and neuronal loss 
in the anterior horn of the spinal cord.[12] At present, there are 
few studies worldwide on FINCA syndrome, and the reported 
cases were diagnosed when patients developed relevant symp-
toms after 2 months of age, and there is no relevant report on 
the early manifestations of FINCA syndrome that may occur in 
the neonatal period. The pathogenic gene NHLRC2 is located 
on chromosome 10 (Chr 10q25.3) and consists of 11 exons and 
10 introns. NHLRC2 encoded NHL-repeat-containing protein 
2 is a 79-kDa protein containing 726 amino acids comprising 
an N-terminal thioredoxin (Trx)-like domain, a 6-bladed β-pro-
peller domain, and a C-terminal β-strand domain. Studies have 
shown that there is a highly conserved cleft between the Trx-like 
domain and the β-propeller domain, which may be a binding 
site of NHLRC2 substrate or its interacting molecules, but no 
molecules interacting with NHLRC2 have been found so far.[14] 
NHLRC2 is evolutionarily highly conserved and may play an 
important role during brain development. High expression of 
NHLRC2 mRNA can be detected early in both human and mouse 
brain development,[15] while abnormal changes in NHLRC2 pro-
teins and NHLRC2 mRNA levels can be detected in patients 
with such neurodegenerative diseases as Parkinson disease and 
Alzheimer disease.[16,17] Animal studies have confirmed that a 
homozygous mutation (p.Val311Ala) in the β-propeller domain 
of NHLRC2 can lead to a range of neural tube-related develop-
mental malformations.[18] In addition, NHLRC2 may be widely 
involved in embryonic development. In mice studies, X-gal stain-
ing revealed that Nhlrc2 is widely expressed in multiple organs 
during embryonic development, and complete loss of Nhlrc2 can 
lead to early embryonic death.[12] Other studies have also found 
that variations of NHLRC2 affect the cytoskeleton and vesicular 
trafficking of human skin fibroblasts, while FINCA patient-de-
rived immortalized skin fibroblasts have a significantly enhanced 

ability to differentiate into myofibroblasts.[19] In macrophages, 
NHLRC2 can act as a regulator and affect actin dynamics 
through the RhoA-Rac1 signaling pathway, thereby regulating 
phagocytosis.[20] In colon cancer cells, loss of NHLRC2 can cause 
excessive reactive oxygen species (ROS) generation, thereby 
inducing apoptosis.[21] Although a growing number of studies 
have confirmed the importance of NHLRC2, its specific physio-
logical function remains unclear.

Both MCID and FINCA syndrome are extremely fatal genetic 
diseases. In view of the absence of effective therapeutic regi-
mens, only symptomatic and supportive treatment is available. 
No cases of MCID with FINCA syndrome have been reported 
to date, especially FINCA syndrome is particularly poorly sup-
ported by case data from the neonatal period. This study inves-
tigates a Chinese Hani minority neonate with rare MCID and 
FINCA syndrome. We also analyze his clinical and biochemical 
characteristics and imaging findings, investigate the causes of 
his quick postnatal death, and explore the possible pathogenic 
molecular mechanisms and the genetic characteristics of the dis-
eases in the Hani population. This study expands the pathogenic 
mutation map of MCID and FINCA syndrome and provides 
more basis for disease prevention, diagnosis and treatment.

2. Methods
The study was approved by the Ethics Committee of Kunming 
Children’s Hospital. All experiments were performed in compli-
ance with the Helsinki Declaration. Informed written consent 
was obtained from the parents of the patient for the collection 
of clinical information, blood samples, DNA, and for presenta-
tion of patient’s materials.

2.1. Subjects

The proband was a Hani minority male infant born by sponta-
neous delivery (G7P6, 39W+4) and was admitted to the hospital 
at 17 days of age with a poor mental response for 4 days with 
fever. Physical examination on admission revealed a tempera-
ture of 37.5°C, heart rate of 147 beats/min, respiratory rate of 
42 breaths/min, SPO2 of 82%– 92% (no oxygen inhaled), length 
of 54 cm, weight of 3.7 kg, and head circumference of 36 cm. The 
patient had poor general condition and response, little spontaneous 
activity, irritability after stimulation, flat and soft anterior fonta-
nel (2 × 2 cm), mild yellowing of the skin, slight cyanosis around 
the mouth, glassy eyes, rough breathing sounds, reduced muscle 
tension, normal sucking reflex and grasp reflex, and diminished 
Moro reflex. During hospitalization, the child gradually devel-
oped pale limbs, poor limb circulation, reduced muscle tension, 
diminished primitive reflex, and significantly abnormal blood gas 
analysis. Therefore, he was given endotracheal intubation, respi-
ratory support, high-frequency ventilation, antishock therapy, as 
well as iNO and Alprostadil to reduce pulmonary hypertension 
and maintain homeostatic equilibrium. However, the condition 
was not significantly improved, as blood lactate and blood glucose 
progressively increased and metabolic acidosis was difficult to cor-
rect. The patient died clinically 10 days after his hospitalization 
due to ineffective treatment, with an age of 27 days at the time 
of death. The proband’s parents were in good physical condition, 
all of them were of Hani population and denied consanguineous 
marriage and history of genetic diseases and infectious diseases, 
and the proband had 3 sisters in good health.

2.2. Clinical examination

The patient underwent systematic physical examination, labora-
tory tests, and imaging studies after admission. Physical exam-
ination mainly focused on primitive reflexes and muscle tension. 
Laboratory tests focused on arterial blood gas analysis. Imaging 
studies included UCG, brain MRI, and chest CT.
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2.3. Whole-exome sequencing

A total of 2 ml peripheral blood (EDTA anticoagulant) was 
drawn from the patient, DNA was extracted from blood using 
a blood extraction kit, and 0.75 μg of DNA sample was taken 
for sonication to obtain 200–300 bp DNA fragments. A DNA 
library was constructed using KAPA Library Preparation 
Kit, and DNA concentration and purity were detected using 
NanoDrop2000. The biotin-labeled probe library DNA was 
hybridized under certain conditions; streptavidin magnetic 
beads were used to covalently bind biotin-labeled probes, so as 
to grasp target genes; finally, the magnetic beads carrying the 
target genes were adsorbed with a magnetic rack, eluted and 
purified; then, the target genes were enriched, and subject to 
Qubit quantification. The DNA samples captured were taken for 
Illumina NovaSeq high-throughput sequencing. After sequenc-
ing data were assessed to be qualified by Illumina Sequence 
Control Software (SCS), data reading and bioinformatics anal-
ysis were performed.

The results were verified by Sanger sequencing. Specific 
primers were used to amplify DNA fragments at the muta-
tion site. Primers were used to amplify exon 4 of NDUFS6 
(NM_004553.4) (Chr5:1815999-F-1 CTGAGGTGTGGGGA
GTGAAT;chr5:1815999-R-1TTGTCAGCCTTGACAGCAAC), 
exon 10 of NHLRC2 (NM_198514.3) 
(Chr10:115664620-F-1 GGGTTTTGTTGTTGTCGCTAA, 
chr10:115664620-R-1TTTGATCCTGATGGGAGGTC) and 
exon 11 of NHLRC2 (NM_198514.3) (Chr10:115668243-
F-1GCAATGCCTGGCACTTAGAG;chr10:115668243-R-1 
CAATGGGCATCTTGGTATCC). Details are as follows: 
Denaturation at 95°C for 5 min; denaturation at 95°C for 30 
seconds, annealing at 65°C for 30 seconds, extension at 72°C 
for 30 seconds, 25 cycles in total, 0.6°C decreased in each cycle; 
denaturation at 95°C for 30 seconds, annealing at 50°C for 30 
seconds, extension at 72°C for 1 min, 20 cycles in total; exten-
sion at 72°C for 10 min. When PCR was finished, 3 μL of the 
products were subjected to 2.5% agarose gel electrophoresis. 
PCR products were sequenced using an ABI 3730XL DNA 
analyzer.

3. Results

3.1. The disease of the patient progressed rapidly and the 
condition was critical

After admission, the patient underwent systematic physical 
examination, laboratory tests, and imaging studies. Physical 
examination showed poor response, little spontaneous activity, 
irritability after stimulation, slight cyanosis around the mouth, 
glassy eyes, diminished Moro reflex, shallow breathing, rough 
breathing sounds, progressive dyspnea, and reduced muscle 
tension. During hospitalization, he gradually developed pale 
limbs, further reduced muscle tension, and diminished prim-
itive reflexes. Despite continuous treatment, laboratory arte-
rial blood gas analysis showed significantly abnormal results, 
mainly manifested as high blood lactate concentration and 
blood glucose concentration. In normal subjects, the blood 
lactate concentration is 0.5–2.2 mg/L and the blood glucose 
concentration is 3.9–5.9 mmol/L. In this study, 16 times of 
blood gas analyses of the patient during hospitalization showed 
that the blood lactate concentrations were all higher than the 
normal range, up to 19.0 mg/L, about 9 times of normal sub-
jects (Fig.  1A), and the blood glucose concentrations were 
also higher than the normal range for many times, up to 22.1 
mmol/L, about 4 times of normal subjects (Fig. 1B). In addition, 
the partial pressure of carbon dioxide, oxygen partial pressure, 
bicarbonate concentration, actual base excess, standard base 
excess and standard bicarbonate radical fluctuated greatly, 
suggesting lactic acidosis, abnormal glucose metabolism and 
unstable vital signs (Fig.  1C). Bedside chest X-ray showed 

widened superior mediastinum considering thymic shadow, 
unclear structure of both hili, increased and blurred lung mark-
ings, and spot (plaque-like) high-density blurred shadows scat-
tered in the middle and inner zones, suggesting that the patient 
suffered from neonatal pneumonia (Fig.  2A). Bedside UCG 
showed enlarged and bulged right atrium and right ventricle 
to the LV side, compressed outflow tract of left ventricle with 
pulmonary hypertension, and moderate tricuspid regurgitation, 
with an estimated PASP of 56 mm Hg (Fig.  2B). Brain MRI 
showed slightly higher water content in the white matter of 
the frontal, parietal, and temporal lobes, and slightly widened 
extracerebral space in the temporal region, suggesting that the 
child may have leukodystrophy and CNS infection (Fig. 2C).

3.2. The patient had mitochondrial complex I deficiency 
resulted from a novel homozygous mutation of NDUFS6 
gene c.344G> T (p.C115F)

During hospitalization, the symptoms of progressively 
increased blood lactate and blood glucose, and metabolic aci-
dosis suggested that the patient was very likely to have inher-
ited metabolic diseases. In order to detect whether the patient 
had abnormal genes, the peripheral blood DNA was extracted 
for Illumina NovaSeq high-throughput sequencing. The results 
showed a homozygous mutation in exon 4 of the NDUFS6 
gene, which substituted Guanine with Thymine at nucleotide 
344 (c.344G > T), resulting in a substitution of Cysteine with 
Phenylalanine at amino acid 115 (p.C115F) (Fig.  3A). This 
mutation was verified by Sanger first-generation sequencing 
(Fig.  3B). Querying the HGMD database revealed that there 
have been studies reporting variations at the same amino acid 
position, but their nucleotide variant types were different from 
those in this study, so this is a novel mutation. Previous stud-
ies reported that c.344G > A homozygous mutation resulted 
in an amino acid change p.C115Y (Cysteine > Tyrosine) and 
triggered neonatal lactic acidosis, and c.343T > C homozygous 
mutation resulted in an amino acid change p. C115R (Cysteine 
> Arginine) and triggered Leigh syndrome. Both of the diseases 
were manifestations of MCID. Regarding the hereditary man-
ner of MCID to be autosomal recessive and in combination 
with such symptoms as increased blood lactate and blood 
glucose and metabolic acidosis in the patient in this study, the 
patient could be identified as MCID resulted from a homozy-
gous mutation in NDUFS6 gene c.344G> T (p.C115F). The 
parents of the patient had no disease manifestations and were 
heterozygous carriers of this variant. The homozygous muta-
tions carried by the patient were inherited from his parents, 
respectively, and his 3 3 sisters also had no disease phenotype 
and may or may not be heterozygous carriers of this variant 
(Fig. 3C). As the patient’s parents and 3 sisters refused to offer 
their DNA samples, the gene mutation of the patient’s family 
members could not be confirmed.

3.3. The patient had FINCA syndrome resulted from a 
novel compound heterozygous variation of NHLRC2 gene 
c.1749C > G (p.F583L) and c.2129C > T (p.T710M)

In addition to the abnormal NDUFS6 gene, the whole-exome 
sequencing revealed another genetic variation. The patient had a 
compound heterozygous variation in exon 10 of NHLRC2 gene, 
which substituted Cytosine with Guanine at nucleotide 1749 
(c.1749C > G), resulting in a substitution of Phenylalanine with 
Leucine at amino acid 583 (p.F583L), and in exon 11, which 
substituted Cytosine with Thymine at nucleotide 2129 (c.2129C 
> T), resulting in a substitution of Threonine with Methionine 
at amino acid 710 (p.T710M) (Fig. 4A). The above mutations 
were verified by Sanger first-generation sequencing (Fig.  4B). 
Querying the HGMD database revealed that the mutations at 
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the above 2 sites had not been reported in previous literature, so 
they were novel mutations. Brain MRI showed abnormal brain 
lesions, including slightly higher water content in the white mat-
ter of the frontal, parietal, and temporal lobes, and slightly wid-
ened extracerebral space in the temporal region, which may be 
early manifestations of FINCA syndrome in the neonatal period. 
So we speculated that the compound heterozygous mutation car-
ried by the patient resulted in abnormal NHLRC2 gene function 
and triggered FINCA syndrome. However, since the patient was 
critically ill and died in only 27 days, the subsequent neurolog-
ical development could not be observed, so no more manifesta-
tions in the late course of FINCA syndrome could be observed.

4. Discussion
Mitochondrial complex I (MCI) has a complex structure and 
comprises more than 40 subunits. Assembly of such a complex 
structure requires the involvement of many assembly factors. 
It has been found that at least 15 proteins may be involved in 
MCI assembly. In addition to the defect of genes encoding MCI 
structure, the defect of genes encoding assembly factors can 

also lead to MCID.[22] According to the reported cases, MCID 
is manifested as Leigh syndrome, myocardial encephalopa-
thy, hepatic tubulopathy, leukodystrophy with macrocephaly, 
and severe neonatal lactic acidosis.[8] Among them, Leigh syn-
drome is common in early childhood and resulted from muta-
tions in NDUFS1, NDUFS3, NDUFS4, NDUFS7, NDUFS8, and 
NDUFV1 genes[23]; early-onset myocardial encephalopathy may 
result from mutations in NDUFS2 and NDUFV2 genes[24]; fatal 
infantile lactic acidosis may result from mutations in NDUFA11 
gene.[25] Even so, there are still many pathogenic genes of MCID 
that remain unknown and lack complete phenotype-genotype 
correlations, so MCID diagnosis by gene sequencing remains 
to be improved. Laboratory diagnosis of MCID is also very dif-
ficult, as biochemical parameters are often complex and over-
lapped and there are no specific features in general biochemical 
examinations. Studies have shown that the diagnosis can be 
made by the analysis of mitochondrial respiratory chain com-
plex activity, but such significantly affected tissues as the brain, 
myocardium and endocrine glands must be collected by trau-
matic operations as ideal specimens, which is hard. It is rather 
unacceptable for neonates and their parents; so it is difficult 

Figure 1. Blood lactate and glucose remained high in the patient. (A) The results of 16 times of blood lactate tests during the patient’s hospitalization. Blue 
block: normal range of blood lactate from 0.5 to 2.2 mg/L. (B) The results of 16 times of blood glucose tests during the patient’s hospitalization. Blue block: 
normal range of blood glucose from 3.9 to 5.9 mmol/L. (C) The patient had significantly abnormal blood gas analysis results. Red indicates a higher value than 
the normal range; blue indicates a lower value than the normal range. Darker color indicates more deviation from the normal range. ABE = actural base excess, 
pCO2 = partial pressure of carbon dioxide, pO2 = partial pressure of oxygen, SBC = standard bicarbonate radical, SBE = standard base excess, SpO = oxygen 
saturation.
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to widely use in clinical practice. In this study, the patient was 
young, critically ill, and could not undergo tissue biopsy; so only 
gene sequencing could be selected for diagnosis. In addition, 
since the clinical manifestations of MCID have no obvious speci-
ficity compared with other mitochondrial diseases, the diagnosis 
of MCID should also be distinguished from other mitochondrial 
dysfunction diseases, especially multiple mitochondrial dysfunc-
tion syndrome (MMDS). MMDS is an autosomal recessive 
disease with clinical manifestations similar to MCID, such as 
leukodystrophy, decreased muscle tension, respiratory insuffi-
ciency, hyperglycemia, encephalopathy, neurological injuries, 
and dysplasia.[26] However, MMDS has a different molecular 
mechanism of pathogenicity from MCID. MMDS is caused by 
nuclear gene mutations and can be divided into 6 types. Types 
1–5 are caused by mutations in genes encoding the biosynthetic 
process of Fe-S clusters (ISC); type 6 is caused by mutations in 
genes encoding the catalytic subunits of mitochondrial process-
ing proteases (MPP), which in turn impair mitochondrial func-
tion and present with a series of clinical manifestations.[27,28] In 
summary, it is particularly important to constantly improve the 
pathogenic mutation spectrum of mitochondrial diseases and 
develop novel laboratory diagnosis and identification methods 
for mitochondrial diseases.

The patient in this study had MCID due to a novel homo-
zygous mutation in NDUFS6 and FINCA syndrome due to a 
novel compound heterozygous mutation in NHLRC2. The 
NDUFS6 protein is part of the hydrophilic peripheral arm of 
MCI and is located in the ISC of MCI.[29] Studies have found 
that the activity of muscle tissue NADH (represents MCI) and 
cytochrome c oxidoreductase (represents mitochondrial com-
plex III, MCIII) residues is severely reduced in MCID patients 
caused by NDUFS6 deficiency. It is speculated that NDUFS6 
may be involved in the interaction between MCI and MCIII and 
play an important role in the late stage of MCI assembly pro-
cess. The functional defect may affect the complete assembly 
of MCI or the peripheral arm stability of MCI.[30] The patho-
genic mutation carried by the patient was c.344G> T (p.C115F), 
where the original Cysteine is evolutionarily highly conserved. 
MCID due to variation at this site has also been reported in the 
past, and this mutation has a very low carrier rate in the normal 

population (<0.00001); so its variation may seriously affect 
protein function. The NHLRC2 protein contains 3 domains: 
N-terminal thioredoxin (Trx)-like domain, 6-bladed β-propel-
ler domain, and C-terminal β-strand domain. Among them, the 
N-terminal Trx-like domain and 6-bladed β-propeller domain 
are more conserved among species. The CXXC motif site in the 
N-terminal Trx-like domain contains a CCINC motif, which is 
a typical feature of oxidoreductases and plays a role in thiol-di-
sulfide exchanges. The 6-bladed β-propeller domain consists of 
6 NHL repeats, and this structure has also been found in the 
NCL-1, HT2A, and LIN-41 genes, and is considered to be an 
important structure involved in protein interactions.[31] Since the 
C-terminal β-strand domain is not conserved among species, few 
studies have focused on its function. The molecular pathogenic 
mechanism involved in FINCA syndrome induced by NHLRC2 
deficiency remains to be studied. Mice studies have founded that 
NHLRC2 knockout can lead to increased hnRNP C2 expres-
sion in neurons and hippocampal pyramidal cells, accumulated 
RNA-binding proteins, and dysregulated RNA metabolism, 
ultimately causing neurodegenerative symptoms in FINCA syn-
drome.[32] Two mutations c.1749C> G (p.F583L) and c.2129C> 
T (p.T710M) carried by the patient in this study were located 
in the C-terminal β-strand domain and may also be one of the 
reasons why neurodegenerative symptoms were not apparent 
in this patient. The carrier rate of the above 2 mutations in the 
normal population is extremely low (both <0.00005); so their 
effects on protein function are still worth studying. In this study, 
NDUFS6 and NHLRC2 were only subject to genetic testing, 
and clinical samples were not obtained for protein functional 
verification as the parents refused autopsy.

The simultaneous deficiency of NDUFS6 and NHLRC2 
may be the main reason for the rapid onset and quick death 
of the patient. Some studies have found that NDUFS6 and 
NHLRC2 are both involved in the process of ROS genera-
tion in cells and mitochondria, and are associated with ROS-
induced cellular senescence and apoptosis. MCI is known to be 
the main entrance of electrons into the respiratory chain and 
can regulate ROS, whose defects often lead to oxidative stress 
responses, allowing excessive increases of ROS and hindering 
normal intracellular ROS detoxification.[33] Cells can produce 

Figure 2. The patient suffered from neonatal pneumonia, right pulmonary hypertension, and possible leukodystrophy with CNS infection. (A) Chest CT findings. 
(B) UCG findings. (C) Brain MRI findings.
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ROS during normal metabolism or in a toxic state. Low levels 
of ROS can reversibly oxidize the thiol groups in proteins and 
modify the structure and function of proteins. However, exces-
sive ROS will cause nonspecific damage to DNA, proteins, lipids 
and other macromolecules and induce cellular senescence and 
apoptosis, so it is very important to maintain the homeostasis 
of intracellular ROS.[34] ROS are found to be significantly higher 
in fibroblast cells from MCID patients resulting from NDUFS6 
deficiency.[35] In mouse bone marrow mesenchymal stem cells, 
inhibition of NDUFS6 expression can lead to excessive ROS 
generation and excessive activation of p53/p21 signaling path-
way, thereby accelerating cell senescence and apoptosis, while 
inhibition of ROS or supplementation of deficient NDUFS6 can 
slow down the senescence.[36] NHLRC2 can also be involved in 
ROS-induced apoptosis, but its specific mechanism of action 
remains unclear. Studies in rectal cancer cells have found that 
excessive ROS can prompt the Thx-like domain of NHLRC2 
to interact with caspase-8 zymogen, allowing NHLRC2 to be 
cleaved and degraded at Asp580, ultimately leading to apop-
tosis.[21] Therefore, the simultaneous deficiency of the above 2 

genes can lead to a complete dysregulation of ROS homeosta-
sis in the patient, and whether there is a correlation between 
NDUFS6 and NHLRC2 protein function remains to be solved.

It is very rare that the patient suffers from 2 genetic diseases. 
Although his parents deny consanguineous marriage, they 
are both of the Chinese Hani minority population. The Hani 
minority originated from the nomads on the ancient Qinghai-
Tibet Plateau and later migrated to the subtropical region of 
Yunnan Province. The Hani population is genetically and evo-
lutionarily isolated due to its unique religious beliefs and living 
customs and tends to endogamy, resulting in a greatly increased 
proportion of genetic defects in its offspring. Future genome-
wide association studies targeting ethnic minorities including 
the Hani minority can be performed to reveal the specificity of 
ethnic minority genomes and the molecular mechanisms under-
lying their high incidence of genetic diseases.

This study is the first report on neonatal MCID with FINCA 
syndrome, providing data support for the clinical manifes-
tations in the neonatal period of both diseases. The muta-
tions found in the study are novel which further expand the 

Figure 3. The patient had mitochondrial complex I deficiency resulted from a novel homozygous mutation of NDUFS6 gene c.344G> T (p.C115F). (A) Diagram 
of NDUFS6 gene and mutation location. The black rectangle indicates the exon region (drawn with reference to transcript NM004553.6). (B) Sanger first-gener-
ation sequencing verification results of NDUFS6 gene mutations. The red arrow indicates the site of mutation. (C) Hereditary family tree of the patient.
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pathogenic mutation spectrum of MCID and FINCA syn-
drome and phenotype-genotype correlations, facilitate further 
investigation on the pathogenic molecular mechanisms of the 
2 diseases, and provide more bases for the prevention, diag-
nosis, treatment and screening of the 2 diseases. However, as 
the patient is featured with rarity, rapid onset and quick death, 
pathogenesis studies about this patient are difficult to continue, 
and additional similar cases need to be collected for subsequent 
studies.

Acknowledgment
We thank the patient and his parents for giving the permission 
to collect all clinical information, blood samples, DNA, and for 
presenting patient’s materials and test results in this study.

Author contributions
Yangfang Li: Funding acquisition, Conceptualization. Yu Zhang: 
Investigation, Writing - Original Draft. Gengpan Jiang: Data 
Curation. Yan Wang: Data Curation. Canlin He: Resources. 
Xiaofen Zhao: Validation. Ling Liu: Methodology. Li Li: 
Writing - Review & Editing, Supervision, Funding acquisition.

References
 [1] Kirby DM, Crawford M, Cleary MA, et al. Respiratory chain complex 

I deficiency: an underdiagnosed energy generation disorder. Neurology. 
1999;52:1255–1264.

 [2] Carroll J, Fearnley IM, Shannon RJ, et al. Analysis of the subunit 
composition of complex I from bovine heart mitochondria. Mol Cell 
Proteomics. 2003;2:117–26.

 [3] Murray J, Zhang B, Taylor SW, et al. The subunit composition of the 
human NADH dehydrogenase obtained by rapid one-step immunopu-
rification. J Biol Chem. 2003;278:13619–22.

 [4] Lebon S, Chol M, Benit P, et al. Recurrent de novo mitochondrial DNA 
mutations in respiratory chain deficiency. J Med Genet. 2003;40:896–9.

 [5] McFarland R, Kirby DM, Fowler KJ, et al. De novo mutations in the 
mitochondrial ND3 gene as a cause of infantile mitochondrial enceph-
alopathy and complex I deficiency. Ann Neurol. 2004;55:58–64.

 [6] Kirby DM, Salemi R, Sugiana C, et al. NDUFS6 mutations are a novel 
cause of lethal neonatal mitochondrial complex i deficiency. J Clin 
Invest. 2004;114:837–45.

 [7] Pitkänen S. NADH-coenzyme q reductase (complex I) deficiency: het-
erogeneity in phenotype and biochemical findings. J Inherit Metab Dis. 
1996;19:675–86.

 [8] Loeffen JLCM, Smeitink JAM, Trijbels JMF, et al. Isolated complex I defi-
ciency in children: clinical, biochemical and genetic aspects - loeffen - 2000 
- human mutation - Wiley online library. Hum Mutat. 2000;15:123–34.

 [9] Hamosh A, Scott AF, Amberger J, et al. Onlined Mendelian Inheritance 
in Man (OMIM), a knowledgebase of human genes and genetic disor-
ders. Nucleic Acids Res. 2002;30:52–5.

 [10] Stroud DA, Surgenor EE, Formosa LE, et al. Accessory subunits are 
integral for assembly and function of human mitochondrial complex I. 
Nature. 2016;538:123–6.

 [11] Forbes JM, Ke BX, Nguyen TV, et al. Deficiency in mitochondrial com-
plex I activity due to Ndufs6 gene trap insertion induces renal disease. 
Antioxidants Redox Signal. 2013;19:331–43.

 [12] Uusimaa J, Kaarteenaho R, Paakkola T, et al. NHLRC2 variants identi-
fied in patients with fibrosis, neurodegeneration, and cerebral angioma-
tosis (FINCA): characterisation of a novel cerebropulmonary disease. 
Acta Neuropathol. 2018;135:727–42.

 [13] Brodsky NN, Boyarchuk O, Kovalchuk T, et al. Novel compound het-
erozygous variants in NHLRC2 in a patient with FINCA syndrome. J 
Hum Genet. 2020;65:911–5.

 [14] Biterova E, Ignatyev A, Uusimaa J, et al. Structural analysis of human 
NHLRC2, mutations of which are associated with FINCA disease. 
PLoS One. 2018;13:e0202391.

 [15] Cardoso-Moreira M, Halbert J, Valloton D, et al. Gene expression 
across mammalian organ development. Nature. 2019;571:505–9.

 [16] Van Dijk KD, Berendse HW, Drukarch B, et al. The proteome of the 
locus ceruleus in Parkinson’s disease: Relevance to pathogenesis. Brain 
Pathol. 2012;22:485–98.

 [17] Long J, Pan G, Ifeachor E, et al. Discovery of novel biomarkers for 
Alzheimer’s disease from blood. Dis Markers. 2016;201:6.

 [18] Denholm L. Genotype disclosure in the genomics era: roles and respon-
sibilities. Aust Vet J. 2017;95:308–16.

 [19] Paakkola T, Salokas K, Miinalainen I, et al. Biallelic mutations in 
human NHLRC2 enhance myofibroblast differentiation in FINCA dis-
ease. Hum Mol Genet. 2018;27:4288–302.

 [20] Haney MS, Bohlen CJ, Morgens DW, et al. Identification of phagocyto-
sis regulators using magnetic genome-wide CRISPR screens. Nat Genet. 
2018;50:1716–27.

 [21] Nishi K, Iwaihara Y, Tsunoda T, et al. ROS-induced cleavage of 
NHLRC2 by caspase-8 leads to apoptotic cell death in the HCT116 
human colon cancer cell line article. Cell Death Dis. 2017;8:3218.

 [22] Nouws J, Nijtmans LGJ, Smeitink JA, et al. Assembly factors as a new 
class of disease genes for mitochondrial complex i deficiency: cause, 
pathology and treatment options. Brain. 2012;135:12–22.

 [23] Janssen RJRJ, Nijtmans LG, van den Heuvel LP, et al. Mitochondrial 
complex I: structure, function and pathology. J Inherit Metab Dis. 
2006;29:499–515.

 [24] Bénit P, Beugnot R, Chretien D, et al. Mutant NDUFV2 subunit of 
mitochondrial complex I causes early onset hypertrophic cardiomyop-
athy and encephalopathy. Hum Mutat. 2003;21:582–6.

Figure 4. The patient may have FINCA syndrome resulted from a novel compound heterozygous mutation of NHLRC2 gene c.1749C> G (p.F583L) and 
c.2129C> T (p.T710M). (A) Diagram of NHLRC2 gene and mutation location. The black rectangle indicates the exon region (drawn with reference to transcript 
NM198514.4). (B) Sanger first-generation sequencing verification results of NHLRC2 gene mutations. The red arrow indicates the site of mutation.



8

Li et al. • Medicine (2022) 101:27 Medicine

 [25] Berger I, Hershkovitz E, Shaag A, et al. Mitochondrial complex I deficiency 
caused by a deleterious NDUFA11 mutation. Ann Neurol. 2008;63:405–8.

 [26] Ahting U, Mayr JA, Vanlander AV, et al. Clinical, biochemical, and 
genetic spectrum of seven new patients with NFU1 deficiency. Front 
Genet. 2015;6:123.

 [27] Alfadhel M. Multiple mitochondrial dysfunctions syndrome 4 due to ISCA2 
gene defects: a review. Child Neurol Open. 2019;6:2329048X1984737.

 [28] Vögtle FN, Brändl B, Larson A, et al. Mutations in PMPCB encoding the 
catalytic subunit of the mitochondrial presequence protease cause neuro-
degeneration in early childhood. Am J Hum Genet. 2018;102:557–73.

 [29] Grigorieff N. Three-dimensional structure of bovine NADH:ubiquinone 
oxidoreductase (Complex I) at 22 Å in ice. J Mol Biol. 1998;277:1033–46.

 [30] Spiegel R, Shaag A, Mandel H, et al. Mutated NDUFS6 is the cause 
of fatal neonatal lactic acidemia in Caucasus Jews. Eur J Hum Genet. 
2009;17:1200–3.

 [31] Tocchini C, Ciosk R. TRIM-NHL proteins in development and disease. 
Semin Cell Dev Biol. 2015;47–48;4752–859.

 [32] Hiltunen AE, Kangas SM, Ohlmeier S, et al. Variant in NHLRC2 leads 
to increased hnRNP C2 in developing neurons and the hippocampus of 
a mouse model of FINCA disease. Mol Med. 2020;26:123.

 [33] Sharma L, Lu J, Bai Y. Mitochondrial respiratory complex I: struc-
ture, function and implication in human diseases. Curr Med Chem. 
2009;16:1266–77.

 [34] Panieri E, Santoro MM. Ros homeostasis and metabolism: a dangerous 
liaison in cancer cells. Cell Death Dis. 2016;7:e2253.

 [35] Leman G, Gueguen N, Desquiret-Dumas V, et al. Assembly defects 
induce oxidative stress in inherited mitochondrial complex I deficiency. 
Int J Biochem Cell Biol. 2015;65:91–103.

 [36] Zhang Y, Guo L, Han S, et al. Adult mesenchymal stem cell ageing inter-
plays with depressed mitochondrial Ndufs6. Cell Death Dis. 2020;11:1075.


