
EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  173,  2020

Abstract. The identified mutations in the G elongation factor 
mitochondrial  1  (GFM1) gene have been associated with 
heterogeneous clinical features of an early‑onset mitochondrial 
disease in only 25 families. The present study reports the case 
of two siblings with a novel GFM1 variant and their clinical and 
laboratory presentations, which included progressive hepatic 
encephalopathy, failure to thrive and persistent lactic acidemia. 
Both histological changes and diminished expression of the 
GFM1 protein were observed in the liver and kidney tissues 
of the index patient. Whole‑exome and Sanger sequencing 
technologies were used to diagnose the index patient with 
defective GFM1 using amniocentesis at 32 weeks' gestation. 
Heterozygous mutations in the GFM1 gene were identified in 
both siblings: A novel mutation, C1576T in exon 13 inherited 
from their asymptomatic mother, resulting in a premature 
stop codon at amino acid position 526 and the previously 
reported G688A mutation on the boundary between exon 5 and 
intron 5‑6, inherited from their asymptomatic father. In conclu‑
sion, the present study reports two siblings carrying a novel 
GFM1 variant with a rare fatal mitochondrial disease.

Introduction

Mitochondria generates ATP via oxidative phosphorylation 
(OXPHOS) mediated by OXPHOS complexes I, II, III, IV 
and  V, and the dysfunction of the mitochondrial protein 
synthesis system is involved in OXPHOS deficiency, leading to 
mitochondrial disease with early‑onset and fatal phenotypes (1). 
Complexes I, III, IV and V all contain ≥1 mitochondrial DNA 
(mtDNA) encoded subunit, while complex  II is encoded 

completely by nuclear DNA  (1). The G elongation factor 
mitochondrial 1 (GFM1) gene encodes the nuclear‑encoded 
elongation factor G, mitochondrial (EFG1) protein, which is 
one of the mitochondrial elongation factors that enforces the 
elongation‑dependent movement of mtDNA encoded transfer 
(t)RNAs through the mitochondrial ribosomes by removing the 
de‑acetylated tRNA and replacing it with the peptidyl‑tRNA 
as a GTPase  (2). In 2004, an association was identified 
between the mutation of the GFM1 gene and the occurrence 
of early hepatic encephalopathy, a fatal mitochondrial disease, 
in two siblings with poor prognosis (3). At present, the total 
number of GFM1 mutations reported in families is 25 (3‑13). 
In the present study, the clinical, laboratory and molecular 
results in two siblings with heterozygous GFM1 gene defects, 
one a novel mutation and the other a previously reported 
mutation (7), are described.

Materials and methods

Patients. A patient with suspected mitochondrial disease 
and his asymptomatic parents, aged 33 years, were asked to 
participate in the present study in February 2019. Written 
informed consent and consent for publication to use their 
samples and clinical data were obtained from the parents 
and the present study was formally approved by the Ethics 
Committee of The Women's Hospital, Zhejiang University 
School of Medicine, Zhejiang, China.

Whole‑exome and Sanger sequencing. The blood and the 
amniotic fluid samples were collected and stored at ‑80˚C 
until further use. Whole‑exome sequencing was performed 
as previously described by Simon et al (11). Single nucleotide 
variants were confirmed using Sanger sequencing, as 
previously described (14).

Protein structure analysis. The three‑dimensional structure of 
the EFG1 protein was predicted using the Iterative Threading 
ASSEmbly Refinement computer modeling program (15). An 
elimination of part of domain IV and the whole of domain V 
was predicted with the R526 premature stop codon. The 
multiple sequence alignment between diverse species was 
performed using the T‑Coffee program (16).
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Histological analysis. The hematoxylin and eosin staining 
procedure was performed. In brief, the collected hepatic and 
renal tissue samples were fixed for 24 h in 4% paraformalde‑
hyde at 4˚C and embedded in paraffin. Following this, samples 
were sliced into 4‑µm thick sections. For hematoxylin and 
eosin staining, the slides were stained with hematoxylin for 
5 min at room temperature (RT), alcohol hydrochloric acid 
for 1 sec and eosin for 1 sec. The tissue was observed under 
an optical microscope (Olympus Corporation; magnification, 
x200). For immunofluorescence, the slides were immu‑
nostained with primary EFG1 polyclonal antibodies (1:50; 
cat. no. 14274‑1‑AP; Thermo Fisher Scientific, Inc.) overnight 
at 4˚C and secondary antibodies (1:2,000; cat. no. A‑11036; 
Thermo Fisher Scientific, Inc.) for 1 h at RT. The nucleus was 
visualized with DAPI staining for 1 min at RT. Images were 
taken under a fluorescence microscope (Olympus Corporation; 
magnification, x150).

Reverse transcription‑PCR. Total RNA from the collected 
hepatic and renal tissue samples were isolated using Total 
RNA Extraction reagent (cat. no. R401; Vazyme Biotech Co., 
Ltd.). Following quantification and unified concentrations, 
total RNA was reversed‑transcribed into complementary 
DNA (cDNA) using a reverse transcription kit (cat. no. R212; 
Vazyme Biotech Co., Ltd.), according to the manufacturer's 
protocol. The cDNA was amplified using the Green Taq 
PCR Mix (cat. no. P131; Vazyme Biotech Co., Ltd.). Primers 
targeting the GFM1 gene used for PCR analysis were as 
follows: forward, 5'‑CAA​AAG​GTA​TTG​GCA​GGT​T‑3' and 
reverse, 5'‑CAG​GGG​CAG​TAA​TGG​TCT​‑3'. The thermocy‑
cling conditions were performed at 95˚C for 3 min, followed 
by 25 cycles of 95˚C for 30 sec, 56˚C for 30 sec and 72˚C for 
60 sec.

Western blot analysis. Western blot analysis was performed 
using whole cell lysates from the liver and kidney of the index 
patient, as previously described  (11), using the following 
specific antibodies: Anti‑NADH:Ubiquinone oxidoreductase 
subunit A13 (NDUFA13; cat. no. 10986‑1‑AP; ProteinTech 
Group, Inc.), anti‑succinate dehydrogenase complex iron 
sulfur subunit B (SDHB; cat.  no.  ab178423; Abcam), 
anti‑ubiquinol‑cytochrome c reductase core protein  2 
(UQCRC2; cat. no. ab203832; Abcam), anti‑ATP synthase 
peripheral stalk subunit F6 (ATP5; cat. no. ab176569; Abcam) 
and anti‑GAPDH (cat. no. ab181602; Abcam). Differences in 
proteins levels were determined by visual inspection.

Results

Clinical features and laboratory findings. At 32  weeks' 
gestation, the index patient was genetically diagnosed with a 
defect in the GFM1 gene using amniocentesis. He was born to 
unrelated Chinese parents, with a pregnancy complicated by 
a late 3rd trimester suspicion of fetal growth restriction. The 
vaginal birth, following a previous cesarean section, occurred 
at 40 weeks' gestation, without any complications and no 
neonatal resuscitation was required. His birthweight was 
2.3 kg and he presented with an omphalocele and an inguinal 
hernia. Soon after birth, he was admitted to the neonatal 
unit of Women's Hospital, Zhejiang University School of 

Medicine and received symptomatic treatment for metabolic 
acidosis, hypoglycemia, kaliopenia, hypocalcemia, hyperna‑
tremia, hepatic impairment and anemia. He was treated with 
ursodeoxycholic, levocarnitine, vitamins B1, ‑2, ‑6 and ‑12, 
coenzyme Q10 and mecobalamine. He exhibited failure to 
thrive with poor weight gain and his body weight was 2.9 kg 
at 2 months old. From 2 months of age, he developed sporadic 
twitching in the corners of the mouth and eye blinking; 
however, there was no noticeable dysmorphic features 
(Fig. 1A). An electroencephalography identified multifocal 
epileptiform discharges over the frontal and temporal lobes 
bilaterally; however, he did not exhibit significant epileptic 
seizures. His brain magnetic resonance imaging scan indi‑
cated symmetric swelling in the frontal and temporal lobes, 
bilateral centra semiovalia, gyri and white matter (Fig. 1B‑F). 
At 3 months of age, he developed severe metabolic acidosis 
[pH, 6.979 (normal range 7.350‑7.450)]; PCO2, 11.9 mmHg 
(normal range, 35.0‑48.0 mmHg); PO2, 164 mmHg (normal 
range, 83.0‑108.0 mmHg); base excess ‑28.5 mM (normal 
range, ‑3.0‑3.0 mM); and lactic acid, 22.0 mM (normal range, 
0.5‑1.6 mM). In the following days, several episodes of acute 
metabolic acidosis were corrected by intravenous admin‑
istration of bicarbonate. Furthermore, he had severe liver 
impairment [albumin 28.5 g/l (normal range, 32.0‑52.0 g/l)]; 
total bile acids, 271 µM (normal range, 0.0‑12.0 µM); alanine 
aminotransferase, 220 U/l (normal range, <50 U/l); aspartate 
amino transferase, 186 U/l (normal range, 15‑60 U/l) and high 
serum ammonia, 112 mM (normal range, 9‑30 mM). However, 
the levels of blood urea nitrogen and creatinine were not 
increased. In addition, a blood transfusion was administered 
due to coagulation abnormalities: Prothrombin time, 49.8 sec 
(normal range, 9.0‑14.0 sec); activated partial thromboplastin 
time, 110 sec (normal range, 23‑38 sec); international normal‑
ized ratio, 4.15 (normal range, 0.8‑1.2); fibrinogen, 0.21 g/l 
(normal range, 1.8‑4.0 g/l) and anemia [hemoglobin 85 g/l 
(normal range, 110‑155 g/l)]. Unfortunately, he succumbed 
4 days later due to multiple organ failure.

The female older sibling of the index patient was born at 
39 weeks' gestation by cesarean section due to fetal distress. 
Her birth weight was 2.2 kg and no neonatal resuscitation was 
required. After birth, she developed inconsolable crying and 
opisthotonos posturing. At 2 days old, she received symp‑
tomatic treatment in the neonatal unit of the hospital due to 
lethargy, feeding difficulties and hypoglycemia; however, 
she did not receive a precise diagnosis. Unfortunately, she 
succumbed 4 days later.

Postmortem histological analysis. Postmortem histopathology 
of the index patient revealed irregular hepatic plates, steatosis 
and cholestasis in the liver (Fig.  2A) and glomerular and 
tubular necrosis in the kidney (Fig. 2C); however, there was 
no cardiomyopathy (data not shown). Furthermore, immu‑
nofluorescent staining with an EFG1 antibody demonstrated 
markedly decreased protein expression levels of the GFM1 
gene in both the liver and renal tissues from the index patient 
compared with the control (Fig. 3A‑D).

Mutation identif ication and protein prediction. The 
whole‑exome sequencing and following variant validation 
using Sanger sequencing, in both the amniotic fluid of the 
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index patient and the blood of his female older sibling, 
demonstrated that these two patients carried 2 heterozygous 
mutations in the GFM1 gene (NM_001308166.1): A G688A 
mutation in the boundary between exon 5 and intron 5‑6 
(Fig. 4A and B), predicting a glycine to serine substitution 
at position 230 (Fig. 4C); and a C1576T mutation in exon 13 
(Fig. 4A and B), which resulted in a premature stop codon at 
amino acid position 526 (Fig. 4C). These 2 aforementioned 
positions have been completely conserved across multiple 
species (Fig. 4E). Molecular modeling indicated that the 
G230S substitution changed the secondary and spatial 
structures in the α‑helices and β‑sheets of the GTP‑binding 
domain I and the R526 premature stop codon resulted in the 

loss of the domains IV and V (Fig. 4D) in the EFG1 protein. 
To understand the origin of the mutations in these patients, 
genome‑wide DNA sequencing from the peripheral blood 
of both their parents was performed. The results identified 
that the father was heterozygous for the G688A mutation and 
wild‑type for the C1576T mutation, while the mother was 
heterozygous for the C1576T mutation and wild‑type for the 
G688A mutation (Fig. 4F).

Effects of the C1576T mutation on GFM1 mRNA variants of 
the index patient. To examine if the mutant transcript was still 
present, reverse transcription‑PCR followed by sequencing 
was performed in liver and kidney tissues, and the results 

Figure 1. Brain magnetic resonance imaging of the index patient. (A) Image of the 2.5‑month‑old patient with a normal facial appearance. (B) Midsagittal and 
(C) axial T1‑weighted images, revealed the hypointense symmetric lesions in the frontal and temporal lobes. (D) T2‑weighted coronal section exhibited hyper‑
intense symmetric lesions in the frontal and temporal lobes, centra semiovalia, gyri and white matter, and the putamen and globus pallidus. (E and  F) T2‑fluid 
attenuated inversion recovery images showing abnormal signals corresponding to those shown in D. 
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identified that the index patient carried the wild‑type and 
mutant GFM1 mRNA variants associated with the c.1576C>T 
change in a heterozygous manner (Fig. 5A).

Effects of the GFM1 mutations on protein expression in the 
OXPHOS complex of the index patient. To investigate the 
subsequent effects of the heterozygous GFM1 mutations on 

Figure 3. Representative images of indirect immunofluorescence staining for EFG1 in the liver and kidney tissues from the index patient and the control. The 
expression and location of the EFG1 protein (red) liver tissue from the (A) index patient and (B) the control. The expression and location of the EFG1 protein 
(red) renal tissue from the (C) index patient and (D) the control. The nucleus was labeled with DAPI (blue). No immunofluorescence staining was detected in 
the negative control (data not shown). EFG1, elongation factor G, mitochondrial. Scale bar, 100 µm. 

Figure 2. Hematoxylin and eosin histology. Liver tissue exhibited (A) microvesicular steatosis and patchy macrovesicular steatosis, irregular hepatic plates, 
intrahepatic bile duct hyperplasia, as well as intrahepatic and intracanicular cholestasis, compared with that in the (B) control. (C) Renal tissue exhibiting 
glomerular and tubular necrosis, compared with that in (D) the control. Magnification, x200. 
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Figure 4. Mutational analysis and protein prediction of GFM1. (A) Sequence analysis of the 2 pathogenic mutations identified in both patients, 1 and 2. The 
mutations shown are on the sense strand. (B) Schematic representation of the GFM1 gene structure consisting of 18 exons (boxes). The positions of the 2 muta‑
tions identified in both patients are shown and the affected exons are represented by the black boxes. (C) The EFG1 protein structure with the corresponding 
functional domains and the amino acid substitutions predicted by the mutations. The first described GFM1 mutation and substitution are shown with bold fonts. 
(D) Optimal predicted three‑dimensional model of the EFG1 protein structures with the mutations. (E) EFG1 sequence alignment between different species. 
All the affected amino acids are located in highly conserved regions (marked with an asterisk) across species. (F) Pedigree of the 2 mutations identified in both 
patients. EFG1, elongation factor G, mitochondrial; GFM1, G elongation factor mitochondrial 1. 
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the expression level changes in representative proteins from 
the various OXPHOS complexes, western blot analysis was 
performed using liver and kidney tissues from the index patient, 
as presented in Fig. 5B. The protein expression levels of the 
nuclear‑encoded OXPHOS complex I protein NDUFA13 were 
decreased in the liver tissues; however, they were unchanged 
in the kidney tissues. The protein expression levels of SDHB 
and the core protein subunit, UQCRC2, from the OXPHOS 
complex III, were not changed in either the liver or the kidney, 
while ATP5A expression levels were decreased in both the 
liver and kidney tissues.

Discussion

The association between GFM1 gene defects and the recessively 
inherited mitochondrial disorder of oxidative phosphorylation 
was first reported 15 years ago (3). Over the past decade, the 
number of families identified to have mutations in this gene 
is only 25 (3‑13). These patients demonstrated diverse pheno‑
types; however, the most prevalent clinical feature was liver 
disease, lactic acidosis, encephalopathy, feeding problems 
and failure to thrive (11). In the present study, a family with 
GFM1 mutations has been described; two siblings who were 
compound heterozygous for two missense mutations: C1576T, 
which, to the best of our knowledge; was reported for the first 

time; and G688A, which expands the range of GFM1 variants 
to 28.

In the literature (3‑13), the majority of patients with GFM1 
variants presented with fetal intrauterine growth retardation 
or developmental delay after birth. A variable neurological 
manifestation was identified from the beginning stage of 
life, including hypotonia, dystonia and feeding difficulties, 
as well as corresponding brain neuroimaging abnormali‑
ties. Liver involvement was considered to be an important 
diagnostic hallmark of GFM1‑associated diseases; however, 
it has not been observed in an increasing number of recently 
reported patients with GFM1 mutations (4,5,8,12). The index 
patient in the present study developed the most common 
developmental, nervous and hepatic features, in concordance 
with previously reported cases (3‑7,9‑13). Notably, he also 
presented with structural alterations in the kidneys, with 
functional compensation, which has not been mentioned in 
previous case studies.

Apart from 2 cases  (9,11), all the patients with GFM1 
defects did not survive beyond infancy. In the present study, 
the index patient received a genetic diagnosis prior to birth and 
high‑quality medical care in a university hospital and lived for 
>3 months, while his older sister only lived for 1 week, even 
though both siblings carried the same GFM1 mutations. The 
different ages of death in the two siblings was primarily due 

Figure 5. Effects of the GFM1 mutations on mRNA variants and oxidative phosphorylation complex protein expression levels in the liver and kidney tissues 
from the index patient. (A) The representative results of Sanger sequencing using reverse transcription PCR amplification products showing GFM1 mRNA 
variants in the liver and kidney tissues of the control and the index patient. (B) Western blot analysis of whole cell extracts from the liver and kidney tissues 
from the index patient and the control. In the index patient, decreased levels of NDUFA13 and ATP5A were observed in the liver and decreased expression 
of ATP5A was identified in the kidney. SDHB and GAPDH were used as loading controls. GFM1, G elongation factor mitochondrial 1; NDUFA13, NADH: 
ubiquinone oxidoreductase subunit A13; SDHB, succinate dehydrogenase complex iron sulfur subunit B; UQCRC2, ubiquinol‑cytochrome c reductase core 
protein 2; ATP5A, ATP synthase peripheral stalk subunit F6. 
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to intrafamilial variability, which was consistent with previous 
reports (3,11). In addition, as the clinical and laboratorial data 
of the female sibling were not adequate, we hypothesized that 
the difference in severity between the two siblings was also 
partly due to timeliness and the level of medical care they 
received. Furthermore, preimplantation genetic diagnosis was 
recommended to the parents in the present study for their next 
pregnancy.

As a GTPase, the EFG1 protein catalyzes the delivery 
of peptidyl‑tRNA from the ribosomal A site to the P site, 
following the formation of the peptide bond (6). EFG1 has 
been demonstrated to interact with both 50S large ribosomal 
subunit, near the L7/L12 stalk and the sarcin‑ricin region of 
23S rRNA (17). Only loss of both functional alleles could 
cause the mitochondrial translation defect in patients (13). 
EFG1 consists of 751  amino acids and includes 5  Pfam 
domains (10). The predictive data in the present study revealed 
that the two patients were heterozygous for a missense allele, 
which produces a conformational change in the GTP‑binding 
domain I, and a non‑sense allele, which has been predicted 
to cause an elimination of part of domain  IV and the 
whole of domain V. The G688A mutation was reported by 
Balasubramaniam et al in 2012 (7); however, to the best of 
our knowledge, the C1576T mutation was identified for the 
first time in the present study (7). On one hand, the G230 
substitution is located in the GTP EFTu domain  I, a GTP 
binding domain, which is exposed to conformational changes 
mediated by the hydrolysis of GTP to GDP (10); on the other 
hand, the R526 premature stop codon is located in the EFG 
IV domain, which appears to be essential for the extensive 
structural rearrangement for tRNA‑mRNA movement to 
occur, through extension similar to a lever arm (18). Therefore, 
we hypothesized that, if translated, it would generate a trun‑
cated polypeptide without a functional C‑terminal block, as 
domains IV and V form the C‑terminal block of EFG (18). In 
the present study, the pathogenicity of the novel mutation is 
theoretically supported by molecular modeling; the existence 
of the mutant GFM1 transcript associated with the c.1576C>T 
change was confirmed. The subsequent effects of the GFM1 
protein on the expression levels of representative proteins in 
various OXPHOS complexes were further determined. The 
present study demonstrated that the levels of NDUFA13 were 
decreased in the liver; however, they were unchanged in the 
kidney. This observation was not surprising given that the 
nuclear‑encoded OXPHOS complex  I protein NDUFA13 
is unstable during complex I assembly and is compromised 
in mitochondrial translation deficiencies (12), possibly in a 
tissue‑specific manner. Consistent with previous observa‑
tions (11), the expression level of the OXPHOS complex II 
protein SDHB was not attenuated in the present study, 
due to the exclusive nuclear genetic origin of the complex. 
The levels of UQCRC2, the core protein subunit from the 
OXPHOS complex III, were unaffected, as the only mtDNA 
polypeptide in complex III is cytochrome b (1). However, the 
ATP5A expression level was decreased in both the liver and 
kidney tissues in the index patient, while levels were reported 
to be stable in fibroblasts of a previous patient with a GFM1 
mutation (12). Unfortunately, further research to clarify the 
activity of the OXPHOS complexes could not be conducted, as 
the samples of the index patient were not adequate.

In summary, the present study provided novel data for the 
mutational spectrum of GFM1 and additional patient pheno‑
type information. Early genetic diagnosis and corresponding 
treatment would lead to an improved prognosis of this reces‑
sively inherited mitochondrial disorder.
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