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1  |  INTRODUC TION

GNE myopathy, also known as distal myopathy with rimmed vac-
uoles (DMRV), hereditary inclusion body myopathy (HIBM) or in-
clusion body myopathy 2 (IBM2), was first reported in Japanese 
patients by Nonaka in 1981.1 It is a rare, recessively inherited mus-
cle disease caused by mutations in the GNE gene (9p13.3) encod-
ing the bifunctional enzyme UDP- N- acetylglucosamine (GlcNAc) 
2- epimerase/N- acetylmannosamine (ManNAc) kinase, a significant 
rate- limiting enzyme of the sialic acid biosynthesis pathway.2 GNE 
myopathy is clinically characterized by progressive weakness and 
atrophy of distal lower- limb muscles that preferentially involve the 
tibialis anterior muscles and spare the quadriceps,3 with normal or 

mildly increased serum creatine kinase (CK) levels.4 Peripheral neu-
ropathy is not a typical presentation but can be seen in several cases. 
Pathological features of GNE myopathy include specific rimmed vac-
uoles, muscle fibre atrophy and a muscle volume decrease. Notably, 
inflammatory infiltrations are rarely seen in GNE myopathy, differ-
ent from sporadic inclusion body myositis (sIBM), but without any 
satisfactory explanation for the clinical presentation.

To date, more than 201 GNE mutations associated with GNE 
myopathy have been reported,5 with missense mutations making 
up a clear majority. The exact pathomechanism of GNE myopathy 
is still unknown but is most likely attributable to aberrant protein 
sialylation, identified as a common result of decreased GNE en-
zyme activity. Currently, a definite diagnosis of GNE myopathy 
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mainly relies on genetic testing, confirmed by evidence of com-
pound heterozygous or homozygous mutations in the GNE gene.6 
Different GNE mutations have been detected worldwide, and 
they present with different prevalences in populations of di-
verse ethnicities, such as c.2228T>C (p.M743T) in the Middle 
East, c.1807G>C (p.V603L) and c.620A>T (p.D207V) in Japan and 
c.2179G>A (p.V727 M) in South- East Asia.7,8 Meanwhile, patients 
with different GNE variants experience varying ages of onset and 
other clinical features, suggesting that different variants have dif-
ferent functional impacts.

In this study, we described the clinicopathological and genetic 
profiles of ten Chinese patients with GNE myopathy, among which 
five novel mutations were found, broadening the mutation spectrum 
of the GNE gene. In addition, we analysed the presence of two rela-
tively rare clinicopathological manifestations in GNE myopathy, pe-
ripheral neuropathy and muscle inflammation, and summarized the 
genotype- phenotype correlations of the GNE mutations.

2  |  MATERIAL S AND METHODS

2.1  |  Ethics approval

Ethics approval was granted by the Ethics Committee of Xiangya 
Hospital, Central South University. Informed consent for participa-
tion in our research was obtained from all of the patients, as previ-
ously reported in our centre.9

2.2  |  Patients and clinical evaluation

From 2014 to 2021, ten patients were diagnosed with GNE myo-
pathy based on clinical manifestations, pathological findings and 
genetic testing in the neuromuscular centre of Xiangya Hospital, 
Central South University. Clinical assessment of the patients con-
sisted of a physical examination and laboratory investigations, such 
as serum creatine kinase (CK), electromyography (EMG), muscle bi-
opsy, magnetic resonance imaging (MRI) of the thigh and leg mus-
cles, and genetic testing, as previously used in our centre.10

2.3  |  Biopsies and pathological examination

Muscle biopsies were obtained from the tibialis anterior or biceps 
brachii muscles. Nerve biopsies were performed on the sural nerves. 
Pathological examination was performed as described elsewhere 
with minor modifications.11,12 First, the samples were frozen in iso-
pentane cooled with liquid nitrogen and cut into 5 μm thick sections 
using a cryostat. The sections were stained with haematoxylin and 
eosin (HE), modified Gömöri trichrome, acid phosphatase, nicotina-
mide adenine dinucleotide (NADH), succinic dehydrogenase (SDH), 
cytochrome C oxidase, adenosine triphosphatase (ATPase) (Ph: 4.2, 
4.6 and 9.6), periodic acid- Schiff (PAS) and oil red O (ORO).TA
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2.4  |  Genetic analysis

Genomic DNA (gDNA) was extracted from peripheral blood 
(MyGenostics) using a DNeasy Blood and Tissue Kit (Qiagen, Venlo) as 
previously mentioned13,14 according to the manufacturer's instructions. 
Next- generation sequencing (NGS) analysis covering 2082 genes known 
to be associated with neuromuscular disorders was performed. The se-
quences obtained were compared with those in the human genome data-
base. Functional prediction software, polymorphism Phenotyping version 
2 (PolyPhen- 2, http://genet ics.bwh.harva rd.edu/pph2/) and Mutation 
Taster (http://www.mutat ionta ster.org/) were used to predict the possi-
ble impact of the identified substitution on protein structure and function.

3  |  RESULTS

3.1  |  Clinical characteristics

In our current research, ten patients diagnosed with GNE myopathy 
were recruited. The cohort of patients showed a female predominance 
with a male to female ratio of 3:7. The age of disease onset ranged 
from 20.0 to 43.0 years (median, interquartile range: 28.5 [21.5– 
32.5] years), and the disease duration ranged from 0.5 to 10.0 years 
(median, interquartile range: 6.0 [2.8– 7.8] years), respectively. At the 
first consultation, eight patients (80.0%) had muscle weakness of the 
limbs, one patient (10.0%) had atrophy of the lower distal muscles, 
and the other patient (10.0%) had muscle weakness of the waist and 
backache. All patients underwent a muscular strength assessment. In 
addition to the involvement of the limb muscles, varying degrees of 
weakness of the neck and waist were demonstrated in nine patients 
(90.0%) and six patients (60.0%), respectively. None of the patients 
complained of cardiac or respiratory problems. Notably, all cases 
(100.0%) presented with obvious muscle atrophy. Among them, four 
patients (40.0%) had both upper and lower distal limb atrophy, three 
patients (30.0%) had only lower- limb atrophy, two patients (20.0%) 
exhibited a pattern of mixed proximal and distal limb atrophy, and the 
last patient (10.0%) had all limbs involved. Only two patients (20.0%) 

had limb numbness. Tendon reflexes were decreased or even disap-
peared in half of the patients (50.0%) who were Gowers’ sign positive. 
The clinical features and muscular strength assessment are summa-
rized in Tables 1 and 2. The echocardiography and electrocardiogram 
were performed in all the patients to measure the cardiac comorbidi-
ties, but none of the patients were found abnormal.

Except for the abnormally high value of 1277.0 U/L of patient No.8, 
the level of CK ranged from 165.3 to 542.1 U/L (median, interquartile 
range: 265.9 [243.5– 354.6] U/L, reference value: 40.0– 200.0 U/L). 
Electromyography (EMG) analysis revealed simple myopathic changes in 
only half of the patients (50.0%), including abnormal spontaneous poten-
tials, early recruitment and a pattern of small amplitude, short duration 
and increased percentage of polyphasic waves of motor unit potentials 
(MUPs). Another four patients (40.0%) showed myopathic damage ac-
companied with neuropathic lesion, including fibrillation potentials, pos-
itive sharp waves and decreased motor nerve conduction velocity. One 
patient (10.0%) showed prolonged duration and normal amplitude MUPs 
with a vast of denervated potentials, suggesting impaired peripheral 
nerves injury of distal upper and lower limbs. Generally, the impairment 
found by EMG was predominant in distal limb muscles. More details of 
the EMG examination are shown in Table 3. MRI was performed for two 
patients (20.0%), showing extensively increased signal intensity of the 
femur shaft and hamstrings in patient No.5 and serious fatty infiltration 
along with muscle atrophy in patient No.6 (Figure 1).

3.2  |  Muscle and nerve pathological features

Muscle biopsies were performed for all the patients, and nerve 
biopsies were conducted in one patient. Increased fibre- size vari-
ation, rimmed vacuoles and internal nuclei were the most common 
pathologic changes in nearly all of the muscle samples (Figure 2). 
Degeneration, necrosis and moderate- to- severe hyperplasia of the 
connective tissue were detected in six patients (60.0%). Lipid drop-
lets in the muscle cells were found in half of the patients (50.0%). 
NADH staining revealed moth- eaten myofibres in two patients 
(20.0%) and myofibrillar disarrays in five patients (50.0%). Slight 

Patient No. UPL UDL LPL LDL scapular cervical Iliopsoas

1 4 3 4 3 4 3 3

2 5- 4 4 3 5 4 5

3 5 5- 5- 4- 5 5- 5

4 4 3 4 3- 4 2 3

5 4 4- 4 2 5- 4 4

6 5 4 5 4 4 4 4- 

7 4+ L5R4 L3R4 3 5- 3 3

8 4+ 4 4 3 4 4 4+

9 3+ 5 4 4 3+ 2 2

10 5- 5 5 2+ 5 3 5

Abbreviations: L, left; LDL, lower distal limbs;LPL, lower proximal limbs; MRC: Medical Research 
Council; R, right; UDL, upper distal limbs; UPL, upper proximal limbs.

TA B L E  2  Muscular Strength (MRC 
grade) of the patients

http://genetics.bwh.harvard.edu/pph2/
http://www.mutationtaster.org/
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inflammation was found in four patients (40.0%). Hypertrophic 
myofibre and fibre splitting were found in four patients (40.0%). 
Acid phosphatase staining revealed increased enzyme activity and 
glycogen granules in the necrotic muscle fibres.

By electron microscopy, the atrophic muscle fibres appeared to be 
small and irregular in shape. The sarcoplasmic reticulum was dilated, 
and the mitochondria were oedematous and vacuolated (Figure 3). A 
sural nerve biopsy performed in patient No.3 showed that myelinated 
fibres were mildly decreased in number. Furthermore, oedema and de-
generation of the myelin sheath and axon were also confirmed by elec-
tron microscopy. The results of the muscle biopsy are shown in Table 3.

3.3  |  Genetic analysis

NGS analysis covering 2082 genes that have been confirmed to have 
a link with neuromuscular disorders was conducted. In our cohort, 
seven patients (70.0%) were confirmed to carry compound heterozy-
gous mutations, while three patients (30.0%) had homozygous mis-
sense mutations. In sum, twelve mutations of the GNE gene were 
detected, among which c.830G>A (p.R277Q), c.1985C>T (p.A662V), 
c.620A>T (p.D207V), c.125G>A (p.R42Q), c.1616T>C (p.L539S), 
c.C577T (p.R193C) and c.C124T (p.R42W) have been previously de-
scribed as pathogenic mutations of GNE myopathy.15,16 Interestingly, 

three hotspot mutations, c.125G>A (p.R42Q), c.620A>T (p.D207V) 
and c.830G>A (p.R277Q), appeared repeatedly, and the latter two 
have been described in previous studies as the most common path-
ogenic mutations in Chinese patients.17,18 Besides the mutations in 
GNE, other heterozygous mutations were also detected in patients 
No.3, 5, 6, 7 and 8, but all these gene- related diseases are recessive 
diseases, and we defined these variants are benign (Table S1– S5).

To our knowledge, this is the first report of two novel hetero-
zygous missense mutations, c.2099G>A (p.G700E) and c.539C>T 
(p.A180V), and three homozygous missense mutations, c.1489A>G 
(p.R497G), c.959A>G (p.Q320R) and c.854A>G (p.D285G), causing 
GNE myopathy (Table 4). Subsequently, we screened hundreds of al-
leles from normal Chinese individuals, and we did not identify any of 
these genetic changes. We think that these five novel mutations are 
likely to be pathogenic based on the predictions of PolyPhen- 2 and 
MutationTaster. The predicted scores and results of the functional 
prediction software programs are shown in Table 5.

4  |  DISCUSSION

Patients with different GNE variants have varying ages of onset 
and other clinical features, suggesting that different variants have 
diverse functional impacts that are critical to consider in disease 

F I G U R E  1  MRI in patient No.5 
revealed increased signal intensity of 
the femur shaft and hamstrings; MRI 
in patient No.6 revealed pronounced 
fatty infiltration along with muscle 
atrophy in the posterior and internal 
compartments of the thigh muscles and 
lower leg muscles. (A and B), coronal axial 
MRI image of thigh muscles in patient 
No.5. (C and D), transverse axial image 
of thigh muscles in patient No.6. (E and 
F), transverse axial image of lower leg 
muscles in patient No.6

(A) (B)

(C) (D)

(E) (F)
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interventions and prognostication.8 The understanding of GNE 
myopathy is limited due to the rarity of GNE myopathy per se. For 
a long time, it was assumed that the characteristic hallmarks of 
GNE myopathy were substantial rimmed vacuoles predominantly 
in atrophic fibres, while the presence of inflammation in muscle bi-
opsies should be excluded from the diagnostic criteria. This is remi-
niscent of the unusual manifestation of peripheral neuropathy in 
GNE myopathy, which was not given enough attention in previous 

studies. This is the first report to highlight these atypical symptoms 
and to demonstrate a possible correlation between GNE genotype 
and phenotype.

Two of the most frequent mutations in our patients, c.620A>T 
(p.D207V) and c.830G>A (p.R277Q), which might be hotspot mu-
tations for the GNE gene in China, have been studied before.7,18 
Previous studies have revealed that c.620A>T (p.D207V) is the 
most common mutation in Chinese patients and is the second most 

F I G U R E  2  Myopathological changes in patients with GNE myopathy. All specimens were obtained from skeletal muscle. HE staining 
showed increased fibre size variation (A, G), vacuoles (A), fascial inflammation (D), atrophy (A, G) and regeneration (G). Modified Gömöri 
trichrome staining showed vacuoles (B) and rimmed vacuoles (E, H) in the fibres. NADH staining showed cores (C, I) and myofibrillar network 
disarray (F). Scale bar = 50 μm

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

F I G U R E  3  Myopathological changes 
under electron microscopy in patient 
No.1 showed atrophic muscle fibres, a 
dilated sarcoplasmic reticulum and some 
oedematous and vacuolated mitochondria

(A) (B)
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common mutation in Japan. Chen's7 study compared their GNE my-
opathy patient groups carrying c.620A>T (p.D207V) in the epime-
rase domain with patients carrying other mutations and found that 
the patients carrying c.620A>T (p.D207V) tended to show a late 
onset (median, interquartile range: 31.0 [24.8– 38.2] vs 25.0 [22.0– 
30.8] years, p < 0.001), which is in concordance with our results (me-
dian, interquartile range: 38.0 [35.5– 40.5] years vs 23.0 [20.5– 28.5] 
years, p < 0.05). To further investigate the genotype- phenotype cor-
relations, we searched for additional articles describing cases with 
c.620A>T (p.D207V) mutation and listed four of them with compre-
hensive information about their clinical and pathological features in 
Table 6.19,20

In our cohort, three patients were found to carry c.830G>A 
(p.R277Q) heterozygous mutation. They all presented in their early 
twenties and had relatively severe lower- limb weakness, especially 
of the distal muscles. In comparison with patients with c.620A>T 
(p.D207V) mutation, the muscles of the shoulder, neck and waist 
were mildly or not involved; however, nerve impairment tended to 
be much more common, accounting for 2/3 patients in our cohort. 
Another four cases with c.830G>A (p.R277Q) homozygous muta-
tion and five cases with heterozygous variants reported in previous 
studies are listed in Table 6.15,21,22 Notably, the median onset age 
of the patients who were homozygous (median, interquartile range: 
27.0 [20.2– 27.8] years) was approximately six years later than the 
others (median, interquartile range: 21.0 [19.5– 23.8] years), which 
was similar to our patients harbouring the same heterozygous vari-
ant (median, interquartile range: 20.0 [20.0– 24.5] years). Except for 

the absence of sensory symptoms and cardiac involvement, the clin-
ical features were similar to our cases. Quadriceps weakness was 
observed in one patient with a homozygous mutation and in three 
patients in a heterozygous state, suggesting a possible link between 
genotype and phenotype. In addition to c.830G>A (p.R277Q) men-
tioned above, another variant, c.829C>T (p.R277W), has also been 
reported in previous articles.23

Mutations of c.1616T>C (p.L539S) and c.1985C>T (p.A662V) 
have previously been reported in patients of varying ethnicity, in-
cluding Japanese, Jewish, Scottish and Chinese patients.4,15,17,23,24 A 
British24 study revealed that patients with c.1616T>C (p.L539S) vari-
ant first showed symptoms on average 7.2 years earlier than those 
without this mutation.

In our study, two different mutations, c.124C>T (p.R42W) (pa-
tient No.1) and c.125G>A (p.R42Q) (patient No.4/No.7), caused a 
replacement of arginine with different amino acids in the same po-
sition of the GNE gene; the former was substituted by tryptophan, 
whereas the latter was substituted by glutamine. Three patients 
exhibited typical muscle weakness, with wider coverage and re-
markable involvement of the upper limbs than the others without 
this mutation. On muscle biopsy, in addition to some characteris-
tic changes, inflammatory infiltration was also observed between 
the muscle fibres and fascia in two patients (2/3), which did not 
frequently appear in other cases of GNE myopathy. To our knowl-
edge, muscle weakness is always the most common first symptom 
of GNE myopathy, while atrophy gradually develops during the later 
course of disease.25 It is worth mentioning that patient No.1 first 

TA B L E  4  Gene Mutation of the ten patients with GNE myopathy

No. Zygosity

GNE mutations

Allele 1 Exon Reported
Family member (with 
the same mutation) Allele 2 Exon Reported

Family member (with 
the same mutation)

1 Het c.577C>T 
(p.R193C)

3 Y F c.124C>T 
(p.R42W)

2 Y M/S

2 Het c.830G>A 
(p.R277Q)

4 Y M c.539C>T 
(p.A180V)

3 N F

3 Het c.830G>A 
(p.R277Q)

4 Y F c.2099G>A 
(p.G700E)

12 N M

4 Het c.620A>T 
(p.D207V)

3 Y F c.125G>A 
(p.R42Q)

2 Y M/S

5 Hom c.1489A>G 
(p.R497G)

8 N M/F – – – – 

6 Het c.620A>T 
(p.D207V)

3 Y Unknown c.1616T>C 
(p.L539S)

9 Y Unknown

7 Het c.620A>T 
(p.D207V)

3 Y Unknown c.125G>A 
(p.R42Q)

2 Y Unknown

8 Het c.830G>A 
(p.R277Q)

4 Y Unknown c.1985C>T 
(p.A662V)

11 Y Unknown

9 Hom c.959A>G 
(p.Q320R)

6 N M/F – – – – 

10 Hom c.854A>G 
(p.D285G)

5 N M/F – – – – 

Abbreviations: Het, heterozygous; Hom, homozygous; Y, Yes; N, No; F, father; M, mother; M/F, both father and mother; S, son.
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presented with simple muscle atrophy in appearance of the lower 
distal limbs, without functional weakness or numbness. It is still un-
certain whether the difference in primary symptoms is associated 
with c.124C>T (p.R42W) mutation.

In recent years, due to the increased availability of genetic 
testing, a growing number of cases with GNE mutations have been 
reported. Surprisingly, some patients also showed a notable associ-
ation with peripheral neuropathy.26 In our study, nearly half of the 
patients presented with myopathic lesions accompanied by neuro-
pathic changes during the progression of the disease, suggesting 
potential nerve involvement in the pathogenesis of GNE myopathy. 
The specific aetiology of neuropathy complications remains un-
known. In a previous study,27 a significant reduction in the mRNA 
and protein levels of peroxiredoxin IV was observed in GNE mutant 
(c.620A>T (p.D207V) and c.1807G>C (p.V603L)) cells. Interestingly, 
peroxiredoxin IV acts as an important ER- resident H2O2 sensor in 
cells to regulate neurogenesis, which means that its downregula-
tion may not only affect the ER redox state but also inhibit nerve 
development. Although peripheral neuropathy is not regarded as a 
remarkable clinical manifestation of GNE myopathy, it is probably 
underestimated and exists as a sign of disease deterioration.

The spectrum of diseases caused by GNE mutations is constantly 
growing. Interestingly, no patient has been identified carrying bial-
lelic nonsense mutations or frameshifting mutations thus far,15 sug-
gesting that some basic activity of GNE is required during embryonic 
or early development. In mice, the GNE protein is expressed and 
plays an important role in an early embryonic stage, and Gne−/− is 
lethal to mice, which is consistent with the clinical lack of biallelic 
null mutations and only ‘mildly deleterious’ mutations reported in 
GNE myopathy patients.28 Recently, NGS has become more widely 
available, leading to an increasing understanding not only of GNE 
myopathy- related mutations, but also of other myopathies.29

At present, there is no effective therapy available for GNE my-
opathy.30,31 Preclinical studies have identified that the use of oral 
monosaccharides reversed muscle hyposialylation in a GNE myop-
athy mouse model.32 However, phase II and III randomized studies 
evaluating sialic acid extended- release for GNE myopathy showed 
two distinct results; the phase II study was positive for the curative 
effect of N- acetylneuraminic acid (Ace- ER), while the latter study 
showed no improvement of muscle strength after Ace- ER intake 
compared with placebo.33 Additional studies are urgently needed to 
identify an effective treatment for GNE myopathy.

ACKNOWLEDG EMENT
This work was supported by the Science and Technology Innovation 
Program of Hunan Province, China (Grant No. 2021RC2023, KH).

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Kai- Yue Zhang: Investigation (equal); Methodology (equal); Software 
(equal); Validation (equal); Writing- original draft (lead); Writing- review 

& editing (lead). Hui- Qian Duan: Investigation (equal); Resources 
(equal). Qiu- Xiang Li: Formal analysis (equal); Resources (equal). 
Yue- Bei Luo: Formal analysis (equal); Methodology (equal); Software 
(equal). Fang- Fang Bi: Investigation (equal); Writing- review & editing 
(equal). Kun Huang: Conceptualization (equal); Supervision (equal); 
Writing- review & editing (equal). Huan Yang: Conceptualization 
(equal); Project administration (lead); Supervision (equal).

DATA AVAIL ABILIT Y S TATEMENT
The original data that described in this study are available from the 
corresponding author upon reasonable request.

ORCID
Kai- Yue Zhang  https://orcid.org/0000-0003-3796-0139 
Kun Huang  https://orcid.org/0000-0003-1470-5071 

R E FE R E N C E S
 1. Sela I, Goss V, Becker- Cohen M, Dell A, Haslam SM, Mitrani- 

Rosenbaum S. The glycomic sialylation profile of GNE Myopathy 
muscle cells does not point to consistent hyposialylation of indi-
vidual glycoconjugates. Neuromuscul Disord. 2020;30(8):621- 630. 
doi:10.1016/j.nmd.2020.05.008

 2. Su F, Miao J, Liu X, Wei X, Yu X. Distal myopathy with rimmed vac-
uoles: Spectrum of GNE gene mutations in seven Chinese patients. 
Exp Ther Med. 2018;16(2):1505- 1512. doi:10.3892/etm.2018.6344

 3. Khadilkar SV, Chaudhari AD, Singla MB, et al. Early and consistent 
pattern of proximal weakness in GNE myopathy. Muscle Nerve. 
2021;63(2):199- 203. doi:10.1002/mus.27117

 4. Mori- Yoshimura M, Hayashi YK, Yonemoto N, et al. Nationwide 
patient registry for GNE myopathy in Japan. Orphanet J Rare Dis. 
2014;9:150. doi:10.1186/s1302 3- 014- 0150- 4

 5. Wu Y, Yuan L, Guo Y, et al. Identification of a GNE homozygous 
mutation in a Han- Chinese family with GNE myopathy. J Cell Mol 
Med. 2018;22(11):5533- 5538. doi:10.1111/jcmm.13827

 6. Pogoryelova O, González Coraspe JA, Nikolenko N, Lochmüller 
H, Roos A. GNE myopathy: from clinics and genetics to pathol-
ogy and research strategies. Orphanet J Rare Dis. 2018;13(1):70. 
doi:10.1186/s1302 3- 018- 0802- x

 7. Chen Y, Xi J, Zhu W, et al. GNE myopathy in Chinese population: 
hotspot and novel mutations. J Hum Genet. 2019;64(1):11- 16. 
doi:10.1038/s1003 8- 018- 0525- 9

 8. Carrillo N, Malicdan MC, Huizing M. GNE myopathy: Etiology, 
diagnosis, and therapeutic challenges. Neurotherapeutics. 
2018;15(4):900- 914. doi:10.1007/s1331 1- 018- 0671- y

 9. Huang K, Duan HQ, Li QX, Luo YB, Bi FF, Yang H. Clinicopathological 
features of titinopathy from a Chinese neuromuscular cen-
ter. Neuropathology. 2021. online ahead of print. doi:10.1111/
neup.12761

 10. Huang K, Luo YB, Yang H, Yang XS, Li J. Myasthenia gravis accom-
panied by Graves’ disease, thyrotoxic hypokalemic periodic paraly-
sis and thymic hyperplasia. Neurol India. 2016;64(4):783- 785. doi:1
0.4103/0028- 3886.185401

 11. Huang K, Li QX, Bi FF, et al. Comparative immunoprofiling of 
polymyositis and dermatomyositis muscles. Int J Clin Exp Pathol. 
2018;11(8):3984- 3993.

 12. Huang K, Duan HQ, Li QX, Luo YB, Yang H. Investigation of adult- 
onset multiple Acyl- CoA dehydrogenase deficiency associated with 
peripheral neuropathy. Neuropathology. 2020. 40(6):531– 539. doi: 
10.1111/neup.12667

 13. Huang K, Masuda A, Chen G, et al. Inhibition of cyclooxygenase- 1 
by nonsteroidal anti- inflammatory drugs demethylates MeR2 

https://orcid.org/0000-0003-3796-0139
https://orcid.org/0000-0003-3796-0139
https://orcid.org/0000-0003-1470-5071
https://orcid.org/0000-0003-1470-5071
https://doi.org/10.1016/j.nmd.2020.05.008
https://doi.org/10.3892/etm.2018.6344
https://doi.org/10.1002/mus.27117
https://doi.org/10.1186/s13023-014-0150-4
https://doi.org/10.1111/jcmm.13827
https://doi.org/10.1186/s13023-018-0802-x
https://doi.org/10.1038/s10038-018-0525-9
https://doi.org/10.1007/s13311-018-0671-y
https://doi.org/10.1111/neup.12761
https://doi.org/10.1111/neup.12761
https://doi.org/10.4103/0028-3886.185401
https://doi.org/10.4103/0028-3886.185401
https://doi.org/10.1111/neup.12667


    |  10503ZHANG et Al.

enhancer and promotes Mbnl1 transcription in myogenic cells. 
Scientific Reports. 2020;10(1). doi:10.1038/s4159 8- 020- 59517 - y

 14. Huang K, Li J, Ito M, et al. Gene Expression Profile at the Motor 
Endplate of the Neuromuscular Junction of Fast- Twitch Muscle. 
Front Mol Neurosci. 2020;13:154. doi:10.3389/fnmol.2020.00154

 15. Celeste FV, Vilboux T, Ciccone C, et al. Mutation update for 
GNE gene variants associated with GNE myopathy. Hum Mutat. 
2014;35(8):915- 926. doi:10.1002/humu.22583

 16. No D, Valles- Ayoub Y, Carbajo R, et al. Novel GNE mutations in autoso-
mal recessive hereditary inclusion body myopathy patients. Genet Test 
Mol Biomarkers. 2013;17(5):376- 382. doi: 10.1089/gtmb.2012.0408

 17. Zhao J, Wang Z, Hong D, et al. Mutational spectrum and clinical 
features in 35 unrelated mainland Chinese patients with GNE 
myopathy. J Neurol Sci. 2015;354(1– 2):21- 26. doi:10.1016/j.
jns.2015.04.028

 18. Ban R, Lu X, Pu C, et al. Novel GNE mutations in three Chinese pa-
tients with typical GNE myo- pathy. J Pak Med Assoc. 2020;70(5):913- 
916. doi:10.5455/jpma.290893

 19. Li H, Chen Q, Liu F, et al. Clinical and molecular genetic analysis 
in Chinese patients with distal myopathy with rimmed vacuoles. J 
Hum Genet. 2011;56(4):335- 338. doi:10.1038/jhg.2011.15

 20. Tomimitsu H, Ishikawa K, Shimizu J, Ohkoshi N, Kanazawa I, Mizusawa 
H. Distal myopathy with rimmed vacuoles: novel mutations in the GNE 
gene. Neurology. 2002;59(3):451- 454. doi:10.1212/wnl.59.3.451

 21. Saechao C, Valles- Ayoub Y, Esfandiarifard S, et al. Novel GNE muta-
tions in hereditary inclusion body myopathy patients of non- Middle 
Eastern descent. Genet Test Mol Biomarkers. 2010;14(2):157- 162. 
doi:10.1089/gtmb.2009.0157

 22. Chai Y, Bertorini TE, McGrew FA. Hereditary inclusion- body my-
opathy associated with cardiomyopathy: report of two siblings. 
Muscle Nerve. 2011;43(1):133- 136. doi:10.1002/mus.21839

 23. Haghighi A, Nafissi S, Qurashi A, et al. Genetics of GNE my-
opathy in the non- Jewish Persian population. Eur J Hum Genet. 
2016;24(2):243- 251. doi:10.1038/ejhg.2015.78

 24. Chaouch A, Brennan KM, Hudson J, et al. Two recurrent muta-
tions are associated with GNE myopathy in the North of Britain. J 
Neurol Neurosurg Psychiatry. 2014;85(12):1359- 1365. doi:10.1136/
jnnp- 2013- 306314

 25. Soule T, Phan C, White C, et al. GNE myopathy with novel muta-
tions and pronounced paraspinal muscle atrophy. Front Neurol. 
2018;9:942. doi:10.3389/fneur.2018.00942

 26. Grecu N, Villa L, Cavalli M, et al. Motor axonal neuropathy asso-
ciated with GNE mutations. Muscle Nerve. 2021;63(3):396- 401. 
doi:10.1002/mus.27102

 27. Chanana P, Padhy G, Bhargava K, Arya R. Mutation in GNE 
downregulates peroxiredoxin IV altering ER redox homeosta-
sis. Neuromolecular Med. 2017;19(4):525- 540. doi:10.1007/s1201 
7- 017- 8467- 5

 28. Schwarzkopf M, Knobeloch KP, Rohde E, et al. Sialylation is es-
sential for early development in mice. Proc Natl Acad Sci U S A. 
2002;99(8):5267- 5270. doi:10.1073/pnas.07206 6199

 29. Huang K, Luo YB, Bi FF, Yang H. Pharmacological strategy for 
congenital myasthenic syndrome with CHRNE mutations: a meta- 
analysis of case reports. Curr Neuropharmacol. 2020. 19(5):718– 
729. doi: 10.2174/15701 59X18 66620 07290 92332

 30. Nishino I, Carrillo- Carrasco N, Argov Z. GNE myopathy: cur-
rent update and future therapy. J Neurol Neurosurg Psychiatry. 
2015;86(4):385- 392. doi:10.1136/jnnp- 2013- 307051

 31. Pogoryelova O, Wilson IJ, Mansbach H, Argov Z, Nishino I, 
Lochmüller H. GNE genotype explains 20% of phenotypic variabil-
ity in GNE myopathy. Neurol Genet. 2019;5(1):e308. doi:10.1212/
nxg.00000 00000 000308

 32. Suzuki N, Izumi R, Kato M, Warita H, Aoki M. Therapeutic develop-
ment for GNE myopathy. Clin Calcium. 2017;27(3):429- 434.

 33. Lochmüller H, Behin A, Caraco Y, et al. A phase 3 randomized 
study evaluating sialic acid extended- release for GNE myopathy. 
Neurology. 2019;92(18):e2109- e2117. doi:10.1212/wnl.00000 
00000 006932

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Zhang K- Y, Duan H- Q, Li Q- X, et al. 
Expanding the clinicopathological- genetic spectrum of GNE 
myopathy by a Chinese neuromuscular centre. J Cell Mol Med. 
2021;25:10494– 10503. doi:10.1111/jcmm.16978

https://doi.org/10.1038/s41598-020-59517-y
https://doi.org/10.3389/fnmol.2020.00154
https://doi.org/10.1002/humu.22583
https://doi.org/10.1089/gtmb.2012.0408
https://doi.org/10.1016/j.jns.2015.04.028
https://doi.org/10.1016/j.jns.2015.04.028
https://doi.org/10.5455/jpma.290893
https://doi.org/10.1038/jhg.2011.15
https://doi.org/10.1212/wnl.59.3.451
https://doi.org/10.1089/gtmb.2009.0157
https://doi.org/10.1002/mus.21839
https://doi.org/10.1038/ejhg.2015.78
https://doi.org/10.1136/jnnp-2013-306314
https://doi.org/10.1136/jnnp-2013-306314
https://doi.org/10.3389/fneur.2018.00942
https://doi.org/10.1002/mus.27102
https://doi.org/10.1007/s12017-017-8467-5
https://doi.org/10.1007/s12017-017-8467-5
https://doi.org/10.1073/pnas.072066199
https://doi.org/10.2174/1570159X18666200729092332
https://doi.org/10.1136/jnnp-2013-307051
https://doi.org/10.1212/nxg.0000000000000308
https://doi.org/10.1212/nxg.0000000000000308
https://doi.org/10.1212/wnl.0000000000006932
https://doi.org/10.1212/wnl.0000000000006932
https://doi.org/10.1111/jcmm.16978

