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Abstract

Background: Myopathy with extrapyramidal signs (MPXPS) is an autosomal recessive mitochondrial disorder which
is caused by mutation in mitochondrial calcium uptake 1 (MICU1) gene located on chromosome 10q22.1. Next
Generation Sequencing (NGS) technology is the most effective method for identification of pathogenic variants
with the ability to overcome some limitations which Sanger sequencing may encountered. There are few reports
on this rare disease around the world and here in this study we first revealed genetic identification of two affected
individuals in an Iranian family with a novel mutation.

Case presentation: The proband was a 5-year-old girl from consanguenous parents. She was first clinically
suspicious of affected with limb-girdle muscular dystrophy (LGMD). Muscle biopsy studies and autozygosity
mapping, using four short tandem repeat (STR) markers linked to 6 genes of the most prevalent forms of LGMD,
ruled out calpainopathy, dysferlinopathy, and sarcoglycanopathis. DNA sample of the proband was sent for NGS.
Whole exome sequencing (WES) revealed a novel mutation c.1295delA in exon 13 of MICU1 gene. This
homozygous deletion creates a frameshift and a premature stop codon downstream of canonical EF4 calcium
binding motif of MICU1. According to the American College of Medical Genetics and Genomics (ACMG) guidline
for sequence interpretation, this variant was a pathogenic one. Sanger sequencing in all family members confirmed
the results of the WES.

Conclusions: This study was the first report of MPXPS in Iranian population which also revealed a novel mutation
in the MICU1 gene.
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Background
Myopathy with extrapyramidal signs (OMIM #615673)
is a rare autosomal recessive mitochondrial disorder
caused by mutations in MICU1 gene that typically
causes muscle weakness with normal respiratory chain
[1, 2]. MICU1 (OMIM #605084) which is also known as
CALC, EFHA3, MPXPS and CBARA1 gene, is located on
chromosome 10q22.1 and includes 17 exons [3–5]. This
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gene is translated into a 476 amino acid protein with ~
54 kDa molecular mass [6]. MICU1 protein is an inner
mitochondrial membrane (IMM) protein with three dis-
tinct regions: N-terminal domains (residues 1–32) con-
sisting of mitochondrial targeting sequence and MICU1/
MCU complex binding polybasic domain, a hydrophobic
transmembrane α-helix domain (TM) (residues 33–52),
and cytosolic C-terminal Ca2+ binding domain (residues
53–476) [6]. The X-ray crystallography of the Ca2+-free
MICU1 revealed that C-terminal domain is divided into
four constructs including the N-domain (aa ~ 103–177),
the N-lobe (aa ~ 183–318), the C-lobe (aa ~ 319–445),
and the C-helix (aa ~ 446–476) that canonical EF1 and
EF4 hands are responsible for binding to cytosolic Ca2+

which are located in the N-lobe and C-lobe, respectively
[6, 7].
Few studies showed pathogenic variants in the MICU1

gene in patients from European and middle East coun-
tries [1, 8, 9].
LGMD is a large heterogeneous group of neuromuscu-

lar disorders which can be transmitted in autosomal
dominant (LGMDD) and autosomal recessive (LGMDR)
manner [10, 11]. Common feature of LGMD disorders is
the progressive weakness of the shoulder girdle muscles
[11].
Autozygosity mapping is a good and practical ap-

proach in the gene tracking of heterogeneous disorders
in consanguineous families [12, 13]. Since the cost of
next generation sequencing continues to decreasethe
NGS will be widly used in identifying pathogenic vari-
ants [14].
In the present study, we investigated a family with two

affected children who were suspected of having LGMD,
but further pathologic and molecular studies using auto-
zygosity mapping and NGS provide us the final diagnosis

of a rare form of myopathy, Myopathy with extrapyram-
idal signs. To our knowledge it is the first report of this
disorder in Iran and it also showed a novel mutation in
causative gene, MICU1.

Case presentation
The proband was a 5-year-old girl who was referred to
Kawsar Human Genetics Research Center (KHGRC)
(Fig. 1). The affected proband had an affected sister and
they were born to second cousin parents. This research
has been performed in accordance with the Declaration
of Helsinki; Informed consent was obtained from all
family members and the study was approved by the eth-
ical committee of the Pasteur Institute of Iran (No: 91/
0201/10425). The proband was incidentally diagnosed
with raised CK (5175 U/L) prior to muscle biopsy at the
age of 5 but she was symptom free. Calf hypertrophy
was also observed in the proband but she was ambulant
at the age of 5 without positive Gowers sign. She showed
high levels of CK up to 5175 U/L (normal < 145), LDH
to 843 U/L and also increased level of ALT (105 U/L)
and AST (71 U/L). She also had poor weight gain. Heart
echocardiography showed a mild right side enlargement
and mild pericardial infusion. EMG/NCV (electromyog-
raphy and nerve condition velocity) study revealed short
duration MUAPs in two upper and lower extremities
tested muscles which was in favor of myopathic changes.
The proband was followed up and examined at the age
of 10 and she showed some extrapyramidal signs. The
proband’s sister was 2 years old who was normal in her
physical examination but showed elevated levels of CK
(3442 U/L), AST (136 U/L), ALT (73 U/L), and LDH
(799 U/L). Her EMG/NCV result was also normal. Both
of them, the proband and her sister, had speech delay.

Fig. 1 a Pedigree of the family with two affected children (filled symbols). b Sequence chromatograms of c.1294_1295delA mutation in the
affected proband V1 are shown in homozygous form (up) compared to heterozygous form (her mother (IV2) (down)). Site of the deletion is
shown with arrows
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According to their clinical examination and family his-
tory, the affected siblings were suspected to have LGMD.
Therefore, they were candidate of performing muscle bi-
opsy studies.
Muscle biopsy was performed on the proband at the

age of 5. Fresh muscle specimen was taken from left del-
toid of proband and quickly frozen in isopentane cooled
by liquid nitrogen. Standard panel of special histochem-
ical stains was used for sample analyzing [15]. Immuno-
histochemical staining was done using monoclonal
antibodies against dystrophin (1, 2, 3), sarcoglycans (α,
γ), dysferlin and merosin (Newcastle, UK). Beta-spectrin
was also applied as a positive control. All antibodies
were purchased from Novocastra Laboratories (Newcas-
tle, UK). Microscopic study of hematoxylin and eosin
(H&E) stains of tissue sections revealed slight variation
in fiber size and dispersed, round and angular atrophic
fibers with some small groups of necrotic or degenera-
tive/regenerative fibers with rare myophagocytosis.
Muscle fibers showed internalized nuclei but not prom-
inently increased and hypercontracted myofibers were
also seen (Fig. 2a). NADH-TR reaction revealed good
differentiation of muscle fibers. Overall intermyofibrillar
network seems regular (Fig. 2b). SDH reaction showed
no prominent abnormal mitochondrial proliferation.
Gomori-trichrome stains revealed no ragged-red-fiber.
No red or rimmed vacuole have been observed. (Fig. 2c).
ATPase histochemical reactions (at a PH of 9.4, 4.63,
and 4.35) revealed type 1 fibers predominance. Most
atrophic angular fibers were type 2, and no fiber type
grouping was observed (Fig. 3a). Immunohistochemistry
(IHC) staining of sarcolemmal proteins with monoclonal
antibodies against DYS (dystrophin) 1, 2, and 3, sarco-
glycans (α and γ), dysferlin, merosin and beta spectrin
showed that almost all fibers were labeled which is

suggestive of mild myopathic atrophy with few dispersed
or small groups of degenerative/regenerative fibers but
no endomysial fibrosis, no adipose tissue replacement,
and no inflammation (Fig. 3b-f).
Ruling out the most common forms of LGMD, haplo-

type analysis has been done. Salting out procedure was
used to extract genomic DNA from the peripheral blood
samples of all the family members [16]. Haplotype ana-
lysis was performed using four STR markers linked to
six genes of naming CAPN3, DYSF, SGCA, SGCB,
SGCG, and SGCD in two multiplex PCR sets for all fam-
ily members but no linkage was observed. Mutations in
the mentioned genes are responsible for the most preva-
lent form of limb-girdle muscular dystrophies. DNA se-
quencing, interpretation and fragment analysis were
done using methods described previously [17].
The blood sample of the proband was sent to Cento-

gene (Rostock, Germany) for whole exome sequencing
(WES) analysis. Enrichment was carried out using Nex-
tera Rapid Capture Exome kit following the manufac-
turer’s protocol (Nextera Rapid Capture Exome,
Illumina) and WES was performed by the Illumina
HiSeq 2500 system sequencing platform (Illumina, San
Diego, CA, USA) for DNA sequencing of the generated
enriched library to an average coverage depth 70-100X.
NGS results showed a novel homozygous deletion
c.1295delA in exon 13 of the MICU1 gene (NM_
006077.3) [1]. This variation leads to a frameshift and
cause premature stop codon in 8 following amino acids.
In order to interpret pathogenicity of variants and pre-
dicting their effect on the protein structure, different
software were used such as CADD (Combined Annota-
tion Dependent Depletion) [18] and Mutation Taster
[19]. According to the mutation taster, it is a disease
causing mutation and its CADD score is 35.

Fig. 2 Muscle biopsy studies of the patient V1 when sataining with H & E (a), NADH-TR (b), SDH (c). All figures are (× 400) magnification
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Confirming the results of the WES, the Sanger sequen-
cing was done in the proband and all her family mem-
bers. As it was expected, the variation was in
homozygous in two affected individuals and parents
were carrier for this variation (Fig. 1b). These results in-
dicated the co-segregation of the MICU1 gene variant
with the disease phenotype in this family. The timeline
for diagnosis of the proband in revealed in Table 1.

Discussion and conclusions
There is little information available about the patients
affected by myopathy with extrapyramidal signs world-
wide, which is due to its low prevalence and low clinical
specificity which cause overlapping clinical and patho-
logical features with other motor disorders [8], therefore
there are few reports available about this disorder. Logan
and his group studied 11 patients with MICU1 patho-
genic variants from five Pakistani families and 4 patients
from two Dutch families in 2014 [1]. In the other study,
2 MPXPS patients with identified mutations were re-
ported from the United Kingdom [8]. According to a

study from Qatar, 13 patients from 10 consanguineous
Middle Eastern Arab families showed recessive muta-
tions in the MICU1 [9].
Since consanguineous marriage is common in Iran,

autosomal recessive forms of LGMD is more prevalent,
therefore we ruled out the most common types of
LGMDR by IHC study and autozygosity mapping.
Thereupon we used NGS and found a novel deletion
mutation (c.1294-1295delA) in the exon 13 of the
MICU1 gene. This homozygous deletion produced a
premature stop codon which results in decreasing the
length of the protein from 478 to 438 amino acids
(p.Asn432Ilefs*8). The mutation located in the canonical
EF4 calcium binding motif of MICU1 protein. This motif
is located in the c-lobe presented in the intermembrane
space (IMS) of mitochondria and contains one helix-
loop-helix protein structure that has the ability to bind
to one Ca2+ ion, Therefore our identified mutation may
disrupt mitochondrial Ca2+ uptake [20–22]. Since amino
acid Cys 465 has a role in heterodimer formation with
MICU2 through a disulfide bond, removing this region
by the mutation observed in our patient can abolish this
function [23]. According to the joint consensus recom-
mendation of the ACMG for the interpretation of se-
quence variants [24], this variant is a pathogenic one
because of following evidences: 1. The nonsense and
frameshift mutations are in a null variants category
where they were predicted as a very strong evidence of
pathogenicity (PVS1), 2. Absence the variant from con-
trol in population databases such as Exome Sequencing
Project, 1000 Genomes Project, or Exome Aggregation
Consortium is a moderate evidence for pathogenicity
(PM2), 3. In-frame deletion in none repeat areas result-
ing changes in the protein length is considered a

Fig. 3 ATPase (the PH in this figure is 4.6) (a), DYS1 (b), DYS2 (c), Merosin (d), Alpha sarcoglycan (e), and Gamma sarcoglycan (f). All figures are
(× 400) magnification

Table 1 Timeline of diagnosis the proband

2012/06/25 Age at onset

2012/09/26 Physical examinations

2012/10/30 CK test and EMG/NCV

2012/12/05 Heart echocardiography

2013/07/27 Muscle biopsy study

2014/09/20 The first reffering for genetic diagnosis

2014/10/20 Autozygosity mapping

2016–2017 NGS analysis and Sanger sequencing

2017/03/05 Final Diagnoses
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moderate proof for pathogenicity (PM4), 4. Several or
various lines of computational data interpreted a dele-
terious effect on the gene (PP3), 5. The patient’s pheno-
types are highly close to MPXPS (PP4).
Few mutations have been reported to lead the disrup-

tion of MICU1 gene [25]. In a study by Logan et al. two
loss of function mutations, c.1078–1G > C and
c.7411G > A, located outside of the calcium binding
motif of MICU1 reported in a cohort of 15 patients from
10 families with the disease phenotype [1]. Another
study by Lewis-Smith et al. showed a homozygous dele-
tion of exon 1 of MICU1 in two cousins with no identifi-
able level of MICU1 protein in fibroblasts [8]. According
to the latest report of the disease by Musa et.al a non-
sense variant, c.553C > T (p.Q185*), was reported as a
homozygous status in 12 patients and compound hetero-
zygous in 1 patient that located in the N-terminal do-
main of MICU1 gene [9].
To our knowledge, it is the first report of a myopathic

patient with extrapyramidal signs from Iran and this pa-
tient has a novel mutation. Developing methods like
autozygosity mapping and NGS which needs only the
blood sample can overcome the limitations of invasive
techniques such as immunohistochemistry which needs
muscle biopsy sample. Since NGS is a high-throughput
method, it can investigate all exons of the patient and it
can conquer the limitation of autozygosity mapping
which is restricted to some special genes. But it is obvi-
ous, using these techniques all together can confirm our
diagnosis, specially application of haplotype analysis in
prenatal diagnosis as an indirect method of diagnosis
can corroborate our results.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12881-020-01016-y.

Additional file 1. Sequencing data.

Abbreviations
MPXPS: Myopathy with extrapyramidal signs; NGS: Next Generation
Sequencing; LGMD: Limb-girdle muscular dystrophy; STR: Short tandem
repeats; WES: Whole exome sequencing; MICU1: Mitochondrial calcium
uptake 1; ACMG: American College of Medical Genetics and Genomics;
KHGRC: Kawsar Human Genetics Research Center; CADD: Combined
Annotation Dependent Depletion; CK: Creatine Kinase; LDH: Lactate
Dehydrogenase; EMG/NCV: Electromyography and nerve condition velocity;
IHC: Immunohistochemistry; DYS: Dystrophin; IMS: Intermembrane space

Acknowledgements
Not Applicable.

Authors’ contributions
STN drafted the manuscript and carried out the literature research. STN, FR,
SHT performed the Molecular genetic experiments and contributed to the
analysis and interpretation of data. YN performed the immunohistochemistry
study, analysis and interpretation of data. MM and SZ led the project,
supervising the study, contributed to the design of the study, analysis,

interpretation of data; drafted and revised the manuscript. All authors
discussed the results and approved the final manuscript.

Funding
No fund.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
This research has been done in accordance with the Declaration of
Helsinki,Written informed consent to participate was obtained from the
parents of the patients. This study was approved by the ethical committee of
the Pasteur Institute of Iran (No: 91/0201/10425).

Consent for publication
Written informed consent was obtained from the patient’s parents for
publication of this case report and any accompanying images.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Medical Genetics and Molecular Biology, Faculty of
Medicine, Iran University of Medical Sciences (IUMS), Shahid Hemmat
Highway, Tehran, Iran. 2Department of medical genetics, Ali-Asghar
Children’s Hospital, Zafar St., Shahid Modarres Highway, Tehran, Iran.
3Medical Genetics Lab, Kawsar Human Genetics Research Center, No. 41,
Majlesi St., Valieasr Ave, Tehran, Iran. 4Pathology Department, Pediatric
Pathology Research Center, Research Institute for Children Health, Mofid
Hospital, Shahid Beheshti University of Medical Sciences, Tehran, Iran.
5Pediatric Neurology Center of Excellence, Department of Pediatric
Neurology, Mofid Children Hospital, Faculty of Medicine, Shahid Beheshti
Medical University, Tehran, Iran. 6Department of Molecular Medicine,
Biotechnology Research Center, Pasteur Institute of Iran, No. 69, Pasteur Ave,
Tehran, Iran.

Received: 12 April 2019 Accepted: 31 March 2020

References
1. Logan CV, Szabadkai G, Sharpe JA, Parry DA, Torelli S, Childs A-M, Kriek M,

Phadke R, Johnson CA, Roberts NY. Loss-of-function mutations in MICU1
cause a brain and muscle disorder linked to primary alterations in
mitochondrial calcium signaling. Nat Genet. 2014;46(2):188.

2. M’Angale P, Staveley B. Inhibition of mitochondrial calcium uptake 1 in
Drosophila neurons. Genet Mol Res. 2017;16(1):10.4238.

3. Marchi S, Pinton P. The mitochondrial calcium uniporter complex: molecular
components, structure and physiopathological implications. J Physiol. 2014;
592(5):829–39.

4. Safari R, Salimi R, Tunca Z, Ozerdem A, Ceylan D, Sakizli M. Mutation/SNP
analysis in EF-hand calcium binding domain of mitochondrial Ca 2+ uptake
1 gene in bipolar disorder patients. J Integr Neurosci. 2016;15(02):163–73.

5. Truong AH, Murugesan S, Youssef KD, Makino A. Mitochondrial ion channels
in metabolic disease. In: Vascular Ion Channels in Physiology and Disease.
New York City: Springer; 2016. p. 397–4.19.

6. Wang L, Yang X, Li S, Wang Z, Liu Y, Feng J, Zhu Y, Shen Y. Structural and
mechanistic insights into MICU1 regulation of mitochondrial calcium
uptake. EMBO J. 2014;33(6):594–604.

7. Hoffman NE, Chandramoorthy HC, Shamugapriya S, Zhang X, Rajan S,
Mallilankaraman K, Gandhirajan RK, Vagnozzi RJ, Ferrer LM,
Sreekrishnanilayam K. MICU1 motifs define mitochondrial calcium uniporter
binding and activity. Cell Rep. 2013;5(6):1576–88.

8. Lewis-Smith D, Kamer KJ, Griffin H, Childs A-M, Pysden K, Titov D, Duff J,
Pyle A, Taylor RW, Yu-Wai-Man P. Homozygous deletion in MICU1
presenting with fatigue and lethargy in childhood. Neurol Genet. 2016;2(2):
e59.

9. Musa S, Eyaid W, Kamer K, Ali R, Al-Mureikhi M, Shahbeck N, Al Mesaifri F,
Makhseed N, Mohamed Z, AlShehhi WA. A middle eastern founder

Mojbafan et al. BMC Medical Genetics           (2020) 21:77 Page 5 of 6

https://doi.org/10.1186/s12881-020-01016-y
https://doi.org/10.1186/s12881-020-01016-y


mutation expands the genotypic and phenotypic Spectrum of
mitochondrial MICU1 deficiency: a report of 13 patients; 2018.

10. NIGRO V, Savarese M. Genetic basis of limb-girdle muscular dystrophies: the
2014 update. Acta Myologica. 2014;33(1):1.

11. Thompson R, Straub V. Limb-girdle muscular dystrophies—international
collaborations for translational research. Nat Rev Neurol. 2016;12(5):294.

12. Mojbafan M, Nilipour Y, Tonekaboni SH, Bagheri SD, Bagherian H, Sharifi Z,
Zeinali Z, Tavakkoly-Bazzaz J, Zeinali S. A rare form of limb girdle muscular
dystrophy (type 2E) seen in an Iranian family detected by autozygosity
mapping. J Neurogenet. 2016;30(1):1–4.

13. Woods C, Valente E, Bond J, Roberts E. A new method for autozygosity
mapping using single nucleotide polymorphisms (SNPs) and EXCLUDEAR. J
Med Genet. 2004;41(8):e101.

14. Mojbafan M, Khajeh A, Habibi H, Bagherian H, Zeinali S. Molecular genetic
study of Calpainopathy in Iran. Gene. 2018;677:259-65.

15. Dubowitz V. Histological and histochemical stains and reactions. Muscle
Biopsy, A Modern Approach; 1973.

16. Miller S, Dykes D, Polesky H. A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res. 1988;16(3):1215.

17. Mojbafan M, Tonekaboni SH, Abiri M, Kianfar S, Sarhadi A, Nilipour Y,
Tavakkoly-Bazzaz J, Zeinali S. Linkage study revealed complex haplotypes in
a multifamily due to different mutations in CAPN3 gene in an Iranian ethnic
group. J Mol Neurosci. 2016;59(3):392–6.

18. Kircher M, Witten DM, Jain P, O'roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic
variants. Nat Genet. 2014;46(3):310.

19. Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation
prediction for the deep-sequencing age. Nat Methods. 2014;11(4):361.

20. Kamer KJ, Mootha VK. MICU1 and MICU2 play nonredundant roles in the
regulation of the mitochondrial calcium uniporter. EMBO Rep. 2014;15(3):
299-307.

21. Mallilankaraman K, Doonan P, Cárdenas C, Chandramoorthy HC, Müller M,
Miller R, Hoffman NE, Gandhirajan RK, Molgó J, Birnbaum MJ. MICU1 is an
essential gatekeeper for MCU-mediated mitochondrial Ca2+ uptake that
regulates cell survival. Cell. 2012;151(3):630–44.

22. Perocchi F, Gohil VM, Girgis HS, Bao XR, McCombs JE, Palmer AE, Mootha
VK. MICU1 encodes a mitochondrial EF hand protein required for Ca 2+
uptake. Nature. 2010;467(7313):291.

23. Petrungaro C, Zimmermann KM, Küttner V, Fischer M, Dengjel J, Bogeski I,
Riemer J. The Ca2+−dependent release of the Mia40-induced MICU1-MICU2
dimer from MCU regulates mitochondrial Ca2+ uptake. Cell Metab. 2015;
22(4):721–33.

24. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde
M, Lyon E, Spector E. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet Med. 2015;17(5):405.

25. Liu JC, Liu J, Holmström KM, Menazza S, Parks RJ, Fergusson MM, Yu Z-X,
Springer DA, Halsey C, Liu C. MICU1 serves as a molecular gatekeeper to
prevent in vivo mitochondrial calcium overload. Cell Rep. 2016;16(6):1561–
73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Mojbafan et al. BMC Medical Genetics           (2020) 21:77 Page 6 of 6


	Abstract
	Background
	Case presentation
	Conclusions

	Background
	Case presentation
	Discussion and conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

