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ORIGINAL ARTICLES

Kir2.2 p.Thr140Met: a genetic susceptibility 
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Introduction. Periodic paralyses (PP) are recurrent episodes 
of flaccid limb muscle weakness. Next to autosomal dominant 
forms, sporadic PP (SPP) cases are known but their genetics 
are unclear.
Methods. In a patient with hypokalemic SPP, we performed ex-
ome sequencing to identify a candidate gene. We sequenced this 
gene in 263 unrelated PP patients without any known causative 
mutations. Then we performed functional analysis of all vari-
ants found and molecular modelling for interpretation.
Results. Exome sequencing in the proband yielded three hete-
rozygous variants predicted to be linked to disease. These encod-
ed p.Thr140Met in the Kir2.2 potassium channel, p.Asp229Asn 
in protein kinase C theta, and p.Thr15943Ile in titin. Since all 
hitherto known causative PP genes code for ion channels, we 
studied the Kir2.2-encoding gene, KCNJ12, for involvement in 
PP pathogenesis. KCNJ12 screening in 263 PP patients revealed 
three further variants, each in a single individual and coding for 
p.Gly419Ser, p.Cys75Tyr, and p.Ile283Val. All four Kir2.2 vari-
ants were functionally expressed. Only p.Thr140Met displayed 
relevant functional alterations, i.e. homo-tetrameric channels 
produced almost no current, and hetero-tetrameric channels 
suppressed co-expressed wildtype Kir2.1 in a dominant-nega-
tive manner. Molecular modelling showed Kir2.2 p.Thr140Met 
to reduce movement of potassium ions towards binding sites in 
the hetero-tetramer pore compatible with a reduced maximal 
current. MD simulations revealed loss of hydrogen bonding 
with the p.Thr140Met substitution.
Discussion. The electrophysiological findings of p.Thr140Met 
are similar to those found in thyrotoxic PP caused by Kir2.6 
mutations. Also, the homologous Thr140 residue is mutated in 
Kir2.6. This supports the idea that Kir2.2 p.Thr140Met con-
veys susceptibility to SPP and should be included in genetic 
screening.

Key words: periodic paralysis, susceptibility gene, Kir2.2 channel, 
Kir2.1 channel, hetero-tetramer

Introduction
The periodic paralyses (PPs) are characterised 

by recurrent bouts of flaccid limb muscle weakness 
often accompanied by alteration in serum potassium 
level  (1). PP can be divided into familial PP (FPP), 
thyrotoxic PP (TPP), and sporadic PP (SPP) based on 
relative genotype-phenotype correlations. Fully pen-
etrant dominant mutations are observed in FPP, incom-
plete penetrance exacerbated by thyrotoxicosis is char-
acteristic of TPP, and incomplete penetrance with an 
unknown exacerbation factor or multifactorial causes 
underlies SPP. 

With respect to pathogenesis, PPs result from sus-
tained muscular depolarization that abolishes action 
potentials (APs). Causative mutations are located in 
the SCN4A gene encoding the sodium channel Nav1.4 
initiating the AP, the CACNA1S gene encoding the 
calcium channel Cav1.1 coupling the AP to contrac-
tion, or the KCNJ2 and KCNJ18 genes encoding the 
potassium channels Kir2.1 and Kir2.6 that maintain the 
resting potential (2). Underlying mechanisms of these 
mutations include i) disruption of channel inactivation 
of Nav1.4 resulting in persistent currents, ii) leaky S4 
voltage senor domains of Nav1.4 and Cav1.1 resulting 
in short-circuit inward cation currents, and iii) reduced 
conductance of the inwardly rectifying Kir potassium 
currents (2-5). The goal of our study was to look for a 
putative additional genetic cause in a single individual 
with hypokalemic SPP, an SPP form with ictal drop of 
serum potassium.
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Patients and methods

Patients

Informed consent was obtained from the proband 
with hypokalemic PP, and was already given for an ad-
ditional 263 PP patients who were referred earlier for ge-
netic consultation. Of the latter, 29 had FPP, 25 had TPP, 
and 209 had SPP. Clinical diagnosis was based on patient 
history provided by the referring physician. PP was diag-
nosed if the patient had at least two episodes of flaccid 
quadriplegia. FPP was diagnosed if, additionally, a par-
ent, a sibling, or an offspring of the patient were clinically 
affected. TPP was diagnosed if there was concomitant hy-
perthyroidism present, and SPP was diagnosed for isolat-
ed cases. All patients had been tested negative for known 
pathogenic variants in SCN4A, CACNA1S, KCNJ2, and 
KCNJ18 genes. All procedures were approved by the Eth-
ics Committee of Ulm University. 

Exome sequencing

To determine the genetic cause of hypokalemic SPP 
in the proband, DNA was enriched with the SureSelectXT 
V5 exome kit (Agilent Technologies) and sequenced on 
a HiSeq 2500 Illumina sequencer. About 195 million 
paired reads of 100 bp length were produced. Reads were 
de-multiplexed with Casava version 1.8.2 (Illumina) and 
adapter sequences removed with Skewer version 0.1.116. 
Trimmed reads were mapped with Burrows-Wheeler 
Aligner version 0.7.2  (6) against the human reference 
genome hg19 (UCSC), yielding an average coverage of 
155. Variant calling was performed using VarScan version 
2.3.5 and Samtools version 0.1.18 (7). Calls were anno-
tated using the Database of Single-Nucleotide Polymor-
phisms (dbSNP, www.ncbi.nlm.nih.gov/snp).

Variants potentially changing the protein were ana-
lysed further, i.e. non-synonymous SNPs, changes of 
initiation or stop codons, splicing variants, and in-frame 
or frameshifting insertions or deletions. Filtering was 
performed by excluding all variants more frequent than 
0.5% as listed in dbSNP or UCSC Table Browser (www.
genome.ucsc.edu) and requiring expression in skeletal 
muscle according to the Human Protein Atlas (320 genes, 
www.proteinatlas.org). The resulting variants were pre-
liminarily interpreted using the protein prediction tools 
Polyphen-2 (www.genetics.bwh.harvard.edu/pph2), Mu-
tationTaster (www.mutationtaster.org), and Sift (www.
sift.jcvi.org).

Sanger sequencing

To confirm the presence of the identified KCNJ12 var-
iant in the proband sample, the coding region of KCNJ12 

was sequenced. Subsequently, KCNJ12 was sequenced 
in the remaining 263 DNA samples to check for recur-
rence in PP. The coding region of KCNJ12 was amplified 
using a gene-specific nested polymerase chain reaction 
(PCR) with two specific primers (forward: CCAGACAT-
GCTGTCGTCTCTGTTG; reverse: GGGCCTCTCCC-
CAGCCG). The resulting products were sequenced using 
the forward-primers (CCAGACATGCTGTCGTCTCT-
GTTG/CTGGCGGTACATGCTGCTCATC/CGC-
CGTGGTGGCCCTGCGTGAC/GCCAATGAGATCCT-
GTGGGGTCAC). Potential pathogenicity of the variants 
was preliminarily interpreted using the prediction tools 
Polyphen-2, Mutation Taster, and Sift. Additionally, to 
exclude mapping problems of the exome sequencing in 
the proband sample, the coding region of the known PP 
gene KCNJ18 was sequenced in the proband sample us-
ing the gene-specific nested PCR technique previously 
described (8).

Electrophysiological study

For functional expression of the identified vari-
ants, the human KCNJ12 subunit was sub-cloned into 
the pcDNA3.1 vector and site-directed mutagenesis of 
base changes coding for p.Thr140Met, p.Gly419Ser, 
p.Cys75Tyr, and p.Ile283Val variants was performed by 
an external lab (GATC Biotech). The human KCNJ2 sub-
unit was cloned into the pcDNA3.1 vector by the same 
external lab. Whole-cell patch clamp recordings were 
performed after transient transfection of human tsA201 
cells with KCNJ12 (0.2 μg) and pEGFP (0.05 μg) or, in 
co-expression studies, KCNJ12 (0.1  μg) with KCNJ2 
(0.1  μg) and pEGFP (0.05 μg). Transfected cells were 
identified by GFP fluorescence. Potassium currents were 
recorded without leak subtraction after partial series re-
sistance compensation (~ 85%) using an Axopatch 200B 
amplifier (Molecular Devices). The pipette resistance was 
approximately 1.5 MΩ after filling with internal solution 
containing (in mM): Potassium gluconate 110, KCl 20, 
HEPES 10, EGTA 10, MgCl

2
.6H

2
O 1, Na

2
ATP 5, glu-

cose 5. The external solution contained (in mM): NaCl 
117, KCl 30, CaCl

2
.2H

2
O 2, MgCl

2
.6H

2
O  1, glucose  5, 

NaHCO
3
 2, HEPES  10. In some experiments, external 

KCl was reduced to 5mM and NaCl increased to 142 
mM. The pH was adjusted to 7.3 and 7.4 for external and 
internal solutions, respectively, and osmolarity was ~300 
mOsm. Data are presented as mean ± standard error of the 
mean (SEM). Student’s t-tests were applied for statistical 
evaluation with significance levels set to p < 0.05.

Fluorescence imaging

To compare trafficking of wildtype channels to 
the p.Thr140Met variant, coding Kir2.2 regions were 
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sub-cloned into pEGFP vectors whereby EGFP was 
fused to the N-terminus of the region by an external 
lab (GATC Biotech). Transfected tsA cells cultured on 
11 mm glass cover slips were fixed with paraffin, imag-
es were taken with fixed exposure time on an Axioskop 
2 microscope with AxioCamMR3 and EC Plan-Neo-
fluar 40x/1.30 oil lens (Zeiss), and the GFP detection 
was filtered as for Alexa 488. Membrane areas over the 
cytoplasm of the cells and background were analyzed 
as mean gray values with ImageJ. For quantification, 
background values were subtracted from the mem-
brane values for each cell.

Molecular modelling

The crystal structure of a prokaryotic inwardly rec-
tifying Kir channel (KirBac 3.1) was used as template 
for homology modelling of mammalian KCNJ12 and 
KCNJ2 (9). Clustal amino acid alignment of mammalian 
Kir channels encoded by KCNJ1-15, the Gallus gallus 
Kir2.2 channel, and KirBac3.1 channels was used in the 
production of homology models of human wildtype (WT) 
Kir2.1, WT Kir2.2, and variant p.Thr140Met Kir2.2. For 
these models, we used the structure file 4lp8.pdb (Kir-
Bac3.1)9 as template in MODELLER. Potassium ion co-
ordinates were saved for the A chain in the Kir2.2 model, 
and tetramers of Kir2.2-Kir2.1 were constructed. Tetra-
meric models were then equilibrated to relieve subunit 
clashes and allowed to reach an energy minimum, with 
Chimera  (10). The energy minimized tetramers were 
used to visualize the distribution of potassium ions with 
respect to the selectivity filter.

The quantitative impact of the p.Thr140Met variant 
was assessed with molecular dynamics (MD) simula-
tions. Equilibrated models of KirWT2.2-KirWT2.1 or 
KirT140M2.2-KirWT2.1 (equimolar ratio of Kir2.2 
and Kir2.1) were incorporated into POPC (1-palmitoyl 
2-oleoyl-sn-glycero-3-phosphocholine) lipid bilayers, 
solvated with TIPW water molecules and 0.2M KCl, and 
equilibrated for lipid and protein minimization, using 
VMD (visual molecular dynamics). Simulations were 
run in NAMD (not another molecular dynamics) with 
application of a CHARMM force field with Langevin 
dynamics at -600 mV. Trajectories of distance between 
the carboxyl of Glu139 and Thr140 (WT) or Met140 
(variant) were calculated using the PLUMED plug-in, 
and trajectories of hydrogen bonding between Glu139 
and Ile144 of the selectivity filter motif (TIGYG) were 
calculated using the H-bonding plug-in of VMD. Hy-
drogen bonding between analogous pairs is a critical 
step in early permeation of K+ ions through the selec-
tivity filter in KcsA (11).

Results

Proband phenotype

The phenotype description of the proband is based on 
the medical file excerpts sent by the referring physician 
with the patient’s consent. The proband did not volun-
teer further information and denied additional examina-
tion and biopsy. He experienced only two documented 
episodes of quadriplegic weakness in his life, at age 18 
and 30 years, both lasting 12 hours. During the second, 
serum potassium level was 1.88 mmol/L and potassium 
administration relieved the symptoms. Thyroid hormones 
levels were normal. The patient reported no cardiac ar-
rhythmia and no dysmorphic features as would be typical 
for Andersen-Tawil syndrome. No relatives were known 
to be affected by PP. We classified the phenotype as very 
mild, hypokalemic SPP.

Exome sequencing 

Altogether, 83,246 variants were detected in the sam-
ple of the proband, including redundant listings of the 
same variant in different splice isoforms. Elimination of 
intronic and synonymous changes reduced the number of 
variants including redundancies down to 17,880. Filtering 
by allele frequencies for variants more rare than 0.5% re-
duced the number of variants to 2,685. Filtering for mus-
cle-specific expression (i.e. the 320 muscle specific genes 
according the Human Protein Atlas) and eliminating the 
redundant listings left 31 variants. These were prelimi-
narily interpreted using Polyphen2, MutationTaster, and 
Sift (Table 1). Since these programs cannot interpret con-
sequences of splicing variants, the two identified splice 
variants could not be analysed further. Of the remaining 
variants, only three were predicted to be linked to dis-
ease by at least two of the prediction programs: a KC-
NJ12 variant c.419C > T coding for p.Thr140Met in the 
Kir2.2 channel, a PRKCQ variant c.685G > A coding for 
p.Asp229Asn in protein kinase C theta, and a TTN variant 
c.47828C > T coding for p.Thr15943Ile in titin. All three 
of these variants were present in a heterozygous state. 
None of the three variants have been, to our knowledge, 
reported to be associated to disease in the literature. Since 
all hitherto known causative PP genes encode ion chan-
nels, we opted to further study only the KCJN12 variant.

Sanger sequencing 

The presence of the heterozygous c.419C > T base 
change in KCNJ12 coding for p.Thr140Met in Kir2.2 was 
confirmed using Sanger sequencing (Fig. 1, top). Since a 
homologous p.Thr140Met in Kir2.6 encoded by KCNJ18 
was reported previously  (12), we confirmed absence of 
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the corresponding homologous c.419C > T base change 
in the KCNJ18 gene by Sanger Sequencing to exclude 
mapping problems of the exome analysis (Fig.  1, bot-
tom). To test the possibility of the KCNJ12 gene being 
generally linked to PP, we sequenced 263 PP samples in 
KCNJ12 using the Sanger technique. No changes were 
detected in 249 samples; eleven samples had synonymous 
SNP (coding for 1x p.Arg214Arg, 8x p.Asp61Asp 1x 
p.Ser266Ser, 1x p.Asp291Asp), and three samples each 
had a different non-synonymous base change. The latter 
were: c.1255G > A coding for p.Gly419Ser (rs77266866) 
with an allele frequency of 0.00077 (consistently predict-
ed to be benign), the not yet described c.224G > A coding 

for p.Cys75Tyr (consistently predicted to be pathogenic), 
and c.847A > G coding for p.Ile283Val (1x predicted to 
be pathogenic, 2x predicted to be benign) (Table 2).

The phenotypes for the three SPP cases with non-syn-
onymous variants were briefly: i) for the p.Cys75Tyr carrier: 
onset at age 18, yearly quadriplegic episodes, ictal potas-
sium of 1.5mM, episodes triggered by diarrhoea, fever, and 
sports, ii) for the p.Ile283Val carrier: onset at age 52, small 
fibre neuropathy, muscle jerking, cramps, myalgia, intermit-
tent hypokalaemia with morning weakness lasting minutes, 
and iii) for the p.Gly419Ser carrier: two episodes in lifetime 
at age 22 and 28 lasting three hours, having concomitant my-
algia, and being triggered by cortisol administration.

Table 1. Exome sequencing proband.
Gene Base 

change
Protein 
change

SNP Allele 
frequency

Poly-
phen2

Mutation
taster

Sift

ACTN3 c.2385C > G p.Asp795Glu n.a. n.a. Benign Pseudogene n.a.
AGBL1 c.774_779dupAGATGA p.Glu258_

Asp259dup
rs775629809 0.000017 n.a. Polymorphism n.a.

CLIC5 c.237A > T p.Arg79Ser rs41271277 0.002805 Benign Polymorphism Tolerated
FHL3 c.331 + 7G > C splice variant rs4570384 0.000594 n.a. n.a. n.a.
HRC c.1001G > A p.Gly334Asp rs796956072 n.a. Benign Polymorphism Tolerated
HRC c.992C > A p.Ala331Asp rs763482766 0.000017 Benign Polymorphism Tolerated
HRC c.986T > A p.Val329Asp rs138152757 0.000042 Benign Polymorphism Tolerated
HRC c.744T > A p.Asp248Glu n.a. n.a. Benign Polymorphism Tolerated
HRC c.738T > A p.Asp246Glu n.a. n.a. Benign Polymorphism Tolerated
HRC c.730G > A p.Glu244Lys rs775263588 0.000817 Benign Polymorphism Tolerated
HRC c.722A > G p.Gln241Arg rs773435857 0.000784 Benign Polymorphism Tolerated
HRC c.703G > A p.Gly235Ser rs760105084 0.000746 Benign Polymorphism Tolerated
HRC c.689G > A p.Gly230Glu rs756913154 0.000690 Benign Polymorphism Tolerated
IGFN1 c.4646C > G p.Thr1549Arg rs199718718 n.a. n.a. Polymorphism Tolerated
IGFN1 c.4715C > T p.Ala1572Val rs201241861 0.000090 n.a. Polymorphism Tolerated
IGFN1 c.4728G > A p.Met1576Ile n.a. n.a. n.a. Polymorphism Tolerated
IGFN1 c.4747A > G p.Ser1583Gly rs199574248 n.a. n.a. Polymorphism Tolerated
IGFN1 c.4823T > C p.Val1608Ala rs201505263 n.a. n.a. Polymorphism Tolerated
IGFN1 c.4828G > A p.Glu1610Lys rs71524455 0.000962 n.a. Polymorphism Tolerated
IGFN1 c.4855G > A p.Gly1619Ser rs189258058 n.a. n.a. Polymorphism Tolerated
IGFN1 c.5160G > A p.Met1720Ile rs200673977 0.000787 n.a. Polymorphism Tolerated
IGFN1 c.6016G > A p.Glu2006Lys rs12729404 0.000116 Benign Polymorphism Tolerated
IGFN1 c.6024A > G p.Ile2008Met rs12728986 0.000114 Benign Polymorphism Tolerated
IGFN1 c.6043G > A p.Gly2015Ser rs796090138 n.a. Benign Polymorphism Tolerated
KCNJ12 c.419C > T p.Thr140Met rs536297311 0.000056 Probably 

damaging
Disease 
causing

Damaging

LRRC14B c.310C > T p.Arg104Cys n.a. n.a. Benign Polymorphism Tolerated
MAFA c.621_623delCCA p.His208del rs141816879 n.a. n.a. Polymorphism n.a.
PPP1R3A c.1428T > A p.Asn476Lys rs2974944 0.001129 Benign Polymorphism Tolerated
PRKCQ c.685G > A p.Asp229Asn rs34524148 0.001052 Probably 

damaging
Disease 
causing

Tolerated

TTN c.47828C > T p.Thr1594Ile rs776113556 0.000008 Probably 
damaging

Disease 
causing

n.a.

TTN c.10361-5delT Splice variant rs58651353 n.a. n.a. n.a. n.a.
n.a. = not available.
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The prediction results (Tables  1,  2) suggest i)  that 
p.Gly419Ser would not be expected to cause any effects, 
ii)  that the expectation for p.Ile283Val is unclear, and 
iii) that p.Cys75Tyr and p.Thr140Met would be expected 
to produce relevant changes in channel function. To test 
whether the prediction programs correctly assessed the 
disease-causing potency of the variants and, more specifi-
cally, to test whether p.Thr140Met may contribute to the 
SPP phenotype in the proband, we performed whole cell 
patch clamp studies on the four non-synonymous Kir2.2 
variants.

Electrophysiology and fluorescence imaging 

Kir currents were elicited from a holding potential 
of 0 mV in 10 mV-voltage steps of 100ms duration from 
hyperpolarized potentials – 80 mV to + 40 mV. In 30 mM 
external KCl, typical rectifier Kir currents were record-
ed from expression of Kir2.2-WT and the three variants 

p.Cys75Tyr, p.Ile283Val, and p.Gly419Ser. In contrast, 
no endogenous Kir currents were detected in untrans-
fected cells or in cells expressing p.Thr140Met. However, 
when WT was co-expressed with p.Thr140Met, typical 
Kir currents could be observed (Fig. 2A).

These findings could indicate, among other possibilities, 
that p.Thr140Met channels are not synthesized, not inserted 
into the membrane, or not functional. To assess the subcel-
lular localization of the p.Thr140Met channels in compari-
son with Kir2.2-WT, we performed fluorescence imaging. 
Both channel types were expressed uniformly on the plas-
ma membrane, with gray levels of WT vs p.Thr140Met 
being 16.17 ± 0.95 vs 13.49 ± 1.11 (p = 0.08, n = 18-19) 
(Fig. 2B). This finding indicates that p.Thr140Met channels 
are observed at levels similar to WT in the plasma mem-
brane 24 hours post-transfection which means that protein 
synthesis, trafficking, and membrane insertion are intact. 
Therefore, the effect of p.Thr140Met is more likely to be 

Table 2. Sanger sequencing KCNJ12 in PP.
Base 
change

Protein 
change

SNP Allele 
frequency

Poly-
Phen2

Mutatio
taster

Sift

c.224G > A p.Cys75Tyr n.a. n.a. Probably 
damaging

Disease 
causing

Damaging

c.847A > G p.Ile283Val n.a. n.a. Benign Disease 
causing

Tolerated

c.1255G > A p.Gly419Ser rs77266866 0.00077 Benign Polymorphism Tolerated
n.a. = not available

Figure 1. Sanger sequencing proband. Electropherogram of both genes, KCNJ12 (top) and KCNJ18 (bottom). The 
presence of a heterozygous c.419C > T base change coding for p.Thr140Met in the coding region of KCNJ12 was 
confirmed using Sanger sequencing (red box). In KCNJ18, no base change was identified at this position. Additionally, 
two positions were marked (black boxes) to highlight the differences in wildtype sequences of these two genes in this 
highly homologous region proving the specificity of our amplification.
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due to a direct effect on channel function, a possibility that 
we focused further on using electrophysiology. 

Plotting of the obtained current peaks against the 
voltage revealed almost linear current-voltage relation-
ships (Fig. 2C). Conductances were calculated from the 
steepness of the current-voltage relationship in the voltage 
range from – 70 mV to – 40 mV. Conductances for the in-
ward currents were 288.28±49.11 nS/pF for WT (n = 19), 
308.49 ± 77.84 nS/pF for p.Gly419Ser (n = 8, p = 0.82), 
275.36 ± 44.47 nS/pF for p.Ile283Val (n = 15, p = 0.85), 
220.76 ± 37.39 nS/pF for p.Cys75Tyr (n = 15, p = 0.3), 
2.67 ± 0.79 nS/pF for p.Thr140Met (n = 16, p < 0.001), 
and 216.47 + 64.36 for Kir2.2-WT-Kir2.2-p.Thr140Met 
(n  =  10, p  =  0.39). Of these, only the conductance of 
p.Thr140Met alone differed from WT significantly. 

To further study the voltage range around the resting 
membrane potential of skeletal muscle, extracellular KCl 
was decreased to 5 mM and the starting potential adjusted 
to – 140 mV. Plotting of these current peaks against the 
voltage revealed linear to saturated current-voltage rela-
tionships and reduced current densities compared to WT 
(Fig.  2D). Conductances for the inward current were 
840.48 ± 98.62 nS/pF for WT (n = 10), 530.26 ± 82.47 
nS/pF for p.Gly419Ser (n = 11, p = 0.19), 523.08 ± 62.29 
nS/pF for p.Ile283Val (n = 11, p = 0.06), 614.29 ± 73.16 
nS/pF for p.Cys75Tyr (n = 11, p = 0.18), and 1.51 ± 0.43 
nS/pF for p.Thr140Met (n = 15, p < 0.001). This suggests 
that only p.Thr140Met reduced channel function.

Since the homologous Kir2.1 is the main skel-
etal muscle potassium channel maintaining the resting 

A B

DC

Figure 2. Functional expression. Functional characterization of Kir2.2-WT and four missense variants expressed in 
tsA 201 cells. A) Representative current traces. Note that p.Thr140Met channels do not produce a current. B) Fluo-
rescence image of the tsa 201 cell expressing WT and p.Thr140Met Kir2.2 fusion proteins with GFP (Left). Mean grey 
values from the membrane areas after subtraction of background showed comparable signal intensity between WT 
(n = 18) and p.Thr140Met (n = 19) (Right). C) Normalized current-voltage relationships for untransfected cells (n = 9), 
WT (n = 19), p.Cys75Tyr (n = 15), p.Thr140Met (n = 16), p.Ile283Val (n = 15), p.Gly419Ser (n = 8) and Kir2.2-WT+Kir2.2- 
p.Thr140Met (n = 10) recorded in 30mM external K+. D) Normalized current-voltage relationships for WT (n = 10), 
p.Cys75Tyr (n = 11), p.Thr140Met (n = 15), p.Ile283Val (N = 11) and p.Gly419Ser (n = 11) recorded in 5mM external 
K+. Data are shown as means ± SEM.
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membrane potential, along with Kir2.2  (13) we investi-
gated the effects of the variants on heteromeric Kir2.2-
Kir2.1 channels by co-transfecting the two plasmids at 
an equimolar ratio. As expected by the literature (14), 
WT Kir2.1/WT Kir2.2 co-expression showed a signifi-
cantly higher current density at 5 mM extracellular KCl 
at -130 mV (– 737.06 ± 113.27 pA/pF, n = 14) compared 
with expression of WT Kir2.1 alone (– 491.82 ± 48.18 
pA/pF, n  =  17, p  =  0.04) which indicates formation of 
functional hetero-tetramers in our experimental condi-
tions (Fig.  3A). Plotting of the obtained current peaks 
against the voltage revealed linear to saturated current-
voltage relationships (Fig.  3B). Conductances for the 
inward current were 1036.91  ±  151.97 nS/pF for WT 
(n = 14), 529.66 ± 75.37 nS/pF for p.Gly419Ser (n = 16, 
p = 0.01), 624.91 ± 110.25 nS/pF for p.Ile283Val (n = 17, 
p = 0.03), 552.36 ± 92.89 nS/pF for p.Cys75Tyr (n = 17, 
p  =  0.01), and 134.11  ±  48.99 nS/pF for p.Thr140Met 
(n  =  19, p  <  0.001). This suggests that all variants re-
duced co-expressed Kir2.1 function to some degree with 
p.Thr140Met being the most potent which may elicit a 
so-called dominant-negative effect on Kir2.1 by reducing 
conductance by 87% in our experiment. 

Molecular modelling 

To confirm a dominant negative effect of Kir2.2 with 
p.Thr140Met on WT Kir2.1, we created three-dimension-
al models of Kir2.2-Kir2.1 hetero-tetramers (Fig. 4A, B). 
These were equilibrated for energy minimization using 
Chimera, and compared for the WT Kir2.2-Kir2.1 tetram-
er, p.Thr140Met Kir 2.2-WT Kir2.1 tetramer (2:2) and for 

p.Thr140Met Kir 2.2-WT Kir2.1 (3:1), p.Thr140Met Kir 
2.2 chains. For the Kir WT 2.2-2.1 tetramer in equimo-
lar model ratio, energy minimization resulted in a re-dis-
tribution of potassium ions towards the putative binding 
sites in the pore helix of Kir 2.2 compatible with a higher 
maximal current of the hetero-tetramer (Fig. 4C). For the 
Kir p.Thr140Met 2.2-Kir WT2.1 tetramer in equimolar 
model ratio, re-distribution of potassium ion was mini-
mal (Fig. 4D), and this effect was even more pronounced 
when 3 Kir p.Thr140Met 2.2 chains were used in con-
struction of the tetramer (Fig. 4E). These findings support 
the functional results showing that p.Thr140Met reduces 
the maximal current of the hetero-tetramer.

In order to quantify the effect of the variant, mo-
lecular dynamics simulations for the WT Kir2.2-Kir2.1 
tetramer versus p.Thr140Met Kir 2.2-WT Kir2.1 tetramer 
(2:2) were performed. They revealed two significant dif-
ferences between the WT Kir2.2-Kir2.1 model (Fig. 5A) 
and Thr140Met Kir 2.2-WT Kir2.1 model (Fig. 5B). The 
first was that the distance between center of mass at the 
distal carbon for adjacent residues in the pore helix of 
Glu139 and Thr140 (WT) or Met140 (variant) was sig-
nificantly greater for the WT model (8.09 ± 0.43 Å) com-
pared to the Thr140Met model (5.39 ± 0.52 Å, p ≤ 0.05, 
Fig.  5C). The second was that the H-bonding between 
Glu139 and Ile144 of the TIGYG selectivity filter was 
observed in 37.2% of frames for the WT model, but in 
no frames at all for the Thr140Met model (Fig. 5D). It 
is quite possible that the shorter distance between side 
chains of the Glu139 and Met140 compared to that for 
Glu139 and Thr140 may contribute to the loss of hydro-
gen bonding in the Thr140Met model. 

A B

Figure 3. Co-expression of Kir2.1. Functional characterization of hetero-tetramers between Kir2.1 and Kir2.2-WT and 
four missense variants expressed in tsA 201 cells. A) Representative current traces. B) Normalized current-voltage 
relationships for WT Kir2.1 (n = 17), WT/WT Kir2.1 + Kir2.2 (n = 14), WT Kir2.1+Kir2.2-p.Cys75Tyr (n = 17), WT Kir2.1 
+ Kir2.2-p.Thr140Met (n = 19), WT Kir2.1 + Kir2.2-p.Ile283Val (n = 17) and WT Kir2.1 + Kir2.2- p.Gly419Ser (n = 16) 
recorded in 5mM external K+. Data are shown as means ± SEM.
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Discussion
Based on the Sanger sequencing data, it is clear 

that non-synonymous Kir2.2 variants are infrequent; 
we found 4 in 264 patient samples (1.5%) a frequency 
similar to a previous study of the homologous channel 
Kir2.6 which detected 10 variants in 263 patient sam-
ples (3.8%)  (8). Three of the variants, p.Gly419Ser, 
p.Ile283Val, and p.Cys75Tyr, are all located in cyto-
plasmic regions of the Kir2.2 channel. p.Gly419Ser 
is a known benign polymorphism named rs77266866 
(dbSNP database, www.ncbi.nlm.nih.gov/snp/) which 
slightly depressed co-expressed Kir2.1. The two novel 
variants, p.Ile283Val, and p.Cys75Tyr, presented with 
functional effects of a similar degree. Therefore, all 
three variants may be interpreted as benign functional 
polymorphisms according to Jurkat-Rott and Lehmann-
Horn 2005  (15). In contrast, p.Thr140Met is located 
in a transmembrane pore-forming alpha helix close to 
the selectivity filter (amino acid residues 143-148). It 
produced a loss of Kir2.2 function and supressed co-
expressed WT Kir2.1. This may indicate a susceptibility 
or potentially pathogenic variant.

The prediction programs were not reliable in deter-
mining the functional effects since of the two variants 
which both were consistently predicted to be patho-
genic, p.Cys75Tyr and p.Thr140Met, only one had sig-
nificant functional effects. In contrast, three variants 
had comparable function but very different prediction 
results: p.Gly419Ser which was consistently predicted 
to be benign and the two novel variants, p.Ile283Val and 
p.Cys75Tyr, one of which was consistently predicted 
to be pathogenic. This assessment is in agreement with 
previous studies on the quality of prediction programs in 
ion channelopathies which found reasonable sensitivities 
ranging from ~ 70-90% but low specificities of ~ 15-50% 
depending on channel type and protein regions within the 
channels (16, 17).

Our data show that the loss of function of p.Thr140Met 
Kir2.2 is not due to a trafficking defect but results from an 
alteration of the ion pore conductance. Together with the 
dominant negative effect on the main skeletal muscle rec-
tifying potassium channel, Kir2.1, the functional effects 
are very similar to those of the PP Mutations in Kir2.6 
which also display a loss of function and suppress co-

Figure 4. Homology models. Homology models of Kir2.2 and Kir2.1 incorporated into a tetramer of equimolar ratio 
A). Pore helical regions are colored orange (Kir2.2) or green (Kir2.1), with homologous pore helix residues Thr140 
(Kir2.2) and Thr139 (Kir2.1) shown in white with corresponding arrows; potassium ions are included with chain A (Kir2.2, 
right) from the original 4lp8 pdb coordinates. Top view of same prior to equilibration is shown in B). After equilibration 
for energy minimization, top views show relative re-distribution of potassium ions for the WT equimolar heterotetramer 
C), and with variant p.Thr140Met incorporated into 2 Kir2.2 chains D) or 3 Kir2.2 chains E). The Kir2.2 p.Thr140Met 
variant resulted in less movement of the potassium ions towards binding sites in the pore helix.

A B

D

C

E
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expressed Kir2.1. (12, 18). Additionally, the same amino 
acid change, i.e. p.Thr140Met, in the highly homologous 
Kir2.6 channel has been shown to cause a similar pheno-
type, TPP (12), which supports the notion of susceptibil-
ity or potential pathogenicity of p.Thr140Met in Kir2.2.

As to the dominant negative effect on Kir2.1, loss 
of function mutations in the encoding KCNJ2 gene are 
known to cause Andersen-Tawil Syndrome, a PP pheno-
type with the additional features cardiac arrhythmia and 
facial dysmorphia (5). However, our patient did not have 
such symptoms nor did the TPP patients with Kir2.6 muta-
tions described previously (12). To clarify this conundrum, 
we compared public data of quantitative tissue-specific ex-

pression patterns. According to the Genotype Tissue Ex-
pression Consortium (www.gtexportal.org), the following 
RNA expression levels in reads per kilobase per million 
mapped reads have been found for KCNJ12 vs KCNJ2: 
for skeletal muscle 12.3 vs 1.0, for heart 2.9 vs 2.3, and 
for skin 3.6 vs 0.9. Data from another source, the Human 
Protein Atlas (www.proteinatlas.org), lists the following 
transcripts per million: for skeletal muscle 23.1 vs 3.3., 
for heart 3.9 vs 6.3, and for skin 2.1 vs 5.6. The Fantom5 
Consortium (www.fantom.gsc.riken.jp) has published the 
following expression levels in tags per million: for skeletal 
muscle 19.1 vs 8.1, for heart 7.4 vs 23.9, and for skin no 
data is available. All three sources agree that KCNJ12 ex-

Figure 5. Molecular dynamics simulations. Models of equimolar Kir2.2 and Kir2.1 were incorporated into a POPC 
membrane, solvated and ionized, and subjected to an electric field for molecular dynamics simulations. The pore helix 
of one Kir2.2 chain and the TIGYG selectivity filter are shown in panels A) (WT 2.2) and B) (Thr140M 2.2), along with 
potassium ions (cyan). Distance measurements between the pore helix Glu139 (yellow) and Thr140 (blue, panel A) 
or Met140 (red, panel B) are depicted by the white arrows, and are calculated from MD trajectories shown in panel 
C). Hydrogen bonding between Glu139 and the Ile144 of the selectivity filter are calculated from trajectories shown in 
panel D). Reduced distance between pore helix residues Glu139/Met140 in the variant compared to Glu139/Thr140 
in WT is correlated with an absence of hydrogen bonding between Glu139 and the target Ile144 of the selectivity filter.
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pression in skeletal muscle is at least two times larger than 
KCNJ2. This is not the case for heart and skin.

Possible phenotypes may be suggested by knockouts. 
While KCNJ2 knockout mice die within hours after birth 
due to severe dysmorphia (cleft palate) and show no Kir 
currents in arterial myocytes, KCNJ12 knockouts are vi-
able and fertile and without dysmorphia  (19). Suppres-
sion of Kir2.1 in heart leads to reduction of the cardiac 
Kir current by 95% (20). Taken together, expression lev-
els and knockout data suggest that Kir2.2 mutations are 
most likely, if not exclusively, to cause muscle symptoms 
and not dysmorphia or cardiac arrhythmia.

Assuming a relative abundance of KCNJ12 to KCNJ2 
of 2:1, there would be an equimolar ratio of WT Kir2.2 
to p.Thr140Met Kir 2:2 to WT Kir2.1, i.e. of 1:1:1. Het-
erotetramers with none, one, or several p.Thr140Met 
may be present. Our molecular modelling demonstrated 
that the incorporation of an increasing number of Kir2.2 
p.Thr140 in heterotetramers with Kir2.1 decreased the 
movement of potassium ions towards their binding sites 
in the pore helix which directly results in current reduc-
tion. Quantification by molecular dynamics simulations 
demonstrated that the incorporation of Kir2.2 p.Thr140 
in heterotetramers with Kir2.1 resulted in loss of forma-
tion of hydrogen bonding between Glu139 and Ile144 of 
the selectivity filter. This interaction is important in early 
permeation steps in KcsA channels (11), supporting the 
hypothesis that current reduction in heterotetramers con-
taining the p.Thr140Met Kir 2:2 variant may be, at least 
partly, the consequence of the observed reduction in hy-
drogen bonding. Whether or not the current reduction is 
enough to reduce the total inward Kir current sufficiently 
to cause PP determines the difference between pathogen-
ic variant and susceptibility (15). 

Additionally, there may be genetic background factors 
to take into account. In the proband with p.Thr140Met in 
Kir2.2, there were two additional, unknown, non-synon-
ymous, possibly pathogenic, heterozygous variants: one 
in PRKCQ encoding protein kinase C theta (PKCθ) and 
one in TTN encoding titin. Both have previously not been 
linked to PP, but may still contribute to the phenotype of 
the proband. Titin mutations are known to cause multi-
ple other diseases of heart and skeletal muscle; namely 
several cardiomyopathies, limb-girdle dystrophy type 2, 
proximal myopathy with respiratory involvement, Salih 
myopathy, and tardive tibial muscular dystrophy (21, 22) 
and, therefore, titin variants could contribute to the mani-
festation of muscle weakness. For PKCθ, even though it 
has not been associated to disease at all, it is quite im-
portant for regulation of skeletal muscle function. PKCθ 
phosphorylates and thereby reduces the current ampli-
tude of the muscular chloride channel ClC-1 (23) which 
helps muscle to uphold muscle excitability during exer-

cise (24). An increased PKCθ could mimic the pathoge-
netic mechanism underlying the skeletal muscle disorder 
of myotonia congenita which is caused by muscle hyper-
excitability due to decreased ClC-1 current  (25). Alter-
natively, an inhibition of Protein kinase C – which may 
be expected to a. o. increase ClC-1 current –   improves 
muscle regeneration in a mouse model of Duchenne mus-
cular dystrophy (26) and could lessen the severity of a PP 
phenotype.

Taken together, the sporadic occurrence of SPP sug-
gests that the pathogenic potency of Kir2.2 variants may 
be dependent on additional factors such as individual ge-
netic background (i.e. co-existing variants in PRKCQ and 
TTN) or epigenetic phenomena. Therefore, we conclude 
that Kir2.2 p.Thr140Met may be most safely interpreted 
as a SPP susceptibility variant and it should be included 
in the genetic testing scheme for diagnosing SPP.
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Spinal-bulbar muscular atrophy (SBMA), is an X-linked motor 
neuron disease caused by a CAG-repeat expansion in the first 
exon of the androgen receptor gene (AR) on chromosome X. 
In SBMA, non-neural clinical phenotype includes disorders of 
glucose and lipid metabolism. We investigated the prevalence 
of metabolic syndrome (MS), insulin resistance (IR) and non 
alcoholic fatty liver disease (NAFLD) in a group of SBMA pa-
tients. Forty-seven consecutive patients genetically diagnosed 
with SBMA underwent biochemical analyses. In 24 patients ab-
dominal sonography examination was performed. Twenty-three 
(49%) patients had fasting glucose above reference values and 
31 (66%) patients had a homeostatic model assessment (HO-
MA-IR) ≥ 2.6. High levels of total cholesterol were found in 24 
(51%) patients, of LDL-cholesterol in 18 (38%) and of triglyc-
erides in 18 (38%). HDL-cholesterol was decreased in 36 (77%) 
patients. Twenty-four (55%) subjects had 3 or more criteria 
of MS. A positive correlation (r = 0.52; p < 0.01) was observed 
between HOMA-IR and AR-CAG repeat length. AST and ALT 
were above the reference values respectively in 29 (62%) and 
18 (38%) patients. At ultrasound examination increased liver 
echogenicity was found in 22 patients (92 %). In one patient 
liver cirrhosis was diagnosed. Liver/kidney ratio of grey-scale 
intensity, a semi-quantitative parameter of severity of steatosis, 
strongly correlated  with BMI (r = 0.68; p < 0.005). Our study 
shows a high prevalence of IR, MS and NAFLD in SBMA pa-
tients, conditions that increase the cardiovascular risk and can 
lead to serious liver damage, warranting pharmacological and 
non-pharmacological treatment.

Key words: muscular atrophy, spinal-bulbar muscular atrophy, 

metabolic syndrome, insulin resistance, non alcoholic fatty liver 

disease 

Introduction
Kennedy’s disease, also known as spinal-bulbar mus-

cular atrophy (SBMA), is a rare, late-onset, X-linked 
motor neuron disease. It is caused by a CAG trinucleo-
tide-repeat expansion in the first exon of the androgen re-
ceptor gene (AR) on chromosome X. The CAG sequence 
encodes a polyglutamine tract (polyQ), with more than 38 
repeats considered to be pathogenetic (1).

SBMA affects adult males with onset usually be-
tween 30 and 50 years, and is characterized by selective 
motor neuron degeneration occurring in brainstem and 
spinal cord, leading to progressive bulbar and limb mus-
cle weakness and atrophy  (2). Besides the well-known 
neurological phenotype, non-neurological symptoms are 
common in SBMA. These include features belonging to 
the cluster of metabolic syndrome (MS), a condition of 
increased cardiovascular risk characterized by insulin re-
sistance (IR), abdominal obesity, dyslipidemia and glu-
cose intolerance (3). In man, hypogonadism is associated 
with MS, which seems to be improved by treatment with 
testosterone (4). Several molecular mechanisms mediated 
by AR signaling can lead to the development of MS (5). 

IR is a key pathogenic factor in both MS and non-alco-
holic fatty liver disease (NAFLD), a clinicopathologic 
entity that includes a spectrum of liver damage ranging 
from simple steatosis to nonalcoholic steatohepatitis 
(NASH) (6). As MS and NAFLD may lead to worse out-
comes in patients with chronic diseases and benefit from 
pharmacological and non-pharmacological treatment, we 
investigated the prevalence of MS, IR and NAFLD in a 
group of SBMA subjects.
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Patients and methods
Forty-seven consecutive patients genetically diag-

nosed with Kennedy’s disease, undergoing no specific 
treatment for SBMA, were recruited after obtaining writ-
ten informed consent. They were all Italian and followed-
up in the  Department of Neurosciences, University of 
Padua. No patients was under statin or metabolic treat-
ment at the time of evaluation. One hundred twenty-three 
age-matched healthy males served as controls. For all 
participants, anthropometric parameters, systolic blood 
pressure (SBP), diastolic blood pressure (DBP) and lab-
oratory data were collected. Body weight was assessed 
with a calibrated standard beam balance, height was 
measured by a standard height bar, and Body Mass Index 
(BMI) was calculated as weight (kg) divided by height 
(m2). Waist circumference was measured at the midway 
between lower rib and crista iliaca, according to WHO 
recommendations (7).

Blood pressure was measured using the method 
recommended by the Seventh Report of the Joint Na-
tional Committee on Prevention, Detection, Evaluation, 
and Treatment of High Blood Pressure  (8). Laboratory 
tests, measured after an overnight fast, included: fasting 
plasma glucose, immuno-reactive insulin, serum triglyc-
erides (TG), total cholesterol, high-density lipoprotein 
cholesterol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C), alanine aminotranferase (ALT), aspartate ami-
notranferase (AST), and total serum testosterone.

To evaluate IR, homeostatic model assessment 
(HOMA-IR) was calculated using the formula: HOMA-
IR =  [glucose (mmol/L)  * insulin (µU/mL)/22.5], using 
fasting values (9). IR was defined as HOMA-IR ≥ 2.5. Ac-
cording to NHLBI/AHA criteria (10), MS was diagnosed 
when three or more of the following risk factors were 
present: abdominal obesity (waist circumference > 102 
cm), hypertension (blood pressure  ≥  130/  ≥  85 mmHg) 
or specific medication, level of triglycerides ≥ 150 mg/
dl (1.7 mmol/L) or specific medication, low HDL choles-
terol  < 40 mg/dl (1.03 mmol/L) or specific medication, 
and fasting plasma glucose ≥ 100 mg/dl (5.6 mmol/L) or 
history of diabetes mellitus or taking antidiabetic medica-
tions.

Genomic DNA was extracted from peripheral blood 
leucocytes using the standard salting out procedure. 
CAG repeats were amplified by PCR as previously de-
scribed (11) and repeats fragment sizing was performed 
on an ABI PRISM 3,700 DNA Sequencer (Applied Bio-
systems, Foster City, California, USA). The specific 
length of CAG repeats was further verified via Sanger 
sequencing.

We assessed motor functions using the revised ver-
sion of amyotrophic lateral sclerosis functional rating 

scale (ALSFRS-R). Although this scale was not devel-
oped for SBMA, all items in this rating scale are appli-
cable to the disease (12).

Abdominal sonography was performed in 24 subjects 
with SBMA, randomly chosen within the group. The ex-
am was performed by a single skilled operator with an 
Hitachi HI VISION Ascendus equipment (Hitachi Medi-
cal Corporation, Tokyo, Japan) and a convex phased ar-
ray transducer (5-1 MHz) after at least an 8-hours fast. 
All images were obtained with the same presetting of the 
sonographic equipment that is, imaging probe, gain, fo-
cus, and depth range. Liver steatosis was graded as fol-
lows (13):
•	 grade I (mild): slightly increased liver brightness rel-

ative to that of the kidney with normal visualization 
of the diaphragm and intrahepatic vessel borders;

•	 grade II (moderate): increased liver brightness rela-
tive to that of the kidney with slightly impaired visu-
alization of the intrahepatic vessels and diaphragm;

•	 grade III (severe): markedly increased liver bright-
ness relative to that of the kidney with poor or no 
visualization of the intrahepatic vessel borders, dia-
phragm and posterior portion of the right lobe of the 
liver.
A semiquantitative estimate of steatosis was also 

obtained based on comparative analysis of digital sono-
graphic images of the liver and right kidney (14). Briefly, 
US images of both organs were acquired and the grey-
scale intensity of selected regions of interest was mea-
sured, and a liver/kidney (L/K) ratio was calculated, 
which has been shown to display direct correlation with 
the degree of steatosis measured by histology. 

The diagnosis of NAFLD was established by ultra-
sonography followed by the exclusion of the secondary 
causes of hepatic steatosis: alcohol intake of 30 g/day or 
more, ingestion of drugs known to produce hepatic ste-
atosis, a positive serology for hepatitis B or C virus, a 
history of another known liver disease.

Continuous variables were described as means plus 
or minus one standard deviation. Student’s t test was used 
to measure the statistical significance of the mean differ-
ences, and the relationship between two continuous vari-
ables was analyzed using Spearman’s correlation coef-
ficients. The significance level was set at p < 0.05.

Results
The baseline characteristics, anthropometric and 

biochemical parameters of the SBMA patients and the 
healthy control subjects are summarized in Table  I. 
Mean SBMA duration since its onset was 14.9 ± 7.0 years 
(range 4-30). The SBMA patients had higher waist cir-
cumference, SBP, DBP, glycate haemoglobin, IRI, 
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HOMA-IR, AST and ALT than the controls. Twenty-four 
(55%) patients with SBMA had 3 or more criteria of MS. 

In SBMA patients a positive correlation was observed 
between HOMA-IR and AR-CAG repeat length (Fig. 1A). 
No correlation was observed between HOMA-IR and BMI, 
between HOMA-IR and disease duration and between 
HOMA-IR and ALSFRS-R. No difference in BMI was 
found between patients with normal and high HOMA-IR.

AST and ALT were above the references values re-
spectively in 29 (62%) and 18 (38%) cases. Twenty-six 
patients with hypertransaminasemia had an AST/ALT 
ratio < 1. Total serum testosterone was elevated in five 
patients (10%) and decreased in three (6%).

At ultrasound examination increased liver echo-
genicity was found in 22/24 SBMA patients. Eleven pa-
tients showed grade I, 7 patients grade II and 4 patients 
grade III steatosis (Table 2). One patient was diagnosed 
with liver cirrhosis. L/K ratio strongly correlated with 
BMI (Fig.  1B). AR-CAG repeat length and disease du-
ration did not correlate with L/K ratio All patients with 
grade III steatosis and the subject with liver cirrhosis 

were obese (BMI ≥ 30 kg/m2). Dividing patients based on 
the steatosis grading, the group with higher degree had a 
BMI significantly greater than those with a lower degree. 
On the contrary, no differences were observed in the AR-
CAG repeat length and in the disease duration (Table 2). 
No significant correlation was found between total serum 
testosterone and other parameters.

Discussion
This study evidenced that SBMA patients had higher 

prevalence of MS criteria, IR and hypertransaminasemia 
than the controls. Many mechanisms related to IR and 
MS, such as hyperglycemia, dyslipidemia, high blood 
pressure and inflammation, can accelerate atherosclerosis 
and increase the risk of vascular complications (15).

Recently, a high prevalence of IR in SBMA patients 
was reported by Nakatsuji et al.  (16). The authors de-
scribed a correlation between motor function, evaluated 
with ALSFRS-R, and HOMA-IR that in our patients was 
not found. This discrepancy can be partly due to ethnic 
differences in insulin sensitivity observed between Cau-
casian and Asian peoples (17).

Hypertransaminasemia was frequently observed 
in our SBMA patients. Both AST and ALT are pres-
ent in skeletal muscle, with ALT being more specific 
to the liver  (18). These data suggest a liver involve-
ment in SBMA patients. To characterize this, NAFLD 
was found in 92% of SBMA patients undergoing ab-
dominal sonography. NAFLD is strictly related to IR, 
and linked to MS. Its global prevalence is 25%  (19). 
Even if NAFLD is frequently a benign condition, it can 
progress to non-alcoholic steatohepatitis, liver cirrho-
sis and hepatocellular carcinoma (20). Although most 
of studied subjects had a mild or moderate steatosis, 
4 patients had a severe fatty liver and in one patient 
hepatic involvement had evolved to micronodular cir-
rhosis. In this patient, MS and liver abnormalities were 
diagnosed several years before the onset of Kennedy’s 
disease. In SBMA, as well as in the general popula-
tion  (21), obesity seems to worsen the severity of 
NAFLD, which can occur also in lean subjects. On the 
contrary, the severity of NAFLD does not appear to be 
related to the disease duration. 

An evidence of NAFLD was recently reported by 
Gruber et al. (22) in nearly all SBMA patients evaluated 
with magnetic resonance spectroscopy.

IR is a key pathogenic factor in both NAFLD and 
MS. Increased adipose tissue results in increased FFA 
flux to tissues, including the liver, triglyceride storage 
and IR (23). In fatty liver, glucose uptake and insulin-me-
diated suppression of glucose production are impaired, 
exacerbating the IR. 

Table 1. Anthropometric and biochemical profile of pa-
tients with SBMA and control subjects.

SBMA 
(n. 47)

Control 
(n. 124)

p value

Age (years) 57.7 ± 7.0 55.3 ± 8.4 n.s.
BMI (kg/m2) 25.5 ± 3.7 24.8 ± 3.4 n.s.
Waist circumference 
(cm) 

101 ± 7.5 98 ± 8.1 < 0.05

SBP (mmHg) 138 ± 18 129 ± 13 < 0.001
DBP (mmHg) 90 ± 10 86 ± 9 < 0.01
Fasting glucose 
(mmol/l) 

115 ± 34 108 ± 21 n.s.

Glycate 
haemoglobin 
(mmol/mol) 

41 ± 13 37 ± 11 < 0.05

IRI (µU/ml) 15.0 ± 10.7 8.8 ± 7.2 < 0.001

HOMA-IR 
4.1 ± 2.5 2.1 ± 2.0 < 

0.001
Total cholesterol 
(mmol/l) 

5.36 ± 0.84 5.21 ± 0.76 n.s

HDL-cholesterol 
(mmol/l) 

1.38 ± 0.42 1.43 ± 0.39 n.s.

Triglycerides 
(mmol/L)

1.98 ± 1.26 1.72 ± 1.11 n.s.

AST (U/L) 47 ± 21 25 ± 11 < 0.001
ALT (U/L) 57 ± 27 27 ± 15 < 0.001
BMI: body mass index; SBP: systolic blood pressure; DBP: di-
astolic blood pressure; IRI: immuno-reactive insulin; HOMA-IR: 
insulin resistance homeostatic model assessment; HDL: high-
density lipoprotein; AST: aspartate transaminase; ALT: alanine 
transaminase.
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Testosterone and androgen receptors play a pivotal 
role in the regulation of insulin signaling and in several 
aspect of MS. Epidemiological studies demonstrate an as-
sociation between low levels of testosterone in men and 
obesity, MS and type 2 diabetes mellitus  (24). In pros-
tate cancer, androgen-deprivation therapy improves sur-
vival but it leads to severe hypogonadism with different 
adverse effects, including increase of fat mass and cir-
culating insulin levels (25). Clinical studies showed that 
testosterone replacement can improve insulin sensitivity 
in hypogonadal men (26) and reduce markers of MS and 
inflammation in hypogonadal men with MS (27).

The CAG repeat polymorphism within the AR gene 
can also play a role in development of MS (28). The poly-
morphism of AR-CAG repeats influences insulin sensi-
tivity and the components of MS in men (29). Evidence 
suggests that CAG number is inversely correlated to the 
transcriptional activity of AR (30). According to these da-
ta, in SBMA patients IR, evaluated by HOMA-IR, posi-
tively correlated with AR-CAG repeat length.

The mechanisms through which testosterone acts on 
metabolism control in man are complex. An increasing 
body of evidence shows that testosterone modulates the 
expression of important regulatory proteins involved in 
glycolysis, glycogen synthesis and lipid metabolism in 
liver, muscle and adipose tissues. The molecular basis 
of deficiency in AR signaling has been investigated us-
ing animal models. Male mice with global deletion of 
AR (GARKO) show central obesity, fasting hyperglyce-
mia, glucose intolerance, and IR (31). In the GARKO 
mouse model, the ability of insulin to activate the phos-
phatidylinositide-3 kinase, was reduced by 60% in skel-
etal muscle and liver, resulting in impairment of insulin 
signaling  (32). In the selective hepatocyte deleted AR 
mouse (LARKO), a high-fat diet induced development 
of obesity, hepatic steatosis, fasting hyperglycemia and 
insulin resistance  (32). Reduced insulin sensitivity in 
fat-fed LARKO mice was associated with decreased 
phosphoinositide-3 kinase activity and increased phos-
phenolpyruvate carboxykinase expression, features 

Figure 1. Correlations between AR-CAG repeat length and HOMA-IR (A) and between L/K ratio and BMI (B).

AR: androgen receptor; BMI: body mass index; HOMA-IR: homeostatic model of assessment insulin resistance

A

B
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which can explain the impaired insulin signaling and 
increased hepatic glucose production (31). In testicular 
feminized mice, which have a non-functional AR, an 
elevated expression of key regulatory enzymes of fatty 
acid synthesis, acetyl-CoA carboxylase alpha (ACA-
CA) and fatty acid synthase, was found, explaining the 
increased hepatic lipid deposition compared to con-
trols (32). Taken together, IR and elevated lipid synthe-
sis observed in the liver of animal models with AR de-
fect can explain the very high prevalence of NAFLD in 
SBMA subjects. NAFLD severity was correlated with 
BMI, but not with AR-CAG repeat length, suggesting 
that, although AR deficiency can lead to NAFLD, its 
severity, and, maybe, progression, is related to obesity, 
warranting pharmacological and non-pharmacological 
treatment. An attenuation of expression of insulin re-
ceptors in the skeletal muscle of SBMA patients has 
been recently reported by Nakatsuji et al., providing 
another possible pathomechanism of metabolic altera-
tions (16). Instead, this study failed to find a valid asso-
ciation between HOMA-IR and androgen insensitivity 
in SBMA patients. In contrast, Guber et al. reported an 
increased retinol binding protein 4 (RBP4) expression 
in their SBMA patients, consistent with a loss of andro-
gen stimulation (22). The increase of RBP4 plasma lev-
els contributes to insulin-resistance and its expression 
is significantly increased in AR knock-out mice  (33). 
In conclusion, this study confirm both metabolic and 
hepatic involvement in the SBMA patients. These al-
terations can be explained mainly by the reduction of 
testosterone activity because of polyQ expansion in AR 
gene and must be considered as a main characteristic of 
Kennedy disease. Metabolic alterations in SBMA are a 
suggestive model of androgen deprivation in male and 
require a multidisciplinary approach to disease. How-
ever, considering the conflicting data on the role of an-
drogen stimulation in the metabolic involvement, fur-
ther studies are needed to understand the pathogenesis 
of NAFLD and IR in SBMA patients and the possible 
detrimental consequences of anti-androgen approaches 
to disease.
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The aim of this study is to analyze the epidemiology of the 
clinical and genetic features of childhood-onset limb-girdle 
muscular dystrophies (LGMD) in the Aegean part of Turkey. 
In total fifty-six pediatric cases with LGMD followed in four 
different pediatric neurology departments in the Aegean re-
gion of Turkey were evaluated. Among them, LGMD2C was 
the most common followed by LGMD2A, LGMD2D, and 
LGMD2F with equal frequencies. In twenty-eight patients 
(50%) the diagnosis could be confirmed by genetic analysis, 
where SGCG proved to be disease-causing in most of the 
cases. About half of the patients were diagnosed with whole 
exome or targeted gene sequencing. A positive correlation 
between muscle biopsy and genetic findings were observed 
in 11% of the patients. We report one novel frameshifting 
mutation in TTN. Knowledge on frequencies of childhood-
onset limb-girdle muscular dystrophies and related genes in 
Turkey will lead to a prompt diagnosis of these neuromuscu-
lar disorders.

Key words: limb-girdle muscular dystrophy, genetic diagno-
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Introduction
Limb-girdle muscular dystrophies (LGMD) are 

clinically and genetically heterogeneous muscle disor-

ders. They are inherited in an autosomal recessive or 
dominant manner. Thirty-three recessively and domi-
nantly inherited forms have currently been identified. 
The prevalence is about 4-7 per 100.000. They may 
have childhood, teenage or adulthood onsets. They are 
clinically characterized by symmetrical weakness of 
pelvic, scapular and trunk muscles, raised serum cre-
atine kinase levels and dystrophic changes on muscle 
biopsy (1).

Autosomal recessive muscle disorders like LG-
MD and congenital muscular dystrophies are com-
mon in Turkey due to high rates of consanguineous 
marriages. Unfortunately, the distribution of sub-
groups is not well known. The Aegean region is one 
of seven regions found in Turkey. It is situated in the 
western part of the country. The region includes 8 
provinces and over nine million inhabitants. Having 
knowledge of specific subgroups of a muscle dis-
ease, their related genes and clinical findings in a 
specific geographic region should alert physicians 
for prompt disease identification. The aim of this 
study is to document the clinical findings and re-
lated mutations in proven cases of childhood-onset 
LGMD in the Aegean part of Turkey.
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Material and methods

Patients

Patients with childhood onset LGMD clinical fea-
tures plus confirmed histologic, genetic or histologic plus 
genetic diagnosis of LGMD of four different child neu-
rology departments (Dokuz Eylül University, Ege Uni-
versity, Izmir Dr. Behçet Uz Children’s Hospital, Tepecik 
Research, and Education Hospital) were included in the 
study. The individual database was reviewed in all cases. 
Clinical information including age, gender, family history 
and consanguinity was recorded. Serum creatine kinase 
levels, nerve conduction times and electromyographic ex-
aminations were also evaluated. 

Muscle biopsy

Most of the patients underwent a diagnostic muscle bi-
opsy after written informed consent was obtained. Muscle 
biopsies were obtained from gastrocnemius or vastus later-
alis muscles. The morphological and immunohistochemis-
try analyses were performed in accordance with standard 
procedures (Supplement 1). 

Genetic analysis

Genomic DNAs were extracted from the remnant mus-
cle tissues or blood samples using available DNA extrac-
tion kits (Qiagen, US) following the manufacturer’s stand-
ard protocol. The exon regions and flanking short intronic 
sequences of the 4 SGCs genes were amplified using the 
polymerase chain reaction (PCR), followed by direct se-
quencing of the PCR products (ABI, US). In addition, the 
multiplex ligation-dependent probe amplification (MLPA) 
technique was used for deletion and duplication analysis 
for patient 13 (2). Patients with nonspecific muscle biopsy 
findings underwent either whole exome sequencing (WES) 
(Table 1: patient 7, 8, 11, 12, 14, 21, and 26) or for patient 
6, 9, 20, 22-25, 27 and 28 Mendeliome sequencing, which 
solved 54% of the genetically confirmed cases. For WES, 
we used the Nimblegen enrichment (SeqCap EZ Human 
Exome Library v2.00) kit and sequenced on the Illumina 
HiSeq 2000 with an average mean coverage of 103 fold 
or we used Agilent SureSelect V6 enrichment kit with an 
average mean coverage of 82 fold. For the other 10% of the 
patients, we used targeted gene sequencing on the Illumina 
TruSight One panel (Mendeliome, Illumina, San Diego, 
CA, USA) with an average mean coverage of 97 fold. The 
Cologne Center for Genomics VARBANK pipeline v.2.12 
(https://varbank.ccg.uni-koeln.de/) was used for genomic 
data analysis (3-5). All patients were also investigated for 
dystrophin deletion/duplications by MLPA analysis. If pa-
rental or family members were available, we performed co-

segregation studies by using Sanger Sequencing applying 
standard techniques.

Frequency and descriptive analyses were performed us-
ing the statistical software SPSS 9.05 for Windows.

Results

Clinical findings

The study was approved by Dokuz Eylül University 
School of Medicine Institute’s Ethics Committee (No: 
24/05/2018; 2018/13-38). Fifty-six patients were evalu-
ated in total. The mean age of patients was 7.92 years 
(1 to 17). There were 31 boys (55%) and 25 girls (45%). 
The consanguinity rate was 38%. Patients with LMNA 
and MYOT mutations showed the lowest and patients with 
SGCG mutations the highest serum creatine kinase lev-
els. Our patient collective was drawn up out of patients 
with the following mutations: 24 LGMD2C (43%), 7 LG-
MD2A (13%), 7 LGMD2E (13%), 6 LGMD2D (11%), 
3 LGMD2J (5%), 3 LGMD2K (5%), 1 LGMD1B (2%), 
1 LGMD1A (2%), 1 LGMD2B (2%), and 3 unclassified 
(4%). Difficulty in rising from the floor, delay in motor 
milestones, muscle weakness and HyperCKemia detected 
in routine laboratory tests were notable findings. Patients 
with LGMD2C had a similar disease course as Duchenne 
muscular dystrophy and all of them had calf hypertrophy. 
Most of the patients with LGMD2C were non-ambulato-
ry after age 15. HyperCKemia detected in routine labora-
tory tests and mild proximal muscle weakness were the 
most common findings in LGMD2A, LGMD2D, and LG-
MD2E groups. Scapular winging, atrophy in hamstring 
muscles and Achilles contractures were important clinical 
clues in advanced stages of LGMD2A patients. Patients 
with LGMD2K had mild microcephaly, intellectual dis-
ability, and generalized muscle hypertrophy. They were 
slower than their peers. Brain magnetic resonance imag-
ing of these patients was normal. Patients with LGMD2J 
and LGMD2B presented with HyperCKemia identified 
during routine laboratory examinations. A fifteen-year-
old girl (patient no: 21) with LGMD1B presented with 
a new onset generalized weakness and she had frequent 
syncope attacks since early childhood. She had a posi-
tive Gower’s sign and proximal muscle strength was 4/5 
in lower extremities. She had mild pes cavus deformity 
and deep tendon reflexes were negative. Her serum cre-
atine kinase level was normal but the electromyography 
recording was myopathic. A first degree atrioventricular 
block was determined as a cause of syncope attacks. Her 
mother and aunt were also treated for cardiac arrhythmia. 
A patient with LGMD1A (patient no: 22) presented mild 
increased serum creatine kinase level with no clinical 
findings. However, her mother and uncle had scapulo-
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humeral weakness and a Gowers sign. They had a dis-
tinctive nasal, dysarthric pattern of speech. They also had 
reduced deep tendon reflexes. Their electromyography 
recording showed signs of myopathy. We could not make 
a subgroup classification in two patients due to lack of all 
sarcoglycans in one patient and combined deficiency of 
gamma and alpha deficiency in the other patient. Nerve 
conduction velocities were normal and electromyography 
showed myopathic motor unit potentials in all tested pa-
tients.

Muscle biopsy findings

52 patients (93%) had a muscle biopsy. 48 of these 
biopsies (92%) showed dystrophic findings including al-
teration of myofiber size and shape, splitting, increase in the 
number of internal nuclei, fiber type disproportions, regen-
eration and fibrosis. In the remaining four patients, muscle 
biopsy findings were unremarkable. The diagnosis of these 
patients with unremarkable biopsy finding were LGMD2C 
(two patients), LGMD2D (one patient) and LGMD1B (one 
patient). Three of these patients (LGMD2C and 2D) were 
asymptomatic at the time of muscle biopsy and muscle bi-
opsy was done due to HyperCKemia (Fig. 1). However, the 
patient with LGMD1B was symptomatic at the time of mus-
cle biopsy. Genetically, these patients were diagnosed with 
whole exome sequencing. Expression defects of sarcogly-
can staining were as follows: 21 gamma (40%), 6 combined 
alpha and gamma (12%), 5 calpain (10%), 4 beta (8%), 3 all 
sarcoglycans (6%), 2 dysferlin (4%) and 1 alpha-dystrogly-
can (2%). Ten patients (20%) showed normal staining for 

sarcoglycans. We could compare muscle biopsy and genetic 
findings in 27 patients. In terms of dystrophic changes with-
out immunohistochemistry, genetic diagnosis was obtained 
in 23 of 27 patients. However, the correlation between im-
munohistochemistry and genetic diagnosis was poor. There 
was a correlation between genetic diagnosis and immuno-
histochemistry findings in only 5/27 patients (patient num-
bers: 1-5). All of these patients had a diagnosis of LGMD2C.

Genetic analysis

In twenty-eight patients (50%) the clinical diagnosis 
could be confirmed by genetic analysis. 15 of these pa-
tients were diagnosed by whole exome sequencing (WES) 
or targeted gene sequencing. Results of genetic analysis 
were as follows, given the number of patients: 9 SGCG 
homozygous, 6 SGCA (5 homozygous missense mutation 
and 1 homozygous 7bp-deletion of exon 3), 3 SGCB (2 ho-
mozygous and 1 whole gene deletion), 3 sibling with a novel 
TTN homozygous, 3 POMT1 homozygous, 1 LMNA het-
erozygous, 2 CAPN3 homozygous and 1 MYOT heterozy-
gous (Table 1). The mutation c.107163_107167delTACTT 
(NM_001267550.1) in TTN was listed in ClinVar, however, 
detailed clinical descriptions were not given (www.ncbi.
nlm.nih.gov/clinvar/variation/196657/) and there are no sci-
entific publications describing this mutation in TTN before, 
this will be the first report to be published patients with this 
TTN mutation (Fig. 2). MLPA analysis for the detection of 
deletions, duplications and complex rearrangements in the 
dystrophin gene were performed and reported as normal for 
each case. 

Figure 1. The muscle biopsy of the patient with the genetically confirmed LGMD2D showing no sign of dystrophy (A) 
and normal expression of all sarcoglycans (B, C, D, E). The biopsy was taken at the age of 8 years.

A B D

EC
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Discussion
LGMDs are non-syndromic hereditary muscle disorders 

limited to skeletal muscle. Protein testing by immunostain-
ing or immunoblotting on a muscle biopsy or demonstration 
of complete or partial deficiencies for a particular protein 
followed by mutation studies of the corresponding gene(s) 
may establish the diagnosis in most of the cases (1). How-
ever, about 50% of currently identified LGMD would have 
no molecular diagnosis although all known genes of LGMD 
were sequenced by traditionally Sanger Sequencing  (1). 
Turkey is a rich genetic pool for neuromuscular disorders. 
In Turkey, 50% of pediatric muscular disorders consist of 
patients with Duchenne/Becker muscular dystrophy, which 
is followed by LGMD2 (20%) and congenital muscular dys-
trophy (15%) (6). In a large adult neurology clinic in Istan-
bul, 46% of the patients are diagnosed with Duchenne/Beck-
er muscular dystrophy, followed by facioscapulohumeral 
dystrophy (FSHD) (18%), myotonic dystrophy (16%) and 
LGMD2 (14%) (6). Evaluation of 38 LGMD2 families from 
Turkey showed that calpainopathy and beta-sarcoglycano-
pathy were the most common subtypes. Gamma sarcogly-
canopathy was the third common (7). In our cohort, gamma-
sarcoglycanopathy was the most common (44%) followed 
by calpainopathy, beta- and alpha-sarcoglycanopathy. In this 
cohort, gamma-sarcoglycanopathy was clinically the most 
severe group as a whole, whereas dysferlinopathy was the 
mildest.

Patients with gamma-sarcoglycanopathy had early on-
set of symptoms resembling Duchenne muscular dystrophy 
and a progressive decline in motor functions as becoming 
wheelchair-bound after age 15. All of them also had gastroc-
nemius hypertrophy as in Duchenne muscular dystrophy.

Mild proximal muscle weakness and increased serum 
creatine kinase levels incidentally detected during routine 
laboratory tests were the main presenting findings in cal-
painopathy, alpha- and beta- sarcoglycanopathy patients. 
A typical appearance for calpainopathy including general-
ized atrophy, scapular winging and selective involvement of 
hamstring muscles were observed in one of the seven pa-
tients in our cohort. This was related to his advanced age 
(17 years old). Patients with dysferlinopathy and LGMD2J 
were also diagnosed by idiopathic HyperCKemia because 
symptoms dominantly involving distal muscles occur after 
adolescence. Mutations of POMT1 gene typically lead to 
Walker Warburg syndrome characterized by severe muscle, 
brain and eye involvement. In 2005, Balci et al. described a 
form of LGMD2 due to common mutation of POMT1 gene 
(p.A200P) characterized by mild mental retardation, mi-
crocephaly, and normal brain magnetic resonance imaging, 
highly elevated serum creatine kinase levels and reduced 
glycosylation of alpha-dystroglycan in muscle biopsy  (8). 
Our patients with LGMD2K (patient numbers: 26-28) also 

had the same clinical findings but we could not show an 
alpha-dystroglycan deficiency in muscle biopsy due to the 
lack of antibody at the time of diagnosis. The patients were 
diagnosed by whole exome sequencing. 

We only had two patients in the autosomal dominant 
group. The patients were clinically asymptomatic only with 
mildly increased serum creatine kinase levels. They also had 
a family history of cardiac arrhythmia and cardiomyopathy 
as expected in LGMD1B. The mother and uncle of the LG-
MD1A patient had typical scapulohumeral weakness and 
myopathic electromyography. The cases with LGMD1A 
and LGMD1B show the importance of family history and 
examination of other family members in neuromuscular dis-
orders. 

Reduced or absent sarcolemmal expression of one of 
the four sarcoglycans can be found in patients with any type 
of sarcoglycanopathies and dystrophinopathies. Different 
patterns of sarcoglycan expression could predict the primary 
defect but residual sarcoglycan expression could be highly 
variable and accurate prediction of the genotype could not 
be achieved in most of the cases. Our study also showed 
that some patients had combined or total deficiencies of 
sarcoglycans in muscle biopsies. We reached a certain di-
agnosis in these patients (patient numbers: 10, 13, 15, 16, 
17, 18, 19) with genetic studies but could not classify two 
patients in a particular group due to lack of genetic studies. 
Although there was a good correlation between dystrophic 
findings and genetic analysis, this was not valid for immuno-
histochemistry findings. All patients with genetic-histologic 
correlations were in the gamma-sarcoglycanopathy group 
(patient numbers: 1-5). However, there were also patients 
with normal immunostaining for gamma-sarcoglycan, but 
mutations in the SGCG gene (patient numbers: 6, 7, 9). On 
the other hand, there were also patients with all defective 
sarcoglycans in muscle biopsy and single gene mutation (pa-
tient numbers: 8, 10, 13, 15-19). This finding suggests that 
muscle biopsy is helpful in terms of dystrophy but defective 
sarcoglycan in muscle biopsy should be confirmed geneti-
cally. Interestingly, the muscle biopsy of the index patient 
with LGMD2J showed dysferlin deficiency. Histologically, 
the muscle biopsy of this patient only revealed a focus with 
degenerative and regenerative fibers. In this focus there 
were macrophages showing myophagia (Fig. 3) However, 
in the rest of the biopsy there was no prominent difference 
between the sizes of myofibers. Although the absence of cal-
pain-3 has been documented in association with C-terminal 
titin mutations due to the loss of calpain-3 binding site in the 
titin C-terminus, dysferlin deficiency has not been reported 
before (9). This novel finding reminds us that patients with 
tibial muscular dystrophy who have dysferlin deficiency in 
their muscle biopsy but negative genetic analysis results for 
dysferlin gene should be checked for TTN mutations. How-
ever, this novel finding should be supported with additional 
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Table 1. Pathologic findings and mutations of patients with a genetic diagnosis. Following reference sequences have 
been used for the mutation nomenclature: SGCG NM_000231.2, SGCB NM_000232.4, CAPN3 NM_000070.2; LMNA 
NM_170707.3, MYOT NM_006790.2, POMT1 NM_007171,3, TTN NM_001267550.1; NA = not applicable, ROH = Re-
gions of Homozygosity are calculated via data analysis pipeline from next-generation sequencing data (https://varbank.
ccg.uni-koeln.de/), ROH > 200 indicated certain consanguinity of parents.

Patient n. Dystrophy 
in muscle biopsy

Defective sarcoglycan 
in muscle biopsy 

Gene Mutation Final 
diagnosis

Correlation between gene 
defect and muscle biopsy

Previously described
mutation

Genetic 
methodology

ClinVar Allele status  
of parents (ROH)

1/2 Yes Gamma SGCG c.525delT (p.F175Lfs*20) LGMD2C Yes Yes, reference 10 Sanger sequencing 189243 
(Pathogenic)

NA

3 Yes Gamma SGCG c.848G > A (p.C283Y) LGMD2C Yes Yes, reference 16 Sanger sequencing 2006 
(Pathogenic)

NA

4/5 Yes Gamma SGCG c.800_801delGT 
(p.Cys267Serfs*51)

LGMD2C Yes Yes, reference 2 Sanger sequencing Not included NA

6 No Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Mendeliome 189243 
(Pathogenic)

NA (115)

7 Yes Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Whole exome 
sequencing (Agilent 

V6r2)

189243 
(Pathogenic)

NA (356)

8 Yes Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Whole exome 
sequencing

(NimbleGenV2)

189243 
(Pathogenic)

Heterozygous (270)

9 No Normal SGCG c.101G > A (p.R34H) LGMD2C No Yes, reference 27 Mendeliome Not included Heterozygous (430)

10 Yes All sarcoglycans SGCB c.265G > A (p.V89M) LGMD2E No Yes, reference 23 Sanger sequencing Not included NA
11/12 Yes Normal CAPN3 c.2243G > A (p.R748Q) LGMD2A No Yes,references 11,12 Whole exome 

sequencing 
(Illumina Nextera)

128670 
(Pathogenic-likely 

pathogenic)

NA

13 Yes All sarcoglycans SGCB Homozygous whole gene 
deletion

LGMD2E No Yes, reference 24 MLPA NA NA

14 NA NA SGCB c.919T > C (p.C307R) LGMD2E NA Yes, reference 25 Whole Exome 
Sequencing 

(NimbleGenV2)

Not included Heterozygous (502)

15 Yes Alpha and gamma SGCA c.232_238delTACACCC LGMD2D No Yes, reference 20 Sanger sequencing NA NA
16/17 Yes Alpha and gamma SGCA c.226C > T (p.L76F) LGMD2D No Yes, reference 19 Sanger sequencing 432007 

(Pathogenic)
NA

18/19 Yes Alpha and gamma SGCA c.101G > A (p.R34H) LGMD2D No Yes, reference 17 Sanger sequencing 92301 (Likely 
pathogenic)

NA

20 No Normal SGCA c.850C > T (p.R284C) LGMD2D No Yes, reference 20 Mendeliome 9439 
(Pathogenic/likely 

pathogenic)

Heterozygous (184)

21 No Normal LMNA c.734T > C (p.L245P) LGMD1B No Yes, reference 41 Whole exome 
sequencing

(Agilent V6r2)

Not included NA (95)

22 NA NA MYOT c.163T > C (p.S55P) LGMD1A NA Yes, reference 43 Mendeliome Not included Co-segregation (56)

23/24/25 Yes Normal TTN c.107163_107167delTACTT
(p.F35721Lfs*)

LGMD2J No Novel Mendeliome 196657
(Pathogenic/likely 

pathogenic)

NA (385)

26 Yes Normal POMT1 c.1939G > A (p.A647T) LGMD2K No Yes, reference 32 Whole exome 
sequencing

(NimbleGenV2)

Not included Heterozygous (350)

27/28 Yes Normal POMT1 c.1939G > A (p.A647T) LGMD2K No Yes, reference 32
Mendeliome

Not included Heterozygous (592)
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NM_170707.3, MYOT NM_006790.2, POMT1 NM_007171,3, TTN NM_001267550.1; NA = not applicable, ROH = Re-
gions of Homozygosity are calculated via data analysis pipeline from next-generation sequencing data (https://varbank.
ccg.uni-koeln.de/), ROH > 200 indicated certain consanguinity of parents.
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in muscle biopsy

Defective sarcoglycan 
in muscle biopsy 

Gene Mutation Final 
diagnosis

Correlation between gene 
defect and muscle biopsy

Previously described
mutation

Genetic 
methodology

ClinVar Allele status  
of parents (ROH)

1/2 Yes Gamma SGCG c.525delT (p.F175Lfs*20) LGMD2C Yes Yes, reference 10 Sanger sequencing 189243 
(Pathogenic)

NA

3 Yes Gamma SGCG c.848G > A (p.C283Y) LGMD2C Yes Yes, reference 16 Sanger sequencing 2006 
(Pathogenic)

NA

4/5 Yes Gamma SGCG c.800_801delGT 
(p.Cys267Serfs*51)

LGMD2C Yes Yes, reference 2 Sanger sequencing Not included NA

6 No Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Mendeliome 189243 
(Pathogenic)

NA (115)

7 Yes Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Whole exome 
sequencing (Agilent 

V6r2)

189243 
(Pathogenic)

NA (356)

8 Yes Normal SGCG c.525delT (p.F175Lfs*20) LGMD2C No Yes, reference 10 Whole exome 
sequencing

(NimbleGenV2)

189243 
(Pathogenic)

Heterozygous (270)

9 No Normal SGCG c.101G > A (p.R34H) LGMD2C No Yes, reference 27 Mendeliome Not included Heterozygous (430)

10 Yes All sarcoglycans SGCB c.265G > A (p.V89M) LGMD2E No Yes, reference 23 Sanger sequencing Not included NA
11/12 Yes Normal CAPN3 c.2243G > A (p.R748Q) LGMD2A No Yes,references 11,12 Whole exome 

sequencing 
(Illumina Nextera)

128670 
(Pathogenic-likely 

pathogenic)

NA

13 Yes All sarcoglycans SGCB Homozygous whole gene 
deletion

LGMD2E No Yes, reference 24 MLPA NA NA

14 NA NA SGCB c.919T > C (p.C307R) LGMD2E NA Yes, reference 25 Whole Exome 
Sequencing 

(NimbleGenV2)

Not included Heterozygous (502)

15 Yes Alpha and gamma SGCA c.232_238delTACACCC LGMD2D No Yes, reference 20 Sanger sequencing NA NA
16/17 Yes Alpha and gamma SGCA c.226C > T (p.L76F) LGMD2D No Yes, reference 19 Sanger sequencing 432007 

(Pathogenic)
NA

18/19 Yes Alpha and gamma SGCA c.101G > A (p.R34H) LGMD2D No Yes, reference 17 Sanger sequencing 92301 (Likely 
pathogenic)

NA

20 No Normal SGCA c.850C > T (p.R284C) LGMD2D No Yes, reference 20 Mendeliome 9439 
(Pathogenic/likely 

pathogenic)

Heterozygous (184)

21 No Normal LMNA c.734T > C (p.L245P) LGMD1B No Yes, reference 41 Whole exome 
sequencing

(Agilent V6r2)

Not included NA (95)

22 NA NA MYOT c.163T > C (p.S55P) LGMD1A NA Yes, reference 43 Mendeliome Not included Co-segregation (56)

23/24/25 Yes Normal TTN c.107163_107167delTACTT
(p.F35721Lfs*)

LGMD2J No Novel Mendeliome 196657
(Pathogenic/likely 

pathogenic)

NA (385)

26 Yes Normal POMT1 c.1939G > A (p.A647T) LGMD2K No Yes, reference 32 Whole exome 
sequencing

(NimbleGenV2)

Not included Heterozygous (350)

27/28 Yes Normal POMT1 c.1939G > A (p.A647T) LGMD2K No Yes, reference 32
Mendeliome

Not included Heterozygous (592)
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cases and functional studies in muscle biopsy. So it remains 
speculative if this is correct or not.

The autosomal recessive forms represent more than 
90% of all LGMDs. LGMD2A or calpainopathy is consid-
ered to be the most common form of recessive LGMD in 
most populations, accounting for about 30-40% of the pa-
tients  (10). The c.550delA is the most common mutation 

among patients from different European populations  (11). 
A founder effect for the c.550delA has been reported in 
some populations like Russia, Croatia, Bulgaria, Northern 
Italy and Turkey (10, 12). In 1997, the CAPN3 mutation was 
detected in 10 families from Turkey with LGMD2A. The 
c.550delA mutation was detected in the half of the fami-
lies (13). In 2006, Balci et al. revealed 93 Turkish LGMD2 

Figure 3. The muscle biopsy of the index patient showed a complete deficiency of dysferlin immunohistochemically 
(A). The positive simultaneously stained control slide of another patient’s biopsy reveals a complete sarcolemmal stain-
ing of the dysferlin antibody (B). There was only one focus with degenerative and regenerative fibers. In this focus, 
there were also macrophages showing myophagia (C). The muscle biopsy was taken at the age of 17 years from the 
left quadriceps femoris.

A C

B

Figure 2. Pedigree of the family with TTN mutation. Homozygous frameshift mutation, g.2:179393311-179393315, 
c.107163_107167delTACTT, NM_001267550.1, Located in exon 361 of LRG 391_t1, encoding IgG-like domain 150, 
maps to M-Band in the Sarcomere, reference Sequence with deleted bp kursiv: TCTCTTTACTTGTGAAAT.



Childhood-onset limb-girdle muscular dystrophy

217

families and detected CAPN3 mutations in 29 patients from 
21 families (10). In this study, c.550delA mutation was the 
most common followed by c.1469G>A (p.R490Q) muta-
tion. In our study, we detected c.2243G>A (p.R748Q) mu-
tation in two siblings. This mutation had been reported in 
several Spanish patients and also previously in one patient 
from Turkey (13, 14).

The four common types of LGMD are called sarco-
glycanopathies; LGMD2C (SGCG), LGMD2D (SGCA), 
LGMD2E (SGCB) and LGMD2F (SGCD)  (15). The fre-
quencies of mutations in SGCA and SGCD are respectively 
the highest and lowest in most populations. A clinical study 
from Iran evaluating 25 sarcoglycanopathy patients showed 
that more than the half of the patients had SGCB mutations 
followed by SGCG (28%), SGCD (12%) and SGCA (4%) 
mutations  (16). In India, mutation frequencies regarding 
sarcoglycanopathies were reported as SGCG 44.4%, SGCD 
27.8% and SGCB 5.6% (12). In our study SGCG mutation 
(9 patients, 31%) was the most common. The frequencies 
of SGCA and SGCB mutations were 20% (6 patients) and 
10% (3 patients), respectively. Mutations in sarcoglycan 
genes are commonly small defects, such as short deletions/
insertions or single nucleotide substitutions  (17). The ma-
jority of sarcoglycanopathies are associated with missense 
mutations but large deletions had also been reported  (18, 
19). More than 70 pathogenic mutations had been described 
in SGCA (20). The most common mutation of this gene is 
p.R77C which has a founder effect in Finland and Magda-
len (12). This mutation was also reported as a founder mu-
tation in several LGMD2D patients from Europe and also 
Brazil (20). Other founder mutations are p.R34L in Taiwan 
and p.R192* in Egypt (10). In our LGMD2D patients, we 
found five different mutations in 6 patients. These mutations 
had previously been described  (2, 19, 21-23). LGMD2E 
is a clinically heterogeneous disorder associated with mis-
sense, truncating and deletion mutations in SGCB located 
on the 4q12 chromosomal region. Large homozygous mi-
crodeletion of chromosome 4q11-q12 and isolated exon de-
letion had also been reported (24). The founder mutations 
of SGCB are c.377_384dup in Northern Italy and p.T151R 
in Amish population. The p.M1L, p.Q11*, p.V89M, p.I92T, 
p.I92S and c.739insA mutations had been reported from 
Turkey (25). In this study, the patient with whole gene de-
letion (patient no: 13) had previously been reported by Di-
niz at al. (26). The p.V89M mutation (1 patient) had been 
reported in the Turkish population and p.C307R mutation 
(1 patient) had been presented as a poster presentation in 
1st National Neuromuscular Disease Congress in Ankara, 
2017 (25, 27). The reported founder mutations of SGCG are 
c.525delT in North Africans, p.C283Y in Roma Gypsies and 
c.87insT in Northern Italy. Especially the high prevalence 
of the c.525delT mutation, which is also called the Maghre-
bian form (formerly name delta521T) present as a founder 

mutation in North Africa and Spain, can be an indicator of 
the migratory movement in Mediterranean Sea.  (6). The 
frameshift mutation c.800_801GT (formerly 923-924TG) in 
the (TG) 4 repeat in the 3’ coding area and deletion of exon 
5 of the SGCG gene (formerly described as 510del120) had 
been reported from Turkey (13, 28). Another study evalu-
ating 20 LGMD2C patients from Turkey showed most pa-
tients had silent homozygous or heterozygous mutations (2). 
In our study, 5 mutations were found in 9 patients. The most 
common mutation was c.525delT which was found in 5/9 
patients. Patients with c.800_801delGT mutations had been 
reported previously  (2). Additionally, p.C283Y (1 patient) 
and p.R34H (1 patient) mutations had also been described 
previously (18, 29). 

Titin is a giant muscle protein expressed in cardiac 
and striated muscles. It spans half of the sarcomere from Z 
line to M line. It plays major functions in muscle assembly, 
force transmission and maintenance of resting tension. Its 
gene is located on 2q31.2 and encodes the largest protein 
of the human genome  (15). More than 230 mutations of 
TTN have been reported in human gene mutation database 
(HGMD) (30). Mutations of this gene cause tibial muscu-
lar dystrophy, dilated cardiomyopathy 1G, familial hyper-
trophic cardiomyopathy 9, early onset myopathy with fatal 
cardiomyopathy, proximal myopathy with early respiratory 
muscle involvement and LGMD2J (15). Symptoms in LG-
MD2J start in the first or second decade and progresses over 
the next 20 years to wheelchair confinement. We detected 
a novel homozygous mutation c.107163_107167delTACTT 
(NM_ 001267550.2) in three siblings (patient number: 23-
25). The index patient was diagnosed due to idiopathic Hy-
perCKemia. She is currently 17 years old. The symptoms 
started at the age of 14 years. She has symmetric weakness 
prominent in distal lower extremity muscle and she has dif-
ficulty while walking on heels. Upper extremity, axial and 
facial muscles are not involved. There are no signs of cardiac 
and respiratory dysfunctions. Serum creatine kinase level is 
2939 IU/L. Her younger siblings are asymptomatic.

Mutations in POMT1, which mapped to chromosome 
9q34.13, are related to autosomal recessive muscular dys-
trophies which include three subgroups as MDDGA1, MD-
DGB1 and MDDGC1 (also known as LGMD2K) (31). The 
Walker-Warburg syndrome (WWS) is the most severe phe-
notype but patients with milder mutations in POMT1 might 
present with milder forms of LGMD (31). While there is not 
any clear genotype-phenotype correlation, the variable phe-
notypic severity can be related to the type and location of the 
mutations  (31). The POMT1 protein has loops within the 
lumen (loops 1, 3 and 5) and within the cytoplasm (loops 
2, 4 and 6). Patients with mutations only affecting the loops 
within the cytoplasm are more likely to show the milder 
phenotype of LGMD. Mutations affecting the transmem-
brane domains, loop 1 and loop 5 within the lumen of the 
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endoplasmic reticulum are associated with the more severe 
clinical presentation of congenital muscular dystrophy (32). 
Two POMT1 mutations had been reported from Turkey. One 
of them was a p.R514* mutation in a patient with Walker-
Warburg syndrome. This mutation affects the loop of pro-
tein within the lumen of the endoplasmic reticulum  (33). 
The other reported mutation was p.A200P mutation leading 
to a significantly milder clinical phenotype with predomi-
nant muscular dystrophy and mild intellectual disability, but 
without obvious brain malformations (8). The second report-
ed mutation affects the part of protein within the cytoplasm. 
Herein we reported three patients (patient number: 26-28) 
with a previously reported homozygous p.A647T mutation 
which affects loop 6 (34). They shared a similar phenotype 
with patients reported by Balci et al. in 2005 (8).

LGMD1B is caused by LMNA which is located on 
1q22.15. Mutations of this gene are associated with a wide 
range of disease phenotypes, ranging from cardiac, neuro-
muscular and metabolic disorders to premature aging syn-
dromes. Muscular dystrophies associated with LMNA are 
autosomal dominant Emery-Dreifuss muscular dystrophy, 
a form of congenital muscular dystrophy and LGMD1B. 
It is difficult to establish a correlation between phenotype 
and genotype (35). However, these clinical entities can be 
determined by the same LMNA mutation and coexist in the 
context of the same family (36). Some LMNA mutations had 
been reported from Turkey before. The p.Glu31del mutation 
had been reported in a patient with LMNA-CMD and oth-
ers including p.D47N, p.R349W, p.R482W, p.A527H, and 
p.A529V had been reported in patients with lipodystrophy 
mandibuloacral dysplasia (37-42). Herein we reported LM-
NA mutations in a patient with LGMD1B for the first time 
from Turkey (patient number: 21). The mutations p.L245P 
been reported as a poster presentation in 12th European Pedi-
atric Neurology Congress in Lyon/France. The phenotype of 
this patient included proximal muscle weakness with normal 
serum creatine kinase, pes cavus, foot-drop gait, absent deep 
tendon reflexes and first degree A-V block (43). 

LGMD1A is caused by mutations in MYOT gene local-
ized on the 5q31.2 chromosomal region. Mutation of MYOT 
also causes myofibrillar myopathy (44). We detected p.S55F 
mutation in one patient (patient number: 22). This young girl 
had mild serum creatine kinase elevation but had no clini-
cal findings of a muscle disease yet. However, her mother 
and uncle had typical findings of LGMD1A. This mutation 
had also previously been reported in an Argentinian family 
with LGMD1A (45). The clinical findings in the Argentin-
ian family started by 42-58 years of age with proximal leg 
and arm weakness which later progressed to distal weak-

ness. Half of the patients had dysarthric speech and serum 
CK levels were elevated to 5-fold to 15- fold. The clinical 
findings of the index case’s mother and uncle were similar 
in this family, however, symptoms started in the second dec-
ade. Their serum CK never exceeded 1000 IU/l. 

Gamma sarcoglycanopathies were the most common 
LGMD in Aegean part of Turkey like Spain and North Africa. 
For example in Tunisia, the frequency of LGMD2 is higher 
than for dystrophinopathies and LGMD2C is the most com-
mon type (6). About 90% of the cases with LGMD2C carry 
c.525delT exon 6 founder mutation. In the Catalan part of 
Spain, LGMD2C is the most common type of LGMD2 and 
interestingly 50% of their gamma-sarcoglycan mutations is 
the Maghrebian form as c.525delT (6). In our study, 55% of 
our cases with LGMD2C also carried c.525delT mutation. 
These findings suggest that the Aegean part of the Turkey 
has probably been influenced by migrations in the Mediter-
ranean see from a genetic epidemiologic point of view. 

SGCA, SGCB, SGCD, SGCG, CAPN3, LMNA, and 
POMT1 mutations have been reported in LGMD patients 
from Turkey (2, 7, 8, 10, 13, 20, 21, 26-28). Rare types of 
childhood-onset LGMD2 due to mutations of TRAPPC11, 
POMK, and PLEC were also reported from Turkey (46-48). 
Molecular genetic diagnosis of LGMD remains challenging. 
Recently, clinicians consider multi-gene panels or whole ex-
ome sequencing (WES) for genetic diagnosis of LGMD. The 
diagnostic rate of WES ranges between 34% and 45% (49). 
Next-generation sequencing has the advantage of detecting 
a mutation in a very large gene like TTN (50). In our cohort, 
more than half of the cases with the genetic diagnosis had 
been solved by WES.

In conclusion, LGMD2C is the most common LGMD2 
in the Aegean part of Turkey. Most of the childhood cases 
present with mild proximal muscle weakness and increased 
serum creatine kinase levels detected during routine labo-
ratory examinations. Results of immunostaining of muscle 
biopsies should be confirmed with molecular genetic testing 
because there is a very limited correlation between immuno-
histochemical and genetic findings. Whole exome sequenc-
ing confirms the diagnosis in most of the cases with nonspe-
cific clinical and muscle biopsy findings. 
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Supplement 1  
Details of muscle biopsy

Samples were frozen in isopentane cooled in liquid 
nitrogen and 8 to 12 micron sections were cut using the 
cryostat. Slides were stained with hematoxylin&eosin, 
Gomori’s trichrome, modified Gomori’s trichrome (En-
gel-Cunningham modification), oil red-O, Periodic Acid 
Shiff (PAS), d-PAS, crystal violet stains. For enzyme 
histochemical techniques we used nicotinamide adenine 
dinucleotide tetrazolium reductase (NADH-TR), succi-
nate dehydrogenase (SDH), cytochrome oxidase (COX) 
and combined COX- SDH stains. Spectrin (Novo-castra, 
UK, NCL-spec1), dystrophin N-terminus (Novo-castra, 
UK, NCL-dys3), adhalin (Novocastra, UK, NCL-a-sarc), 
other sarcoglycans (beta, delta, gamma; Novo-castra, 
UK, NCL-b-d-g-sarc), laminin alpha-2 chain (Novo-
castra, UK, NCL-merosin), myotilin (Novo-castra, UK, 
NCL-myotilin), collagen VI (Novocastra, UK, NCL-

COLL-vI), β-dystroglycan (Novocastra, UK, NCL-b-
DG), HLA Class 1 (Novo-castra, UK, NCL-HLA-ABC), 
NCAM (ThermoScientific, CA, USA, CD56), nitric ox-
ide synthase-1 (Novo-castra, UK, NCLNOS-1), emerin 
(Novo-castra, UK, NCL-emerin), caveolin 3 (Novus Bi-
ologicals, CA, USA, NB110-5029), calpain 3 (Abcam, 
Cambridge, UK, ab103250) and dysferlin (Novo-castra, 
UK, NCL-Hamlet-2) antibodies were used by standard 
techniques for immunohistochemical analyses. Myosin 
heavy chain fast (Novo-castra, UK, NCL-MHCf) anti-
body was used for discriminating between fiber types, 
and myosin heavy chain neonatal (Novo-castra, UK, 
NCL-MHCn) antibody was used for identification of 
immature fibers. Monoclonal antibodies against T-cells 
(CD3), B-cells (CD 20), macrophages (CD68), suppres-
sor T cells (CD8) and helper T cells (CD4) were used in 
selected cases for the identification of the inflammatory 
cell spectrum (2).
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Autosomal dominant LGMD1D has been described in multiple 
families in Asia, Europe, and USA. However, to the best of our 
knowledge, no cases of LGMD1D have been reported among 
native Bedouin Saudi families. Fifty Saudi families with LGMD 
were analyzed and the causative underlying genes were studied 
utilizing genome wide linkage, homozygosity mapping, and neu-
rological gene panel. We identified one family of a Bedouin origin 
with LGMD1D. Two patients had progressive proximal and dis-
tal weakness, dysphagia, and respiratory symptoms. Creatinine 
kinase was normal. Muscle biopsy showed marked variation in 
myofibers size with scattered angular atrophic fiber, necrotic fib-
ers, and myophagocytosis, with red-rimmed vacuoles depicting 
a sarcoplasmic body. Heterozygous c.C287T (p.P96L) variant in 
exon 5 of DNAJB6 (NM_005494) gene was found. This change is 
localized within glycine and phenylalanine rich domain and alter 
an amino acid residue. Our findings will expand on the existing 
genotypic and phenotypic spectrum of this disorder and aid in 
elucidating hidden mechanisms implicated in LGMD1D. 

Key words: DNAJB6, LGMD1D, LGMD, Saudi Arabia, cytoplas-
mic inclusion, muscular dystrophy

Introduction
Limb girdle muscular dystrophies (LGMD) are not com-

monly encountered in clinical practice. Only scarce reports of 
LGMD originated from the Middle East or Arabic countries 
have been described in the literature (1, 2). LGMD has been 
classified to different subtypes based on the genetic muta-
tions responsible for the disease, encompassing a genetically 

and phenotypically heterogeneous group of disorders. Auto-
somal dominant LGMD1D is relatively rare, accounting for 
only 5-10% of all LGMD cases (3). Recently, mutations in 
the DnaJ homolog, subfamily B, member 6 (DNAJB6) gene 
have been described in patients with LGMD1D (OMIM 
603511)  (4-15). Patients with LGMD1D typically present 
with progressive proximal muscle weakness manifesting as 
slow exercise pace and capacity in late teens. A few patients 
may have additional features of distal weakness, dysphagia, 
and respiratory weakness (8, 10, 12-15).

Autosomal dominant LGMD1D has been described in 
multiple families in Asia, Europe, and USA (4-15). How-
ever, to the best of our knowledge, no cases of LGMD1D 
have been reported among native Bedouin Saudi families. 
Utilization of next generation sequencing technology might 
lead to an accurate estimation of the true prevalence of this 
disease in Saudi Arabia by potentially classifying more 
cases of undiagnosed muscular dystrophies (2). Herein, we 
report the first identified native Saudi Bedouin family with 
LGMD1D due to heterozygous mutation in DNAJB6 gene 
(NM_005494:c.C287T;p.P96L). 

Materials and methods

Patients inclusion

The Institutional Review Board granted approval of 
this study and informed consent was obtained from all par-
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ticipants. The study was approved by Hospital Research 
Advisory Council and Ethical Committee. A cohort of 50 
Saudi Arabian families with LGMD were enrolled for this 
study under an IRB-approved protocol (RAC# 2070005). 
All patients were examined at the Neuromuscular Clinic in 
the Department of Neurosciences, King Faisal Specialist 
Hospital and Research Center (KFSH&RC) over a period 
of 12 years and recruited for this study to identify the caus-
ative underlying genes utilizing a genome wide linkage, 
homozygosity mapping, and neurological gene panel. We 
performed a retrospective review of the electronic medi-
cal records and charts of this Arabian family and obtained 
patient demographic and clinical data from the medical re-
cords for the entire family. History was taken, and clinical 
examination was performed on the affected cases and their 
family members. Magnetic resonance imaging (MRI) was 
obtained for the affected patients. 

Neurological gene panel sequencing & analysis

Ten nanograms of DNA sample was treated to obtain 
the Ion Proton AmpliSeq library. DNA amplification re-
quired two pools of primers to cover all 768 known OMIM 
genes associated with neurological disorders. The library 
was further used in a batch of 24 normalized to 100pM 
samples which were pooled in equal ratios for emulsion 
PCR (ePCR) on Ion OneTouch™ System followed by the 
enrichment process using the Ion OneTouch™ ES, both 
procedures following the manufacturer’s instructions 
(Thermo Fisher, Carlsbad, CA, USA). The template-
positive Ion PI Ion Sphere particles were processed for 
sequencing on the Ion Proton instrument (Thermo Fisher, 
Carlsbad, CA, USA). Reads were mapped to UCSC hg19 
(http://genome.ucsc.edu/) and variants identified using 
the Ion Torrent pipeline (Thermo Fisher, Carlsbad, CA, 
USA). The resultant variant caller file (vcf) was filtered 
using the Saudi Human Genome Program pipeline (16). 
Causative variant was validated by Sanger sequencing 
and further vetted for familial segregation based upon au-
tosomal dominant inheritance. 

Results

Clinical data

The family reported in this paper is a native Bedouin  
Arab originated from Northern Province of Saudi Arabia. 
The parents were first cousins and the sibships consisted 
only of 1 male.

Case 1: The proband is a 25-year-old male with a his-
tory of exertional dyspnea and proximal muscle weakness 
was referred to our service for further investigation and 
management. The patient noted that he was a slow runner 

in his teens, which progressed to difficulty climbing stairs 
at the age 20. This was also associated with difficulty 
getting up from a sitting position with complete Gower 
maneuver at age 23. He also complained of dysphagia to 
both solids and liquids with frequent chocking episodes 
and a nasal speech character. His symptoms were slowly 
progressive initially; however, they progressed more rap-
idly during the past 2 years, mainly with worsening lower 
limb weakness and noticeable involvement of the distal 
upper limbs and atrophy of the hands and forearms. Cur-
rently the patient is ambulating without assistance and 
able to perform activities of daily living independently.

Hypernasality was noticed on examination. Upper 
limb examination demonstrated wasting of the small mus-
cles of the hands (i.e. the dorsal interossei and the thenar 
and hypothenar muscles) (Figs. 1A-B). Motor examination 
revealed bilateral proximal muscle power of 4/5 and dis-
tal power of 3/5 in the Medical Research Council (MRC) 
scale. No significant atrophy was present in the lower 
limbs. His lower limbs’ proximal power was 4/5 and distal 
power was 3/5. Notably, the patient had difficulty squat-
ting. The patient was unable to walk on his heels or his 
toes; however, he was able to bear weight during these po-
sitions. The rest of his examination was unremarkable. 

Creatinine kinase (CK) level was up to 195 IU and 
pulmonary function test was within normal limits. Elec-
trophysiologic studies including nerve conduction study 
(NCS) and electromyography (EMG) showed clear myo-
pathic features of motor units. T1-weighted MRI of the 
lower extremities depicted chronic atrophic changes in 
the gastrocnemius and peroneous muscles. T2-weighted 
images with fat saturation demonstrated symmetrical in-
volvement of the posterior compartment (i.e. soleus, tibi-
alis posterior, flexor digitorum longus, and flexor Hallusis 
longus muscles) with high signal intensity. Right-sided 
tibialis anterior showed myoedema and was character-
istically more involved than its left-sided counterpart 
(Figs. 1C-D-E).

A muscle biopsy showed moderate to marked varia-
tion in myofiber size with scattered atrophic fibers having 
elongated and angular contours (Fig. 2A). There was also 
a rare necrotic fiber, mild endomysial (interstitial) fibro-
sis, and fatty infiltration. Scattered fibers with eosino-
philic cytoplasmic inclusions and rimmed vacuoles were 
noted. These vacuoles stained negatively with acid phos-
phatase and congo red stains. The vacuoles were rimmed 
with the modified Gomori trichrome stain (Fig. 2B). The 
NADH-TR reaction revealed a disorganized intermyofi-
brillar network resulting in a “moth-eaten” appearance 
(Fig.  2C). Immunohistochemical staining for the slow 
and fast myosin heavy chains isoforms revealed predomi-
nance of slow (type 1) myofibers. No selective myofiber 
type atrophy was noted. 
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Case 2: The proband’s father, a 58-year-old male 
who developed difficulty walking at age 18 with slow 
running pace and capacity. He noted that he walked on 
the medial aspect of his heels to support his weight; how-
ever, he had frequent falls, developed difficulty getting up 
from sitting position, and complete Gower at age 30. His 
symptoms progressed and needed a cane for ambulation 
at age 32 and became wheelchair bound at age 35. At the 
age 38, he had difficulty changing positions while seated, 
developed head drop, and later could not turn while in 
bed rendering him to sleep in a sitting position. At age 
48, the patient developed recurrent chest infections and 
dysphagia to solids. He had a prolonged hospitalization 
course that ended up with respiratory failure, CO

2
 narco-

sis, and eventually a coma for 2 weeks. Subsequently, the 
patient underwent tracheostomy and was put on a ventila-
tor due to respiratory weakness, as well as a percutaneous 
endoscopic gastrostomy tube for feeding. Currently, the 
patient is bedbound and ventilator dependent with tube 
feeding. He can communicate via a speaking valve and 
has normal cognition.

Neurological examination showed normal cranial 
nerves except for a weak tongue and a gag reflex. There 
was a moderate degree of atrophy in the small muscles of 
the hand. Neck flexion power was 3/5 and 4/5 for neck 
dorsiflexion. His power was 1/5 in deltoids, 0/5 in biceps 
and triceps, 2/5 in wrist flexion, and 2/5 in wrist extension 
and finger flexion bilaterally. His ankle dorsiflexion pow-
er was 2/5 bilaterally. The remainder of his lower limb 
muscle power was 0/5. The patient also had scoliosis to 
the right side with winging of the scapulae. The power 
in the subscapularis and infrascapularis muscles was 1/5, 
and pectoralis muscle power was 2/5. Reflexes were de-
pressed except for normal planter reflexes. The rest of his 
examination was unremarkable. CK level was normal, 
while NSC and EMG showed severe myopathic changes. 
His muscle and biopsy and MRI findings were similar to 
the proband. 

Genetic analysis 

Neurological gene pane in the index case identified 
2714 variants relative to the UCSC hg19 (http://genome.

Figure 1. (A-B) A photograph of the proband’s hand showing atrophy in the interossei (left) and thenar (right) muscle 
groups. (C) Axial T1-weighted MRI of the proximal leg showing selective involvement of the medial and posterior mus-
cle groups with fatty infiltration. (D) Axial T2-weighted MRI of the mid-thigh depicting fiber changes in the posterior and 
medial muscle compartment. (E) Coronal STIR MRI of the proximal thighs demonstrating marked bilateral symmetrical 
increase signal intensity in the lateral compartment of the thigh consistent with fatty changes.

A

C

B

D

E
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ucsc.edu/) reference sequence. Variants were annotated 
using in-house programs that extend the public Annovar 
package with other commercial datasets such as HGMD, 
and in-house databases made up of a collection of disease-
causing and polymorphic variants observed in individuals 
of Arab ethnicity. These were further filtered to exclude pre-
viously reported variants (present in dbSNP, 1000 genomes 
and 2000 Arab exomes), the list was narrowed to 59. Non-
relevant variants were filtered out based on their quality, 5 
variants survived. By only focusing on exonic and splice 
site variants we decreased the number to 1. (Fig. 3). It was a 
heterozygous variant in exon 5 of DNAJB6 (NM_005494:c.
C287T;p.P96L). The gene has been associated with muscu-
lar dystrophy, limb-girdle, type 1D. This mutation localizes 
within glycine and phenylalanine rich domain and alter an 
amino acid residue. This heterozygous change was con-
firmed by Sanger sequencing, and the mutation segregated 
dominantly with disease in the family studied

Discussion
There is an existing confusion in the LGMD1D 

nomenclature. The 7q36 locus has been designated 
as the site of gene defect for LGMD1E initially or 
LGMD1D/1E (5,17). However, according to the HUGO 
Gene Nomenclature Committee, the current nomencla-
ture for LGMD associated with DNAJB6 mutations is 
LGMD1D. The first identification of a pathogenic lo-
cus on chromosome 7 linked to LGMD1 was in 1995 by 
Speer et al. (18) in 2 American families. The disease was 
further described in a Finnish family where it was fur-
ther localized to a possible genetic mutation on the same 
locus (4). Subsequently, Harms et al. (5) identified muta-
tions within the G/F domain of the DNAJB6 gene, of the 
LGMD1 locus on chromosome 7q36, thereby classifying 
DNAJB6 dystrophy as a novel cause of autosomal domi-
nant inherited myopathy (1-3, 5, 6).

Further studies described American, Canadian, Ital-
ian, French, Finnish, Japanese, and Taiwanese families 
with LGMD1D have also identified the causative gene 
to be DNAJB6 (4-15). Missense mutations and deletions 
have been identified in this gene, including p.Phe89Ile, 
p.Phe93Leu, p.Asn95Ile, p.Phe96Arg, p.Phe96Ile, 
p.Phe96Leu, and p.Asp98del  (4-15). It appears that the 
loss of phenylalanine form the protein domain is more 
important in the pathophysiology of the disease than the 
type of amino acid substitution (6). Given that most of the 
reported mutations occur in or in a close proximity to the  
p.Phe93Leu region, this suggests that this area could be 
a mutational hot spot within the DNAJB6 gene (6, 7, 10). 
Both of our patients harbored a P96L mutation in the 
DNAJ6B gene with additional phenotypic features ex-
panding the previously described phenotypes. This P96L 

Figure 2. (A) Cross-section of a freshly frozen skeletal 
muscle showing moderate to marked variation in myofib-
er size with scattered elongated and angular atrophic fib-
ers (black arrows). A necrotic fiber with myophagocyto-
sis (arrowhead) and eosinophilic cytoplasmic inclusions 
(white arrows) are seen. Note the focal fatty infiltration (F). 
(B) Magnification of a trichrome-stained section depict-
ing a cytoplasmic inclusions (solid arrow and open arrow). 
Note the atrophic fibers and the interstitial fibrosis. (C) A 
cryostat section stained with NADH-TR reaction showing 
several fibers (arrows) with disruption of the intermyofi-
brillar network giving a “moth-eaten” appearance.

A

B

C
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mutation has been previously described in a Taiwanese 
family  (14). Tentative genotype-phenotype correlation 
indicate that p.Phe91 mutations in G/F domain are asso-
ciated with a severe disease, while p.Phe89, p.Pro96, and 
p.Phe100 mutations were linked to an intermediate sever-
ity. Interestingly, p.Phe93 mutations were associated with 
the least severe phenotype (6, 10, 12, 13). 

The DNAJB6 protein (encoded by the DNAJB6 
gene) is a member of the heat shock protein family 
(heat shock protein 40) a class of co-chaperones that is 
ubiquitously expressed in all tissues, with a higher ex-
pression rate in the brain than other tissues  (19). The 
protein has a multitude of functions including suppress-
ing protein aggregation and toxicity of polyglutamine 
proteins  (19-21). The DNAJB6 protein has three do-
mains: an N-terminal J domain, a variable C-terminal 
domain, and a G/F domain  (13, 22). All the described 
LGMD1D mutations lead to amino acid substitutions or 
deletion in the G/F domain  (4-15). The DNAJB6 pro-
tein has two isoforms a and b, which are produced by 
alternative splicing of its mRNA. DNAJB6a is located 
in the nucleus, while DNAJB6b is located in the cyto-
sol (13, 22). Mutations in the isoform b are responsible 
for LGMD1D. 

The mechanism by which mutant DNAJB6b causes 
muscular dystrophy is complex and not fully understood. 
In vitro studies suggest defective anti-aggregation prop-
erties by mutant DNAJB6b leading to toxic protein ac-
cumulation, interaction with the CASA complex, and 
BAG3 co-chaperones, which collectively cause altered 
protein degradation system and defective protein quality 
control (6, 19-21, 23). Pathologically, LGMD1D is char-
acterized by the presence of rimmed vacuoles, cytoplas-
mic inclusions, and disintegrated myofibrils as shown in 
Figure 2 (5, 12). EMG and NC neurophysiological stud-
ies generally show myopathic changes and CK levels are 
typically normal or moderately elevated  (4-15). All of 
these findings were also observed in our patients. 

The MRI findings of LGMD1D have been studied 
by Sandell et al. (24) The authors found a typical pattern 
of involvement, showing fatty degeneration of multiple 

muscles across the course of the disease. The MRI find-
ings in our patients were also similar to what Sandell 
et al.  (24) observed in their cohort along with chronic 
atrophic changes in the gastrocnemius and peroneous 
muscles. 

As the number of reports continues to increase, there 
has been phenotypic expansion in LGMD1D clinical pre-
sentation. The age of onset varies from teenage to middle 
age years, with the youngest reported case in a 14-year-
old (11). The initial symptoms are those related to proxi-
mal myopathy, involving predominantly the lower ex-
tremities presenting as difficulty running, climbing stairs, 
or rising up from a sitting position. Some patients have a 
concurrent distal muscle weakness and may present with 
muscle atrophy either proximally or distally (4-15). Other 
uncommonly encountered symptoms include dysphagia, 
dysarthria, myalgia, conduction defects in the heart, and 
respiratory symptoms (8, 10, 12-15). Interestingly, both 
of our patients had distal muscle weakness, dysphagia, 
and respiratory symptoms. 

The natural history of LGMD1D is variable. The ma-
jority of patients have a slowly progressive disease and 
remain ambulatory till their early 50’s. However, a relent-
lessly aggressive form may occur, particularly among 
patients with a young onset  (6,  11-13). Unfortunately, 
one of our patients was rendered wheelchair bound in his 
30’s. Our two cases lie within the phenotypic spectrum of 
previously reported LGMD1D phenotypes. Additionally, 
our native Saudi Bedouin patients harbored a mutation 
c.C287T (p.P96L) in the DNAJB6 gene. Exome-sequenc-
ing technology had aided us to discover this LGMD1D 
family among 50 other LGMD Saudi families (16). Uti-
lization of this technology may further help us unleash 
more families with LGMD1D and provide a more ac-
curate estimate of the true prevalence of this rare entity 
by classifying more cases of undiagnosed muscular dys-
trophies. Our study will therefore expand on the existing 
genotypic and phenotypic spectrum of this disorder and 
aid in elucidating hidden mechanisms implicated in LG-
MD1D. 

Figure 3. Filtration process of neurological gene panel results.
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Myotonic dystrophy type 1 (DM1) is the most common form 
of adult muscular dystrophy. It is an autosomal dominant in-
herited disease with multisystemic involvement. Respiratory 
function is often affected and respiratory failure is the most 
common cause of death. Pulmonary embolism is a rare cause of 
respiratory failure in DM1 patients, so that the best anticoagu-
lation strategy in these patients is still unclear. We describe the 
case of pulmonary embolism in a DM1 patient, in which pulmo-
nary thrombus was completely resolved with oral dabigatran 
etexilate therapy. 

Key words: myotonic dystrophy, pulmonary embolism, dabigatran 
etexilate, pulmonary thrombus

Introduction
Myotonic dystrophy type 1 (DM1) is the most com-

mon muscular dystrophy in adults, affecting approxi-
mately 1 in 8000 people worldwide. It is a multisystem 
disorder with autosomal dominant inheritance. Clinical 
manifestations may vary from muscle symptoms such as 
myotonia, muscle weakness/atrophy and fatigue to cardi-
ac arrhythmias, early cataracts, central/obstructive apnea, 
respiratory failure, insulin resistance, dysphagia and gas-
trointestinal dysmotility (1). Cardiac involvement is quite 
common, as in other muscular dystrophies (2), affecting 
about 80% of patients, and often precedes the skeletal 
muscle one. Cardiac involvement may include arrhythmi-
as (3-6) atrioventricular block (7), ventricular premature 
contractions, atrial fibrillation  (8-10), atrial flutter  (11), 

right/left bundle branch block and non-sustained ventric-
ular tachycardia  (12) which often lead to needs of car-
diac devices such as pacemakers or implantable cardiac 
defibrillator (13-16). Left ventricular systolic dysfunction 
has also been reported  (17-22). Respiratory failure is a 
common feature in almost all muscular dystrophies and, 
together with cardiac involvement is the main cause of 
death (23-24). Respiratory failure in DM1 patients is of-
ten the consequence of a combination of respiratory mus-
cle weakness and degeneration, and lung elastic proper-
ties alterations (25). Pulmonary embolism is a rare event 
in DM1 patients (26). Moreover, the best antithrombotic 
strategy in this subset of patients is still debated, and nov-
el oral anticoagulants (NOAC) have never been systemat-
ically tested in DM1 patients (27). We described the case 
of a pulmonary embolism in a DM1 patient treated for the 
first time with dabigatran etexilate, obtaining a complete 
resolution of the pulmonary thrombus. 

Case report
We report the case of a 62-year-old female patient 

affected by DM1. She had no other cardiovascular risk 
factors excepted for systemic arterial hypertension. She 
was admitted to the Emergency Department because of 
dyspnea arising 7 days before and worsening in the last 
6 hours. The recent clinical history was not relevant, as 
only an unilateral knee pain was reported which lim-
ited her daily activities. At admission the patient was 
conscious; physical examination showed heart rate (HR) 
124 bpm, blood pressure (BP) 110/60 mmHg, breath-
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ing rate (BR) 23/min, SpO2 85% (FiO2 21%). The ECG 
showed a new-onset incomplete right bundle branch 
block with S wave in DI, Q wave and inverted T wave 
in DIII (a combination known as S1Q3T3 pattern, sug-
gestive for pulmonary embolism). The arterial blood gas 
analysis revealed hypoxemia with hypocapnia and res-
piratory alkalosis; the blood exams showed high levels 
of I-troponin and D-dimer. The echocardiogram showed 
normal structure and function of the left ventricle, while 
the right ventricle presented a reduced longitudinal 
contractile function (Tricuspid Annulus Plane Systolic 
Excursion, TAPSE 14 mm), with abnormal function of 
mid-basal free wall and apical hyper-contractility (Mc 
Connell’s sign). The systolic pulmonary artery pres-
sure  –  derived from the echocardiographic measure-
ment of the tricuspid regurgitant jet velocity – was 60 
mmHg. The Wells score was 6. A parasternal short axis 
view revealed the presence of a large thrombus inside 
pulmonary artery just on the level of main pulmonary 
artery bifurcation (Fig.  1). As the suspicious for pul-
monary embolism (PE) was high, Computed Thomog-
raphy Pulmonary Angiography (CTPA) was performed. 
CTPA images, acquired with the maximum intensity 
of radio-opaque contrast in the pulmonary arteries, 
showed the presence of a large thrombus on the pulmo-
nary artery bifurcation extended to the central part of 
the lumen of both branches (Fig. 2). In the absence of 
hemodynamic instability, the patient – according to the 
current ESC guidelines on acute pulmonary embolism 
management  (28) – was treated with fondaparinux 7.5 
mg, subcutaneously once daily. As after 5 days of medi-
cal therapy, the echocardiographic re-evaluation still 

showed the thrombus in pulmonary artery, the treatment 
was stopped and dabigatran (a direct thrombin inhibi-
tor, DTI) was administered at a dosage according to the 
patient’s age and renal function (150 mg/bid). Seven 
days after, the cardiac ultrasound examination showed 
the complete resolution of the thrombus (Fig. 3). At the 
same time, the clinical and biochemical parameters re-
turned within the normal ranges. Dabigatran was then 
prescribed as the long-life therapy according to the high 
thrombotic risk of the patient. 

Figure 1. Parasternal short axis view of the pulmonary 
artery. The stars indicate the right and left pulmonary ar-
tery. The white arrow indicates the thrombus lying on the 
bifurcation of the pulmonary artery.

Figure 2. Computed thomography pulmonary angiog-
raphy (CTPA) demonstrating saddle pulmonary embo-
lism partially obstructing both main pulmonary arteries; 
the white area above the center is the pulmonary artery, 
opacified by radiocontrast; the black arrow indicates the 
pulmonary thrombus.

Figure 3. Parasternal short axis view of the pulmonary 
artery showing the complete resolution of the thrombus 
on the bifurcation of the pulmonary artery.
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Discussion
Myotonic dystrophy type 1 is mainly characterized by 

skeletal muscle involvement, anyway cardiac involvement 
is quite common  (29-31). Respiratory system is also af-
fected with diaphragmatic weakness and/or recurrent pul-
monary infections, which can lead to respiratory failure. 

Recently it has been observed that dystrophic patients 
may have high thrombotic risk due to some predisposing 
factors. Firstly, they are affected by a myopathy that leads 
to mobility restriction and a sedentary lifestyle, which 
may increase their thromboembolic risk. The increasing 
age and a personal history of venous thrombo-embolism 
seem to be other predisposing factors. Compared with 
other inherited myopathies, patients with DM1 have 
a higher thromboembolic risk  (32). Moreover, muscle 
degeneration can enhance coagulation and fibrinolysis 
processes as described in other forms of muscular dys-
trophies such as Duchenne muscular dystrophy (DMD), 
Becker muscular dystrophy (BMD) and Fukuyama con-
genital muscular dystrophy (FCMD). Hyper-coagulabili-
ty state could be another predisposing factor for recurrent 
thrombotic events; however little is still known about the 
mechanisms underlying hypercoagulability state in these 
patients (33). In DMD and BMD a protein known as utro-
phin (a dystrophin-related protein), could play a role in 
hypercoagulability and recurrent thrombosis events. It 
seems that the upregulation of utrophin observed in these 
patients, leads to a lower expression of thrombomodu-
lin, resulting in hypercoagulability state  (34). However, 
none of these evidences is quite strong and referred to 
DM1. New perspective about incidence of venous throm-
boembolism and predicting factors of recurrent thrombo-
sis specifically in the subset of DM1 patients may will 
rise from the results of a retrospective cohort study by 
Whabi et al. (NCT number: NCT03141749). What could 
be the best anticoagulation strategy in these patients is 
still debated. To date, Warfarin is still considered the first 
line treatment and the standard of care for DM1 patients 
requiring anticoagulation, as its safety and effectiveness 
has been established over the last decades (35). However, 
the difficulties in achieving an optimal anticoagulation 
with conventional warfarin therapy, likely related to sev-
eral factors such as the slow onset of action, the variable 
pharmacologic effects, the interaction with several food 
and drug and the needs of periodic closely target INR 
monitoring, make the therapeutic management in clinical 
practice it difficult and reduce the real-life DM1 patient’s 
compliance. All these challenges have prompted an ex-
tensive research on the use of NOACs in a subset of pa-
tients (36, 37). Unfortunately, none of the trials evaluating 
the use of NOACs (38) in clinical practice, included DM1 
patients (39-41). Dabigatran etexilato is a thrombin direct 

inhibitor whose safety and effectiveness in the treatment 
of venous thrombo-embolism and pulmonary embolism 
(PE) was tested in RE-COVER  (42) and RE-COVER 
II  (43) trials. Its efficacy was non-inferior to warfarin, 
with no significant differences in minor and major bleed-
ings. No data are available about the use of this drug for 
the management of PE in DM1 patients. This case report 
is the first to report the use of Dabigatran etexilato for PE 
in a DM1 patient; using this drug the complete resolution 
of the pulmonary thrombus after an episode of pulmo-
nary embolism was achieved. No major or minor bleed-
ings were observed during treatment, and clinical and 
biochemical parameters returned within normal range 7 
days after therapy. 

Oral anticoagulation is an important issue in this sub-
set of patients because they present a high prevalence of 
atrial fibrillation (44-47) requiring long-term anticoagula-
tion to reduce the risk of thromboembolic events (48, 49). 

Conclusions
The present case is the first to report the complete res-

olution of a pulmonary thrombus in a DM1 patient with 
pulmonary embolism, by using dabigatran etexilato. The 
use of dabigatran etexilate as anticoagulation treatment 
could be particularly useful in this subset of patients, for 
their variable cognitive impairment and consequent poor 
compliance with periodic INR monitoring. 
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OBITUARY

Professor Frank Lehmann-Horn 
(1948-2018)

Acta Myologica • 2017; XXXVII: p. 232

Since 2006, Frank Lehmann-Horn, the Director of the 
Division of Neurophysiology at the University of Ulm, had 
been fighting against various forms of cancer. On May 8, 
2018, after an apparently successful bone marrow transplan-
tation, he passed away owing to the sequelae of leukemia. 
The community of German researchers into neuromuscular 
diseases has lost one of its most distinguished members. In 
particular his co-workers at the University of Ulm miss him 
as their pioneer and sincere friend.

Frank’s life-long research interest was mainly devoted 
to the groups of hereditary myotonias and periodic paralyses. 
After thorough training in physiology and neurology at the 
Technical University of Munich (TUM) he started sophisti-
cated voltage-clamp experiments on excised intact muscle 
fibers from patients with paramyotonia congenita and hy-
pokalemic periodic paralysis. These studies led to the first 
definition of the defect ion channel proteins in these diseases. 
In 1982, when he was only 34 years of age, the German As-
sociation of neuromuscular patients (DGM) duly bestowed 
on him and his group its highest award, the Erb-Duchenne 
Preis. In the following years, after some time training with 
Prof. Andrew Engel at the Mayo Clinic, Rochester MN, 
Frank returned to the TUM to discover several new forms of 
what he dubbed “channelopathies” e.g. potassium-sensitive 

myotonia, a severe form of disease caused by mutations 
in the gene coding for the muscular sodium channel. The 
numerous mutations of this gene that can cause myotonia 
congenita to varying degrees of severity, of paramyotonia 
congenita and of periodic paralysis, defined the volume of 
his work in the ensuing years. In 1992, by which time he 
had already been promoted to Professor of Neurology at the 
TUM, Frank was offered the Chair of Applied Physiology 
at the University of Ulm. He gladly accepted it because it 
released him from routine clinical duties. The Ulm Medical 
Faculty, however, additionally charged on him the direction 
of its new Interdisciplinary Center for Clinical Research. 
During his 6 years in this job, Frank nurtured the center to 
full fruition. Needless to say, muscle research was a substan-
tial part of its program. This again helped Frank when he lat-
er became Chair of the Ulm Neuromuscular Center. In 1995, 
the City of Ulm bestowed its Scientific Award on him. From 
1996 to 2006, Frank also coordinated two EU networks. His 
key role in this successful collaboration was acknowledged 
in 2003 by an honorary doctor’s degree from the Hungar-
ian University of Debrecen, and in 2004 by the award of the 
Gaetano Conte Academy of Naples. Together with his chief 
co-worker of many years, Karin Jurkat-Rott, Frank then 
turned to more research into the periodic paralyses. Particu-
larly, he devoted much time to pushing forward treatment 
for these diseases. His “ability to listen to patients” was re-
peatedly acknowledged in the USA, i.e. by awards of the 
Patients’ Associations of Las Vegas (2002), Orlando (2007) 
and Washington DC (2009). The Conference of American 
Periodic Paralysis Associations decorated him for “Excel-
lence in Research” in 2011. Other activities directed to the 
benefit of patients were the foundation of a reference center 
for families concerned with malignant hyperthermia (1995) 
and a center for rare diseases in Southern Germany (2010).

At home, Frank Lehmann-Horn’s scientific achieve-
ments were recognized in 2008 by membership of the Hei-
delberger Akademie der Wissenschaften, and in 2009 by the 
endowment of a Senior Research Professorship by the Ger-
man Non-Profit Hertie Trust. His most recent interests were 
the investigation of the role of increased intracellular sodium 
in periodic paralysis and Duchenne muscular dystrophy. Af-
ter he retired from his Chair of Applied Physiology in 2010, 
the University of Ulm established in his honor a Division of 
Neurophysiology, the directorship of which he retained until 
his death.

Em. Prof. Reinhardt Rüdel, Ulm, Germany
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AIM

The 18th Congress of the Italian Association of Myology 
was held from the 6 to 9 June in Genova, the same location 
that hosted the first meeting in 2000, organised by the same 
person, Professor Carlo Minetti.

Nearly 400 people from both Italy and all over the world 
attended this meeting, that with its 70 speakers, over 200 
contributions and, for the first time, a joined session with the 
French Association of Myology, was one of the most intense 
and valuable of the past editions. 

The congress was anticipated by a one-day full teaching 
course on the diagnostic interpretation of muscle biopsy. Sev-
eral experts from Italy and Europe such as Maurizio Moggio, 
Enrico Bertini, Marina Mora, Rita Barresi and Edoardo Mal-
fatti intervened and shared their expertise with the audience 
of young myologists. 

For the first time the Congress had a topic: From Basic 
Muscle Science To Translational Myology. In the workshop 
dedicated to the basic muscle science, Professor Musarò from 
Rome introduced some of the common patho-mechanisms 
causing muscular dystrophy and damage of muscle fibres; 
Doctor Messina from Milan, explained the role of the tran-
scription factor Nfix in the pathogenesis of Muscle Diseases; 
Professor Sandri, who worked for years in Basel, showed the 
molecular pathways involved in correct and altered muscle 
contraction; and Doctor Tedesco, a young Italian researcher 
working in London, fascinated the audience with the potenti-
ality of 3D artificial skeletal muscle derived from pluripotent 
stem cells. 

In the session of Experimental Therapy, Professor 

Malerba from London reported the results of a research on 
the genetic therapy for OPMD; Professor Desaphy explained 
the importance of the genetic background of congenital myo-
tonia on the response to drug treatment; Doctor Gazzerro, 
another Italian scientist from Genova currently working in 
Berlin, argued on the double face of the inflammatory system 
in the pathogenesis of muscular dystrophy, potentially acting 
as both protective and aggravating element; finally Professor 
Corti from Milan reported on her work on induced pluripotent 
stem cells for the treatment of Spinal Muscular Atrophies. 

The therapy of SMA was further discussed in a dedi-
cated symposium. Results of the new genetic therapy able to 
rescue the production of SMN2, the vicariant gene of SMN 
complex, were reported. Italy was not less, treating so far 120 
SMA1 children with astonishing results. 

A further topic was the Diagnosis and Management of 
the Floppy Infant, a common diagnostic challenge and typical 
onset of many different neuromuscular conditions starting in 
the paediatric age. Beside these exciting topics, many other 
were discussed including 2 breakfast seminars, one on nutri-
tion aspects in muscle diseases coordinated by Doctor Pini 
from Bologna, and the other one on the new molecular ge-
netic technologies, wich saw Professor Tupler from Modena 
and Professor Vincenzo Nigro from Naples as speakers. To 
stay updated, early coffee for the Italian Myologists!

Four intense Lectures by national/international speakers 
enriched the congress. The opening one – in honour of the be-
loved Professor Giovanni Nigro who passes away in October 
2017 – was made by Professor Politano, his pupil, who rein-
forced the role of Professor Nigro and the Italian school of 

NEWS FROM AROUND THE WORLD
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Cardiomyology to build up the story of myology in Italy, and 
recalled how may muscle diseases can present with underlying 
heart conditions. Professor Di Mauro, a leading scientist at the 
Columbia University, who taught all mitochondrial secrets to 
many Italian Doctors, introduced the Mito-Lectures made by 
two eminent scientists, Professor Hirano and Professor Zevi-
ani. The fourth lecture was held by Jeffrey Chamberlain from 
Washington, who has recently shown, in a Nature Communi-
cations paper, how CRISPR/Cas9 repertoire is able to restore 
dystrophin levels and improve muscle function in mice. 

The novelty of the 18th AIM congress was undoubtedly 
the Joined Session with the colleagues from the French As-
sociation of Myology. Three French experts: Guillame Bas-
sez, Pascale Laforet and Catherine Caraoult discussed with 
the Italian counterpart respectively on Myotonic Dystrophy, 
Pompe Disease and Laminopathies. 

One-hundred-eighty posters and 32 oral presentations 
completed the congress program. 

As it is tradition for many years, 2 prizes were awarded to 
young researchers for their innovative results, to Doctor Pani-
cucci from the Genova University for his study on the antago-
nism of purinergic receptors to ameliorate muscle damage in 
mdx mice, and to Doctor Costa from the Bologna University 
for his study on the role of TNOP3 protein in myoblast myo-
genesis. 

A third prize for the best oral communication, established 
by the Gaetano Torre Association for Muscular Diseases of 
Naples to honor the memory of Prof. Giovanni Nigro, was 
awarded to Dr. E. Malfatti for his studies on morphological 
features in patients with GYG1 mutations.

Finally, the social dinner inside the Aquarium of Genova, 
shocked the participants with a superb meal just between dol-
phins and turtles tanks. The next AIM congress will be held in 
Bergamo in June 2019. All the readers all welcome.

Congress report by Chiara Fiorillo, UOC Neurologia 
Pediatrica e Malattie Muscolari - Genova

MSM
The 13th Meeting of the Mediterranean Society of Myol-

ogy (MSM) in connection with the 2nd Congress of the Neuro-
muscular Society of Turkey was held in Avanos, Cappadocia 
between 28-30 June. This was a special congress in honour of 
our late Professor Giovanni Nigro who was the founder of the 
MSM. He quoted in 2017 “thirty-six years ago, a group of re-
searchers with interest in the field of muscular dystrophies felt 
the need to promote a mutual cooperation among the people 
of the Mediterranean area, and created the Mediterranean So-
ciety of Myology in 1993, in Ischia”. 

The main theme of the congress was limb-girdle muscu-
lar dystrophies. A basic course on neuromuscular disorders in 
general was offered to the young scientists prior to the origi-
nal conference. The whole area was covered by 38 invited 

speakers from basic science to bed-side along with future ex-
pectations, planning and thoughts, particularly newer thera-
pies. There were over 200 participants to include the local 
members. A total of 38 bursaries were given (whom 15 were 
medical students). The conference was well-attended by sci-
entists coming from 13 countries, not only the Mediterranean 
but also from Asia and the US. 

Congress report by Haluk Topaloglu, Hacettepe Chil-
dren’s Hospital 06100 Ankara, Turkey
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WMS 

The 23rd International WMS Congress will be held in 
Mendoza, Argentina from 2 to 6 October 2018. The sym-
posium will follow the traditional format with 3 selected 
topics: new developments in genetic and acquired disorders 
of the neuromuscular junction; mitochondrial function and 
dysfunction in neuromuscular disorders: pathogenesis and 
therapies; advances in the treatment of neuromuscular dis-
orders.

One day of the symposium will be dedicated to each of 
the selected topics. Invited keynote speakers will summarize 
the state of the art on the selected topics, covering clinical, mo-
lecular and other aspects. The sessions will comprise selected 
oral papers and poster presentations with guided discussions. 
Contributions will also be welcome on new advances across 
the neuromuscular field. The 16th WMS Pre-Congress Teach-
ing Course will be held on 1-2 October 2018. Please note only 
45 places are available. Early booking is advised.
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2018
October 2-6

23rd Congress of World Muscle Society. 
Mendoza, Argentina. Information: website: www.
worldmusclesociety.org

October 16-20

ASHG Annual Meeting. San Diego, CA,USA. Information: 
website: www.ashg.org

October 17-21

Asia Pacific Heart Rhythm Society (APHRS). Taipei, 
Taiwan. Information: website: http://www.aphrs.org

October 24-25

9th World Congress on Targeting Mitochondria,Berlin, 
Germany. Information: website: https://targeting-
mitochondria.com

October 3 - November 2

World Congress on Human Genetics. Valencia, 
Spain. Information: website: http://humangenetics.
conferenceseries.com

November 2-4

TREAT-NMD Advisory Committee for Therapeutics 
(TACT) meeting, Chicago US. Information: website: http://
www.treat-nmd.eu/events/715/

November 9-10

9th International Conference & Exhibition on Tissue 
Preservation and Biobanking at Atlanta, USA during, 
2018. Information: website: http://biobanking.
conferenceseries.com

November 9-11

Action Duchenne International Conference, Birmingham, 
UK. Information: website: https://www.actionduchenne.
org/conference-registration

November 15-17

Portuguese Neurology Congress, Porto, Portugal. 
Information: ana.costa@norahsevents.pt

November 19-20

SMA masterclass, Rome, Italy
Information: website: https://forms.ncl.ac.uk/view.
php?id=2345860%20

November 28-29

2nd EURO-NMD annual meeting, Prague, Czech Republic
Information: website: https://ern-euro-nmd.eu/event/euro-
nmd-annual-meeting

November 30 - December 2 

238th ENMC workshop on Cardiac dystrophinopathy. 
Naarden, NL. Information: website: www.enmc.org

2019
February 5-6

Biospecimen Reasearch Symposium. Berlin, Germany. 
Information: website: www.isber.org

March 6-8

Advances in skeletal muscle biology in health and 
disease, University of Florida, Gainesville, FL, US. 
Information: website: http://myology.institute.ufl.edu/
conferences/muscle-biology-conference

March 25-28

AFM-Téléthon Scientific Congress in Myology, Bordeaux, 
France. Information: website: http://www.afm-telethon.com

April 4-5

11th Annual Neuromuscular Translational Research 
Conference, Newcastle, UK. Information: website: http://
www.ucl.ac.uk/cnmd/events 

May 4-10

American Academy of Neurology, 71st Annual Meeting, 
Philadelphia,PA, US. Information: website: https://
www.aan.com/conferences-community/upcoming-
conference-dates

May 7-10

ISBER 2019. Shangai, China. Information: website: www.
isber.org

May 15-17

Annual Meeting of the French Society for Extracellular 
Matrix Biology. Reims, France. Information: www.univ-
reims.eu; comnco@comnconews.com

May 2019

Heart Rhythm 40th Annual Scientific Sessions 
(HRS). Chicago, IL. Information: website: http://www.
hrssessions.org

June 15-18

The European Human Genetics Conference 2019. 
Gothenburg, Sweden. Information: conference@eshg.org

June 29 - July 2

European Academy of Neurology, 5th Congress, Oslo, 
Norway.Information: website: https://www.ean.org/
oslo2019/5th-Congress-of-the-European-Academy-of-
Neurology-Oslo-2019.3649.0.html

September 24-28

24th Congress of World Muscle Society. 
Copenhagen, Denmark. Information: website: www.
worldmusclesociety.org

October 22-26

ASHG Annual Meeting. Toronto, Canada. Information: 
website: www.ashg.org
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2020
April 25 - May 1

American Academy of Neurology, 72nd Annual Meeting. 
Toronto, Ontario, Canada.
Information: website: https://www.aan.com/conferences-
community/upcoming-conference-dates/

June 6-9

The European Human Genetics Conference 2020, Berlin, 
Germany. Information: conference@eshg.org

October 27-31

ASHG Annual Meeting. San Diego, CA,USA .Information: 
website: www.ashg.org

To be announced

25th Congress of World Muscle Society. Toronto, Canada. 
Information: website: www.worldmusclesociety.org

November 13-15

Third International Conference on Genomic Medicine 

(GeneMed-2019) in Baltimore, USA

Information: website: http://unitedscientificgroup.com/

conferences/genemed

To be announced 

Asia Pacific Heart Rhythm Society (APHRS). Bangkok, 

Thailand. Information: website: http://www.aphrs.org
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INSTRUCTIONS FOR AUTHORS
Acta Myologica publishes articles related to research in and the practice of primary myopathies, cardiomyopathies and 
neuromyopathies, including observational studies, clinical trials, epidemiology, health services and outcomes studies, and 
advances in applied (translational) and basic research.
Manuscripts are examined by the editorial staff and usually evaluated by expert reviewers assigned by the editors. Both 
clinical and basic articles will also be subject to statistical review, when appropriate. Provisional or final acceptance is based 
on originality, scientific content, and topical balance of the journal. Decisions are communicated by email, generally within 
eight weeks. All rebuttals must be submitted in writing to the editorial office.

On-line submission
Manuscript submission must be effected on line: www.actamyologica.it according to the following categories:
Original articles (maximum 5000 words, 8 figures or tables). A structured abstract of no more than 250 words should be 
included.
Reviews, Editorials (maximum 4000 words for Reviews and 1600 words for Editorials). These are usually commissioned by the 
Editors. Before spontaneously writing an Editorial or Review, it is advisable to contact the Editor to make sure that an article on 
the same or similar topic is not already in preparation.
Case Reports, Scientific Letters (maximum 1500 words, 10 references, 3 figures or tables, maximum 4 authors). A summary 
of 150 words may be included.
Letters to the Editor (maximum 600 words, 5 references). Letters commenting upon papers published in the journal during the 
previous year or concerning news in the myologic, cardio-myologic or neuro-myologic field, will be welcome. All Authors must 
sign the letter.
Rapid Reports (maximum 400 words, 5 references, 2 figures or tables). A letter should be included explaining why the author 
considers the paper justifies rapid processing.
Lectura. Invited formal discourse as a method of instruction. The structure will be suggested by the Editor.
Congress Proceedings either in the form of Selected Abstracts or Proceedings will be taken into consideration.
lnformation concerning new books, congresses and symposia, will be published if conforming to the policy of the Journal.
The manuscripts should be arranged as follows: 1) Title, authors, address institution, address for correspondence; 2) Repeat title, 
abstract, key words; 3) Text; 4) References; 5) Legends; 6) Figures or tables. Pages should be numbered (title page as page 1).
Title page. Check that it represents the content of the paper and is not misleading. Also suggest a short running title.
Key words. Supply up to three key words. Wherever possible, use terms from Index Medicus – Medical Subject Headings.
Text. Only international SI units and symbols must be used in the text. Tables and figures should be cited in numerical order as 
first mentioned in the text. Patients must be identified by numbers not initials.
Illustrations. Figures should be sent in .jpeg or .tiff format. Legends should be typed double-spaced and numbered with Arabic 
numerals corresponding to the illustrations. When symbols, arrows, numbers, or letters are used to identify parts of the illustrations, 
each should be explained clearly in the legend. For photomicrographs, the internal scale markers should be defined and the 
methods of staining should be given.
If the figure has been previously published a credit line should be included and permission in writing to reproduce should be 
supplied. Colour photographs can be accepted for publication, the cost to be covered by the authors. 
PATIENTS IN PHOTOGRAPHS ARE NOT TO BE RECOGNISABLE
Tables. Tables should be self-explanatory, double spaced on separate sheets with the table number and title above the table 
and explanatory notes below. Arabic numbers should be used for tables and correspond with the order in which the table is 
first mentioned in the text.
References. Reference numbers in the text must be in brackets. References in the list must be numbered as they appear in 
the text.
Standard journal article: Figarella-Branger D, Bartoli C, Civatte M, et al. Cytokines, chemokines and cell adhesion molecules 
in idiopathic inflammatory myopathies. Acta Myol 2000;19:207-8.
Books and other monographs: Dubowitz V. Muscle disorders in childhood. London: WB Saunders Company Ltd; 1978.
Please check each item of the following checklist before mailing:
•	 Three index terms, short title for running head (no more than 40 letter spaces) on the title page.
	 Name(s) of the author(s) in full, name(s) of institution(s) in the original language, address for correspondence with telephone 

and fax numbers and email address on the second page.
•	 Summary (maximum 250 words).
•	 References, tables and figures cited consecutively as they appear in the text.
•	 Figures submitted actual size for publication (i.e., 1 column wide or 2 columns wide).
•	 Copyright assignment and authorship responsibility signed (with date) by all Authors.
•	 References prepared according to instructions.
•	 English style.
•	 Patients in photographs not recognisable.


