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Abstract

This study was designed to elucidate the clinical phenotype of Limb-girdle muscular dystro-

phy 1D (LGMD1D), a chaperonopathy caused by mutated DNAJB6.

Muscular dystrophies are by definition inherited disorders causing progressive weakness

and loss of skeletal muscle. Limb-girdle muscular dystrophy (LGMD) is one category of

muscular dystrophies with preferential weakness of proximal muscle groups. LGMDs are

divided in two groups based on their inheritance: autosomal dominant LGMD1 and autosomal

recessive LGMD2. Dominantly inherited forms are very rare diseases.

Before the year 2008 LGMD1D was not known to exist in Finland. However, a large

family from Pirkanmaa region had been identified with an unknown, dominantly segregating

slowly progressive LGMD phenotype. In this family and another smaller family we were able

to confirm genetic linkage to chromosome 7q36, a muscular dystrophy gene locus published

in United States in the 1990’s based on two families. However, the exact clinical features of

this 7q36-linked myopathy had not been detailed. With this study we describe the typical clin-

ical features, the muscle imaging, pathology and laboratory findings, we narrowed the genetic

linkage and finally unraveled the genetic defect underlying the disease.

In 2010 we published the first larger clinical report of the LDMD1D disease as being typ-

ically late-onset, slowly progressive, and rarely resulting in complete loss of ambulation. The

first symptom was usually difficulty in climbing stairs. With increasing disease duration, most

patients developed shoulder girdle weakness as well, although milder than in the pelvic girdle.

Few patients suffered from mild dysphagia. Cardiac or respiratory muscle involvement was

not detected. We later reported pathognomonic muscle imaging findings which, in fact, facili-

tated the recognition of new families. Distinct muscle biopsy findings also helped the identifi-

cation of more patients and refining the morphological pathomechanism of the disease.

In 2012 we reported that LGMD1D is caused by dominant mutations in the co-chaperone

DNAJB6. The genetic mutation in all examined Finnish families was a c.271T>A substitution

causing a missense p.F91L exchange on the protein level. It is still not fully understood why
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the defect DNAJB6, ubiquitously expressed in all tissues, causes damage to the muscle tissue

only. As a co-chaperone DNAJB6 is connected to the functions of protein quality control and

turnover. For appropriate cell function it is mandatory that defective and misfolded proteins

are removed correctly. DNAJB6 is part of the corresponding chaperone protein complexes

connected to the sarcomeric structure in the muscle fibers.

LGMD1D proved to be the most common dominantly inherited limb-girdle muscular

dystrophy in Finland. While the total number of patients is still small, the clinical spectrum of

the disease is already expanding with new mutations identified. Improved diagnostic methods

are important not only from the medical point of view, but also from human perspective.

Muscle disease patients have the right to know the exact cause of their disease, how the dis-

ease is likely to progress, whether it is genetic, and to know the possible additional complica-

tions that can be prevented or proactively cared for by appropriate management. Even if the

cure for the disease might lie in the future, it is important for the patient to know the final di-

agnosis also in order to avoid false treatment due to misdiagnosis.
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Tiivistelmä

Tämän tutkimustyön aiheena on ollut hartia-lantiolihasdystrofian tyyppi 1D (LGMD1D) klii-

nisen ilmiasun kuvaaminen.

Lihasrappeumasairaudet eli lihasdystrofiat ovat perinnöllisiä sairauksia, joissa lihassyyt

rappeutuvat eli kuolevat ennenaikaisesti pois ja lihaskudos korvautuu rasva- ja sidekudoksel-

la. Seurauksena on lihaksen surkastuminen ja heikkeneminen. Lihasrappeumasairaudet ovat

seurausta geenivirheiden aiheuttamista toimintahäiriöistä lihassolun eri rakenneosissa.

Hartia-lantiorenkaan lihasdystrofiat (limb-girdle muscular dystrophy, LGMD) ovat epä-

yhtenäinen tautiryhmä, jossa lihasheikkous kohdistuu voittopuolisesti raajojen tyviosien li-

haksiin. Ne jaetaan vallitsevasti (LGMD1) ja peittyvästi (LGMD2) periytyviin tautimuotoi-

hin. Ilmiasu voi samankin taudin kohdalla vaihdella paljon. LGMD-sairaudet ovat kaiken

kaikkiaan harvinaisia, ja sairausryhmän sisällä vallitsevasti periytyviä tautimuotoja on vain

vähän verrattuna peittyvästi periytyvien muotojen yleisyyteen. Yhteenlaskettu potilasmäärä

Suomessa on muutamia satoja, vaikka geneettisesti määriteltyjä erilaisia LGMD-sairauksia on

noin 30. LGMD-ryhmän sairauksien lopullinen diagnoosi edellyttää geneettistä varmennusta

tai kyseisen sairauden aiheuttavan valkuaisaineen puutteen osoittamista lihaspatologian mene-

telmin.

Aiemmin kliinisesti huonosti tunnettua LGMD1D-sairautta ei ennen vuotta 2008 tiedetty

Suomessa esiintyvän. Suurehkon pirkanmaalais-satakuntalaisen perheen kohdalla taas oli tie-

dossa hitaasti etenevä, vallitsevasti periytyvä hartia-lantiolihasdystrofia kolmen sukupolven

ajalta. Tämän ja toisen pienemmän kainuulaisen suvun kohdalla saatiin esiin geneettinen kyt-

kentä, joka sopi 1990-luvulla Yhdysvalloissa raportoituun kahden suvun lihasdystrofiageeni-

paikannukseen kromosomissa 7q36. Taudin ulkoasusta ei kuitenkaan oltu aiemmin raportoitu

tarkempia kliinisiä tai lihaspatologian tietoja. Asetimme tavoitteeksi kuvata taudin tarkempi

ulkoasu, sen tyypilliset kliiniset piirteet, lihasten kuvantamis- ja patologialöydökset, tarkentaa

kromosomaalista kytkentäaluetta sekä selvittää sairauden geenivirheen.
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LGMD1D periytyy vallitsevasti ja sen syyksi paljastui DNAJB6-geenin mutaatiovirhe,

joka oli kaikilla tämän aineiston suomalaisilla potilailla sama c.271T>A emäsmuutos, joka

aiheuttaa valkuaisaineeseen proteiinitasolla aminohappomuutoksen p.F91L. Vielä ei ole var-

muutta siitä, miksi elimistössä kaikissa kudoksissa runsaana esiintyvä DNAJB6-proteiinin

geenivirhe aiheuttaa juuri lihaskudokseen sairauden. Lihaksessa DNAJB6:n toiminta liittyy

proteiinien laaduntarkkailujärjestelmään. Solujen toiminnan kannalta on tärkeää, että poiste-

taan vialliset ja väärin muodostuneet valkuaisaineet, jotka muuten voivat häiritä solujen nor-

maalia toimintaa ja elinvoimaa. Lihaskudoksessa DNAJB6 on vuorovaikutuksessa lihas-

säikeiden toiminnan ylläpidolle tärkeiden kaitsijaproteiinikompleksien kanssa.

Vuonna 2010 julkaisimme ensimmäisen kattavan kliinisen kuvauksen LGMD1D-

sairauden ilmiasusta. Tutkituissa perheissä sairaus alkoi myöhäisellä aikuisiällä, joskus vasta

yli 60-vuotiaana, ja eteni hitaasti. Tyypillisin ensioire oli reisilihasheikkous. Monet potilaat

kuvasivat ensimmäisenä oireena vaikeuden nousta portaita ilman tukea. Sairauden edetessä

useimmille potilaille tuli hartia- ja olkavarsilihaksiston heikkoutta, kuitenkin lievempänä kuin

alaraajaoireet. Lähes kaikki potilaat säilyttivät itsenäisen liikkumiskyvyn pitkänkin sairasta-

misen jälkeen, jopa kahdeksankymmen vuoden ikään asti. Joillakin potilailla oli lievää puhe-

tai nielemisvaikeutta. Sydänlihasrappeumaa eikä hengityslihasten heikkoutta esiintynyt. Sai-

rauden piirteinä kuvasimme tunnusomaisen lihasten magneettikuvauslöydöksen vuonna 2012,

mikä johti useiden uusien potilaiden välittömään löytymiseen, kun kuvauslöydöksen perus-

teella voitiin edetä suoraan geneettiseen analyysiin. Kuvasimme myös tyypilliset lihasbiopsia-

löydökset vuonna 2014, ja näiden perusteella voitiin löytää myös uusia tapauksia sekä tarken-

taa morfologista tautimekanismia soveltumaan käytännön diagnostiikkaan. Tutkimuksen ku-

luessa osoittautui, että LGMD1D on Suomen yleisin vallitsevasti periytyvä hartia-

lantiolihasdystrofia. Potilasmäärä on vielä pieni, mutta tiedossa on jo, että taudin kliininen

kirjo tulee laajentumaan jatkossa uusien mutaatioiden myötä.

Lihassairauksien diagnostiikan parantaminen on ensiarvoisen tärkeää paitsi lääketieteelli-

seltä myös inhimilliseltä kannalta. Jokaisella lihassairauspotilaalla on oikeus tietää, mikä on

hänen tautinsa lopullinen syy, miten hänen sairastamansa lihassairaus todennäköisimmin ete-

nee, miten se periytyy, liittyykö siihen liitännäissairauksia kuten hengitys- ja sydänkompli-

kaatioita, joita voidaan ennakoivasti hoitaa, ja onko sairaus elinikää lyhentävä. Vaikka sairau-

delle ei parannuskeinoa lähitulevaisuudessa löytyisikään, on potilaan tärkeää saada sairaudel-

leen oikea lopullinen diagnoosi myös väärien hoitojen välttämiseksi väärän diagnoosin takia.
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Abbreviations

ALS amyotrophic lateral sclerosis
ANKDR ankyrin repeat domain
ATP adenosine triphosphate
BMD Becker’s muscular dystrophy
CASA chaperone-assisted selective autophagy
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CMA chaperone mediated autophagy
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DAP dystroglycan-associated protein
DMD Duchenne’s muscular dystrophy
EMD Emery-Dreifuss muscular dystrophy
EMG electromyography
ENMC European Neuromuscular Centre
ENMG electroneuromyography
FSHD       facio-humero-scapular dystrophy
GMPPB GDP-mannose pyrophosphorylase B
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HGNC Human Genome Nomenclature Committee
HMERF hereditary myopathy with early respiratory failure
HNRPDL heterogenous nuclear ribonucleoprotein D-like protein
HSPA heat shock protein A
HSPB heat shock protein B
IBM inclusion body myositis
ISPD isoprenoid synthase domain
LGMD limb-girdle muscular dystrophy
MEB muscle-eye-brain disease
MRC medical research council
MRI magnetic resonance imaging
MUP motor unit potential
NADH-TR nicotinamide adenine dinucleotide -tetrazolium reductase
OMIM Online Mendelian Inheritance in Man
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TDP transactive response DNA-binding protein
TMD tibial muscular dystrophy
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ZASP Z-disc associated protein
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1 Introduction

Muscular dystrophies are a large group of inherited muscle diseases characterized by progres-

sive muscle weakness and loss of muscle tissue. They can be inherited in dominant, X-linked

or recessive manners, and the clinical heterogeneity is large: some disease forms are congeni-

tal, whereas some become symptomatic as late as in senescence. Some forms progress faster,

some may remain relatively stable for longer periods. Many forms are purely muscle diseases,

whereas others have multi-organ associations such as cardiomyopathy, endocrinology fea-

tures, cataracts or central nervous system involvement.

The common denominator in all muscular dystrophies is the preterm degeneration of

muscle fibers. In most muscular dystrophies the affected muscle tissue is replaced by fat and

connective tissue at the end of disease process (Mercuri and Muntoni 2012).

Muscular dystrophies have traditionally been classified into descriptive categories based

on their clinical appearance and inheritance pattern. Thus the X-linked dystrophinopathies,

myotonic dystrophy, facio-scapulo-humeral muscular dystrophy (FSHD), the limb-girdle

muscular dystrophies (LGMDs) were the main diagnostic subtypes of muscular dystrophies

for long. From the 1990’s, with the advance of molecular genetics recognizing disease genes

and identifying molecular defects behind the different LGMD diseases, the spectrum of the

different diseases in the group has enlarged. To date eight dominant (LGMD1) and 23 reces-

sive (LGMD2) subtypes have been identified (Kaplan and Hamroun 2013, Nigro and

Savarese 2014). The definition of limb-girdle muscular dystrophy disease is descriptive, but

the addition of the number and the letter defines a genetic subtype. With the increase of sub-

types this nomenclature becomes troublesome and should be replaced by a terminology that

directly infers the gene or protein responsible for the disease.

Muscle tissue consists of muscle cells i.e. muscle fibers. They are multinucleate, mem-

brane-bounded cells that are packed with myofibrils. Myofibrils are striated, and generate the

striated appearance of the skeletal muscle under the microscope. In the myofibrils the sarco-
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mere is the elementary contractile unit of striated muscle. Organization of the muscle and the

muscle fiber structure is shown in figure 1.

Figure 1. Organization of muscle and muscle fiber structure. (Muscle Anatomy & Structure 2014)

The main purpose of striated skeletal muscle tissue is to generate force and thus enable

movements. In order to do this the sarcomere is required to contract efficiently, switch on and

off in relatively short time and maintain its function and structure in action.

Muscle tissue represents extensive plasticity, which is necessary for adaptations to vari-

ous physical and metabolic demands. The combined characteristics of structure and plasticity

depend on the concerted action of various protein complexes involved in structures as well as

metabolic and signaling pathways. Functional relationships of LGMD-disease causing pro-

teins have been mapped (Blandin et al. 2013); the resulting LGMD-interactome is a very large

and complex network of linked proteins.

Despite genetic linkage in two U.S. families already in the 1990’s, LGMD1D disease was

not well considered in the clinical neurological departments, because the clinical description

in the genetic publications was very scarce and in some review papers LGMD1D was errone-

ously mixed up with the disease in another family (Chutkow et al. 1986). Moreover, the no-

menclature of LGMD1 diseases was unclear regarding the positions of LGMD1D and 1E.

LGMD1E was reported as a disease linked to chromosome 6 in one large U.S. family

(Messina et al. 1997), and only recently it was clarified that the disease in that particular fami-
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ly is a desminopathy (Greenberg et al. 2012) and that the linkage was incorrect. Since LGMD

nomenclature is based on the chronological order of linkage and there is no chromosome 6

linked LGMD, it means that there is no LGMD1E.
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2 Review of the literature

2.1 General introduction to limb-girdle muscular dystrophies

Muscular dystrophies can be defined either by clinical or pathological terms. The muscle pa-

thology definition is based on the findings of muscle fiber necrosis combined with regenera-

tion and increase of fat and connective tissue. The clinical definition of muscular dystrophy is

that of a genetic muscle disease causing progressive loss of muscle tissue (Engel and

Armstrong-Franzini 2004).

The term limb-girdle muscular dystrophy was introduced in the 1954 in a seminal publi-

cation by Walton and Nattrass as a category of muscular dystrophy other than X-linked Du-

chenne muscular dystrophy, facio-scapulo-humeral muscular dystrophy (FSHD) and myoton-

ic dystrophy (Walton and Nattrass 1954). They reported a large patient material of muscular

dystrophy patients, described their phenotype and presumed autosomal recessive inheritance

for most of their patients. However, they already recognized the heterogeneity within the

group. At the same time muscle biopsy analysis techniques developed and various pathologi-

cal features were found within the group. Thus, the clinical usefulness of the term LGMD was

heavily questioned (Brook 1977, Norman et al. 1989) and some authors preferred to use the

term limb-girdle syndrome instead (Shields 1994). When genetically distinct loci for families

with the phenotype of proximal muscular dystrophy were identified, and the other three main

muscular dystrophies were excluded by early molecular genetics (Speer et al. 1992, van der

Kooi 1994), the usage of the term LGMD became justified again.

As soon as the first genetic loci for LGMD had been identified it became evident that the

disease group was genetically heterogeneous. To facilitate genetic studies there was a need for

definition of which criteria would qualify for a diagnosis of limb-girdle muscular dystrophy.

The definition was proposed by European Neuromuscular Center (ENMC) workshop in 1995

(Bushby and Beckmann 1995). LGMD was defined as muscular dystrophy presenting with

predominantly proximal muscle weakness and atrophy, largely sparing distal muscles early in

the course of the disease as well as sparing facial and extraocular muscles. Clinical manifesta-
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tions could begin at any age, including early childhood but excluding congenital onset. With

this definition the importance of muscle biopsy became clear, as it was required to rule out

other conditions such as inflammatory and mitochondrial myopathies, myasthenia with limb-

girdle weakness as well as other various conditions: endocrine, toxic or metabolic myopathies

and structural congenital myopathies. The ENMC consortium suggested that each LGMD

disease would acquire specific diagnostic criteria separately as soon as the molecular genetic

basis for each entity became defined. These criteria consisted of inclusion and exclusion crite-

ria as well as the specifications regarding disease onset, progression and mode of inheritance.

The first ENMC workshop on LGMD in 1992 (Bushby 1992) was focused on the nomencla-

ture and terminology of limb-girdle muscular dystrophies.

To keep track of the ever-growing number of LGMD diseases and considering their ge-

netic complexity, a purely genetic nomenclature was adopted (Bushby and Beckmann 1995).

This designated autosomal dominant forms as LGMD1 and autosomal recessive forms as

LGMD2, followed by a letter in alphabetical order. The assignment was given in chronologi-

cal order according to the identification of the different loci so that the first ever autosomal

dominant LGMD locus identified would be named LGMD1A, the next LGMD1B, 1C, etc.

Similarly the autosomal recessive diseases were termed LGMD2A, 2B, 2C, etc. In the future,

however, it will apparently be necessary to create new acronyms and terminology because the

use of new genetic technologies has accelerated the identification of new genes. The classifi-

cation of LGMD is becoming increasingly complex (Nigro and Savarese 2014) for clinical

practice. The locus-based classification is sometimes augmented by a classification based on

molecular pathology, responsible gene and/or protein. In table 1 the current classification of

limb-girdle muscular dystrophies is shown (modified from Nigro and Savarese 2014).
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Table 1. Dominant and recessive limb-girdle muscular dystrophies. Cardiomp, cardiomyopathy; CK,
creatine kinase. (modified from Nigro and Savarese 2014)

Gene Phenotype
Disease Locus Name Protein Onset Progression Cardiomp CK Allelic disorders

LGMD1A 5q31.2 TTID myotilin adult slow no 3–4x MFM3, spheroid body myopathy

LGMD1B 1q22 LMNA lamin A/C variable slow frequent 1–6x Dilated cardiomyopathy 1A, CMT2A,
CMT2B1, EMD3, Hutchinson-Gilford pro-
geria, Familial lipodystrophy, Malouf syn-
drome, mandibuloacral dysplasia, congeni-
tal muscular dystrophy, restrictive dermo-
pathy

LGMD1C 3p25.3 CAV3 caveolin 3 childhood slow/
moderate

frequent 10x Familial hypertrophic cardiomyopathy,
hyperCKemia, long OT syndrome, rippling
muscle disease, distal myopathy, Tateyama
type

LGMD1D 7q36 DNAJB6 DNAJB6 variable/
adult

slow no 1–10x –

LGMD1F 7q32 TNPO3 transportin 3 variable slow/
moderate

no 1–3x –

LGMD1G 4q21 HNRPDL  heterogenous
nuclear
ribonucleo-protein
D-like protein

variable
teen/adult

slow no 1–9x –

LGMD1H 3p23–25 – – variable slow no 1–10x –

Gene Phenotype
Disease Locus Name Protein Phenotype Onset Progression Cardiomp CK Allelic disorders

LGMD2A 15q15 CAPN3 calpain 3 common adoles-
cence

moderate rare 3–20x

LGMD2B 2p13.2 DYSF dysferlin common young
adult

slow rare Miyoshi muscular
dystrophy, MPD with
anterior tibial onset

LGMD2C–F
(sarcogly-
canopathies)

12q12,
17q21.33,
4q12, 5q33

SGCG, A,
B, D

γ,α,β,δ-sarcoglycan common early
child-
hood

rapid severe, in
2E rare

10–70x cardiomyopathy, di-
lated 1L in LGMD2F

LGMD2G 17q12 TCAP telethonin common adoles-
cence

slow possible 10x cardiomyopathy, di-
lated 1N

LGMD2H 9q33.1 TRIM32 tripartite motif cont 32 common adult slow no 10x Bardet-Biedel syn-
drome 11

LGMD2J 2q24.3 TTN titin occasional young
adult

severe no 10–40x cardiomyopathy, di-
lated 1G, cardiomyo-
pathy, familial hyper-
trophic 9, myopathy,
early onset with fatal
cardiomyopathy,
HMERF, TMD

LGMD2L 11p13–p12 ANO5 anoctamin 5 common variable slow no 1–15x Miyoshi muscular
dystrophy 3, gna-
thodiaphyseal dyspla-
sia

LGMD2I, K,
M, N, O, P, T,
U (dystro-
glycano-
pathies)

19q13.3,
9q34.1,
9q31,
14q24,
1p34.1,
3p21, 3p21,
7p21

FKRP,
POMT1,
FKTN,
POMT2,P
OMGnT1,
DAG1,
GMPPB,
ISPD

fukutin, fukutin-related pro-
tein, protein-O-mannosylase
1 and 2, protein-linked man-
nose beta 1,2 acetylgluko-
saminyl transferase, dystro-
glycan, GDP-mannose
pyrophosphorylas B, isopre-
noid synthase domain con-
taining

occasional child-
hood

slow to
moderate

possible,
rare

2–70x Muscular dystrophy-
dystroglycanopathy
type A1,B1,C1,
A4,B4,A2,B2,
B3,C3,A14, B14,A7

However, the LGMD term as such is still highly usable to indicate a clinical phenotype and

should be used in combination with the gene defect to indicate exactly the disease in question.

For the disease in this study this would mean the use of the term: DNAJB6 mutated LGMD1,
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instead of the current LGMD1D. This need is even more obvious in the recessive forms as

there are currently different versions of what should be LGMD2P, 2R, 2S etc.

A large epidemiological study in the Netherlands showed that autosomal dominant forms

are much less common than recessive and sporadic forms of LGMD, accounting only for 10

percent of the cohort (van der Kooi et al. 1996a). This is compatible with the clinical experi-

ence of others, but due to the very late onset and mild phenotype of some forms, it is also pos-

sible that cases of dominant LGMDs remain unrecognized. Some late onset mild dominant

LGMD forms may even be confused with non-specific sarcopenia-old-age frailty (Palmio and

Udd 2014).

Autosomal dominant LGMDs (LGMD1)2.1.1

2.1.1.1 LGMD1A (Myotilinopathy)

Myotilinopathy (LGMD1A) was the first genetically linked autosomal dominant LGMD, with

linkage in 5q established in one large family in North America in 1992 (Gilchrist et al. 1988,

Speer et al. 1992). The LGMD1A locus was defined on chromosome 5q31.2 (Yamaoka et al.

1994) and the responsible gene/protein identified as myotilin (Hauser et al. 2000). First symp-

toms of proximal leg weakness start at adult age, commonly between 20 and 50. Muscle

weakness involves upper arms later in the course of disease as well as progression to distal

weakness (Hauser et al. 2000). Loss of ambulation was rare. Some patients may develop

Achilles tendon contractures.  Approximately 30 percent of patients developed nasal and/or

dysarthric speech pattern (Hauser et al. 2002) and cardiomyopathy was detected in a few very

old LGMD1A patients (Hauser et al. 2000, Selcen et al. 2004). Only two families have been

reported and most myotilinopathy patients present with a late onset distal myopathy or a com-

bination of distal and proximal weakness (Udd 2014).

2.1.1.2 LGMD1B (Laminopathy)

Laminopathy (LGMD1B) is allelic with autosomal dominant Emery-Dreifuss muscular dys-

trophy (EDMD2) and is caused by Lamin A/C mutations. LMNA mutations on chr 1q22

(Muchir et al. 2000) may cause a large variety of phenotypes: autosomal dominant dilated

cardiomyopathy with conduction disturbance, pure autosomal dominant dilated cardiomyopa-

thy, focal lipodystrophy, recessive axonal polyneuropathy (CMT2A and B), mandibuloacral
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dysplacia and Hutchinson-Gilford progeria (Fatkin et al. 1999, Speckman et al. 2000, De

Sandre-Giovannoli et al. 2002, Eriksson et al. 2003, Baets et al. 2014). A pure LGMD pheno-

type without cardiac involvement is regarded as less common than the presentation as auto-

somal dominant EDMD, characterized by a humeroperoneal pattern of atrophy, more promi-

nent contractures early in the disease course and conductive cardiomyopathy (Engel and

Armstrong-Franzini 2004).

In LGMD1B the age of onset is typically in late childhood, teens or young adulthood,

ranging from four to 38 years (van der Kooi et al. 1996b). Progression is typically slow and

most patients are still ambulant in their 50’s. Cardiac involvement, however starts usually in

the third or fourth decade of life and is progressive. Diagnosis and adequate cardiac monitor-

ing are extremely important in LGMD1B, since normal cardiac function in childhood or in the

teens does not rule out the possibility of later fatal cardiac involvement. There is marked over-

lap with Emery-Dreifuss phenotype (Politano et al. 2013). Up to 76 percent of Lamin A/C

mutations arise de novo (Bonne et al. 2000) and no clear genotype-phenotype correlation has

emerged to distinguish LGMD1B from autosomal dominant EDMD and familial dilated car-

diomyopathy with conduction system disease. The different presentations may occur in the

same family on the basis of an identical mutation (Bonne et al. 2000). A definite diagnosis on

clinical grounds only is not possible.

2.1.1.3 LGMD1C (Caveolinopathy)

Caveolinopathy (LGMD1C) was originally recognized in patients with a nonspecific milder

LGMD phenotype and childhood onset (Minetti et al. 1998). Mutated CAV3 on chr 3p25.3 is

the cause of the disease. As with the laminopathies, the caveolinopathies comprise a large

variety of phenotypes including asymptomatic hyperCKemia, myalgia, rippling muscle dis-

ease and even distal myopathy (Gazzerro et al. 2011). Since published reports on the disease

are scarce, it is difficult to define a consistent LGMD phenotype. Proximal muscle weakness

begins in childhood, reportedly around five years of age (Minetti et al. 1998), but the disease

progression is variable and the muscle weakness is mild to moderate. Most patients remain

ambulant. Muscle cramping after exercise and calf hypertrophy (Bruno et al. 2007), and even

myotonia has been reported (Milone et al. 2012). Cardiomyopathy can be associated with

Caveolin 3 mutations, at least in association with rippling muscle disease and possibly with

LGMD phenotype as well (Catteruccia et al. 2009). Several mutations, both homozygous and

heterozygous in CAV3 gene have been described (Minetti et al. 1998, Carbone et al. 2000,
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Herrmann et al. 2000) and also de novo mutations occur, meaning that a negative family his-

tory does not rule out the possibility of LGMD1C diagnosis.

2.1.1.4 LGMD1D (DNAJB6 myopathy)

There was a long-lasting misunderstanding about the position of the diseases LGMD1D and

1E. Even OMIM database has not corrected the previous misconception yet, but based on the

Human Genome Nomenclature Committee (HGNC) nomenclature, DNAJB6 myopathy is

named LGMD1D in most databases.

In 1969 Schneiderman described a large four-generation family with slowly progressive

autosomal dominant limb girdle muscular dystrophy (Schneiderman et al. 1969). In this fami-

ly the onset of symptoms occurred during the third to fourth decade of life, with proximal

muscle weakness affecting both upper and lower limbs. Most patients remained ambulant.

None had facial involvement or cardiac involvement but three out of 15 affected members had

moderate to severe dysphagia.

When diagnostic criteria for LGMD were published in 1995 (Bushby, Beckmann 1995)

described genetic linkage data regarding the LGMD1A locus showed that two families with

autosomal dominant LGMD were not linked, and one of these families was the original

Schneiderman family. Clinically, these families differed somewhat from other described

LGMD1 families linked to other chromosomes in their lack of other associated findings i.e.

nasal speech in LGMD1A, cardiac involvement in LGMD1B and childhood onset in

LGMD1C. Later, linkage to chromosome 7q was discovered in this and one other U.S. family

(Speer et al. 1999).

In 1986 Chutkow reported a pedigree with slowly progressive limb-girdle muscular dys-

trophy with autosomal dominant inheritance (Chutkow et al. 1986). In this family the disease

onset varied from the second to sixth decade of life, with hip girdle weakness preceding

shoulder girdle weakness. This family fulfilled the LGMD1 criteria but was excluded from

linkage to chromosome 7q. The Chutkow family, however, was later erroneously thought to

be one of the 7q linked families and has falsely remained in medical literature as representing

the LGMD1D phenotype despite of the exclusion of chromosome 7q linkage.

  The clinical phenotype of LGMD1D was reported more thoroughly in 2010 (see article I).
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2.1.1.5 LGMD1E does no longer exist

LGMD1E was first defined as a disease linked to chromosome 6q23 in a large North Ameri-

can family of French-Canadian descent (McNally et al. 1998). Nevertheless, no gene was ever

reported for this locus and 15 years later a desmin mutation was reported in one branch of the

family (Greenberg et al. 2012). At least 2 individuals in that branch were not correctly classi-

fied in the original linkage publication as affected or non-affected and, thus, the original link-

age appears incorrect. Consequently, there is no LGMD1E at all since there is no disease

linked to chromosome 6q23. Desminopathy has been described earlier, first in a large family

with distal myopathy (Milhorat and Wolff 1943, Horowitz and Schmalbruch 1994) and later

in patients with the muscle pathology of myofibrillar myopathy (Ariza et al. 1995, Messina et

al. 1997, Park et al. 2000, van Spaendonck-Zwarts et al. 2011). Desminopathy can present as

dominant distal myopathy, scapuloperoneal syndrome, LGMD myopathy, solely as cardio-

myopathy or combinations of these and more rarely as a recessive disease (Selcen et al. 2004,

Palmio et al. 2013).

2.1.1.6 LGMD1F (Transportin 3 myopathy)

Gamez et al. reported a large Spanish family in 2001 (Gamez et al. 2001) in which five gener-

ations were affected with autosomal dominant limb-girdle muscular dystrophy. Two disease

forms were seen: juvenile onset (66%) and adult onset starting at third or fourth decade. All

showed characteristic pelvic and shoulder girdle weakness, of which pelvic girdle involve-

ment was more severe. Distal weakness often occurred later. Cardiac involvement, calf hyper-

trophy, or contractures were not present. Some patients showed dysphagia, arachnodactyly

and respiratory insufficiency (Peterle et al. 2013), and progression was more rapid in the

younger onset patients. Linkage to chromosome 7q32 was previously identified (Palenzuela et

al. 2003) and later the causative gene Transportin 3 (TNPO3) was published (Melià et al.

2013, Torella et al. 2013). No other families have been reported so far.

2.1.1.7 LGMD1G (HRNPDL myopathy)

In 2004 Starling et al. reported a Brazilian family in which 12 members had a mild adult-onset

form of autosomal dominant limb-girdle muscular dystrophy (Starling et al. 2004). Age of

onset ranged from 30 to 47 years with proximal lower limb weakness in most, muscle cramps

in one and upper limb weakness in one patient at the time of diagnosis. Most of the patients
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developed upper limb weakness later in the disease course. CK was normal and biopsy find-

ings non-specific with some rimmed vacuolar abnormality. Curiously, many patients devel-

oped progressive and permanent restriction of toe and finger flexion and reduced movement

of the interphalangeal joints due to contractures. Linkage to chromosome 4q21 was discov-

ered in 2004 (Starling et al. 2004). A causative gene, HRNPDL located on chromosome

4q21.22 was recently reported in the original Brazilian and in one Uruguay family in 2014

(Vieira et al. 2014). HNRPDL (heterogenous nuclear ribonucleoprotein D-like protein) pro-

teins participate in mRNA biogenesis and metabolism and are located in the nuclei in normal

muscle. In diseased muscle nuclei are irregular in shape and HRNPDL is also present around

the nuclei.

2.1.1.8 LGMD1H

LGMD1H has been described in only one Southern Italian family in 2010. In this four-

generation family 11 members were affected showing variable presentations in terms of age at

onset and disease severity. Age of onset was 16–50 years with a more severe disease course in

the younger patients. Proximal muscle weakness was present in both upper and lower limbs

and the disease progression was slow. CK values ranged from normal to moderately elevated.

LGMD1H was mapped on chromosome 3p23-p25.1 (Bisceglia et al. 2010). No causative

gene has been defined to date.

Autosomal recessive Limb-Girdle Muscular Dystrophies (LGMD2)2.1.2

2.1.2.1 LGMD2A (Calpainopathy)

The disease was first described as a distinct genetic entity among large families in the Reun-

ion Islands (Beckmann et al. 1991). In these families linkage of the disease was shown to a

region on chromosome 15, thus defining the first genetically distinct subgroup among

LGMDs (Beckmann et al. 1991). Later, linkage to the same locus 15q15-q22 was identified

among old order Amish families in Indiana (Young et al. 1992), and in these families linked

to chromosome 15, CAPN3 gene mutations were reported (Richard et al. 1995). To date more

than 150 mutations in CAPN3 have been identified. How these mutations affect the function-

ality of the calpain 3 protein varies. Most commonly there is loss of protein, reduced autolysis

capacity or titin binding properties, but its proteolytic activity can also be reduced without

loss of protein amount (Ono et al. 1998).
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Age of onset in calpainopathy is variable, usually around eight to 15 years with reported

range from two to 40 years (Fardeau et al. 1996, Topaloglu et al. 1997, Kawai et al. 1998,

Chae et al. 2001). Although there is early involvement of the shoulder girdle with scapular

winging on clinical examination, complaints about weakness in the upper limbs appear later

than pelvic girdle weakness. Atypical clinical presentations may occur in about one-fourth of

patients, including patients with a very severe, “Duchenne-like” course. A pseudometabolic

presentation with exercise-induced muscle stiffness and myalgias even before the onset of

clinical weakness was observed in a few patients (Fardeau et al. 1996, Pénisson-Besnier et al.

1998, Chou et al. 1999). Early significant Achilles tendon, elbow, and neck contractures may

be similar to those in Emery-Dreifuss muscular dystrophy (Häffner et al. 1998, Pollitt et al.

2001). Early lordosis can be seen due to laxity of abdominal muscles (Bushby 1999, Pollitt et

al. 2001). Neck flexors are relatively spared. Minimal facial weakness may appear in severe

and advanced cases (Fardeau et al. 1996). Calf hypertrophy is an exception, but has been re-

ported (Fardeau et al. 1996, Topaloglu et al. 1997, Urtasun et al. 1998, Chou et al. 1999,

Passos-Bueno et al. 1999). Muscle imaging can be used as a complement to clinical examina-

tion showing rather selective involvement of adductors in the early phase of the disease.  The

clinical course is invariably progressive and loss of independent ambulation usually occurs

between 11 to 28 years after onset of the disease. Life expectancy is close to normal. Respira-

tory failure occurs only in severe cases. Cardiomyopathy is not present in LGMD2A because

there is no much expression of calpain 3 in the postnatal heart (Fougerousse et al. 2000).

Worldwide LGMD2A represents the most frequent LGMD subtype (Fanin et al. 2005, van

der Kooi et al. 2007, Pathak et al. 2010).

2.1.2.2 LGMD2B (Dysferlinopathy)

In 1994 Bashir reported two unrelated families with autosomal recessive LGMD, one of Pal-

estinian and one of Sicilian origin (Bashir et al. 1994). Age of onset was between 15 and 25

years with difficulty in climbing stairs and markedly elevated creatine kinase (50–100 ×),

myopathic EMG and severe myopathic-dystrophic changes in muscle biopsy. These families

were phenotypically similar and their disease mapped to chromosome 2p16-p13 (Bashir et al.

1998). DYSF gene was identified in 1996 (Illarioshkin et al. 1996, Weiler et al. 1996) and to

date, over 450 mutations of different types in the DYSF gene have been described. Dysferli-

nopathy can present both with an LGMD phenotype or as a calf muscle distal myopathy i.e.

Miyoshi myopathy (Miyoshi et al. 1986, Mahjneh et al. 1996, Bushby 2000), but there is no
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correlation of specific mutations with the initial clinical phenotype, and so far there is no good

molecular explanation for this phenotypic diversity at onset. There may be both proximal and

distal modes of onset within the same family (Illarioshkin et al. 2000). A variant form of dis-

tal myopathy with anterior lower leg onset of weakness (DMAT) was also described (Illa et

al. 2001), but on muscle MRI these cases also show the severe fatty degeneration of calf mus-

cles similar to Myoshi phenotype.

In the classic LGMD form of dysferlinopathy weakness usually starts in a pelvifemoral

distribution, affecting the quadriceps in particular (Mahjneh et al. 2001). In cases with rela-

tively rapid onset and very high CK values the possibility of polymyositis as a differential

diagnosis may be relevant. Pelvic and quadriceps involvement is later followed by weakness

in upper limbs, occurring one to 16 years after the onset of lower extremity weakness (Bushby

2000, Mahjneh et al. 2001), and usually with a striking focal atrophy of the distal part of the

biceps. Because deltoid and scapular muscles are relatively preserved, prominent scapular

winging is not a feature of dysferlinopathy (in contrast to calpainopathy and sarcoglycanopa-

thies). With the LGMD presentation there may also be early involvement of the gastrocnemi-

us and soleus muscles with clinically evident wasting and easily visible on muscle imaging at

an early stage (Mahjneh et al. 1996, Mahjneh et al. 2001). After 15 years of disease evolution

the distal and LGMD presenting phenotypes merge and can no longer be distinguished

(Paradas et al. 2009).

Ambulation is typically lost in the fifth decade, sometimes earlier. LGMD2B is the sec-

ond most frequent LGMD2 in many countries, but the frequency varies a lot in different

populations (Nguyen et al. 2007, van der Kooi et al. 2007).

2.1.2.3 LGMD 2C–2F (Sarcoglycanopathies)

In 1992, the first form of LGMD which later proved to be sarcoglycanopathy was identified in

children with a severe, Duchenne-like, muscular dystrophy common in North Africa. Unlike

in DMD, the muscle fibers expressed dystrophin and the inheritance was recessive, not X-

linked (Matsumura et al. 1992). This muscular dystrophy was first referred as to severe child-

hood autosomal recessive muscular dystrophy (SCARMD). In these patients a deficiency was

detected in the 50 kDa component of the dystrophin-associated protein complex, and this pro-

tein was termed adhalin, from adhal, an Arabic word for muscle. Adhalin is now referred to as

α-sarcoglycan. These patients were later found to have primary γ-sarcoglycan defect
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LGMD2C due to mutations in the SGCG gene (Noguchi et al. 1995). The current concept of

the sarcoglycanopathies evolved approximately two years later, when it was recognized that

the complex of the four different sarcoglycans (alpha, beta, gamma and delta) acted as a unit

and secondary deficiencies might appear in other components of the complex irrespective of

the primary gene defect (Mizuno et al. 1994, Mizuno et al. 1995). The first determination of a

primary gene mutation in the complex was reported in a large French family with primary α-

sarcoglycan defect LGMD2D caused by mutations in the SGCA gene (Roberds et al. 1994).

There are more similarities than differences in the clinical presentation of the four indi-

vidual sarcoglycanopathies affecting skeletal muscle (LGMD2C, D, E, and F). Therefore their

clinical features are discussed together.

Onset in sarcoglycanopathies is usually in childhood, with a median age around six to

eight years and very rarely later onset (Beckmann et al. 1999). Toe-walking may be present

from onset of walking, but the presenting signs and complaints usually relate to pelvic muscle

weakness and include a waddling gait as well as difficulties in getting up from the floor, run-

ning and climbing stairs. In some cases there may also be muscle cramps, exercise intolerance

or pain, potentially also with myoglobinuria, particularly in the later-onset cases (Eymard et

al. 1997). The pattern of muscle involvement is generally similar to DMD or BMD. Involve-

ment of the pelvic muscles (glutei and adductors) is more pronounced than involvement of the

femoral muscles (Eymard et al. 1997, Angelini et al. 1999, Khadilkar et al. 2002). Quadriceps

and hamstrings can be equally affected. The trunk musculature is prominently involved, caus-

ing early hyperlordosis. Upper extremity involvement usually follows after the lower extremi-

ty. Deltoid, infraspinatus and biceps muscles are involved early, and early scapular winging

(Khadilkar et al. 2002) is more prominent than in DMD or BMD. Distal muscles are spared

until late stages. Calf hypertrophy occurs at some point during the course and becomes less

marked as the disease progresses. Hypertrophy of other muscles may also occur, including

macroglossia. Achilles tendon shortening precedes other contractures. Later, contractures can

involve hip flexors, ileotibial tract, and the knee flexors. Progressive scoliosis may contribute

to respiratory compromise later in the disease, together with contracture-like stiffening of tho-

racic spine. The course of the disease is invariably progressive. In patients with onset in early

childhood, there may be a phase of rapid loss of strength toward the end of the first decade of

life. Loss of ambulation in typical childhood-onset cases occurs around 12 to 16 years of age,

but ambulation can be lost earlier or much later. Wheelchair confinement even before the age

of ten has been seen (Bönnemann et al. 1996). If the age of onset is in adult life, the disease
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usually runs a milder course and ambulation is preserved until late. Serum CK levels are usu-

ally high early in the course of the disease, up to 100-fold, but tends to decrease as the patient

becomes wheelchair-bound. Subclinical cardiac involvement is not uncommon (Melacini et

al. 1999). Dilated cardiomyopathy was shown in as many as 30 percent of the patients

(Melacini et al. 1999). Overt cardiomyopathy is more likely to develop in δ- and β-

sarcoglycanopathies (Angelini et al. 1999, Barresi et al. 2000) but it has also been observed in

γ- and α-sarcoglycanopathic boys (Crosbie et al. 2000).

Sarcoglycanopathy diagnosis can be suspected in any patient with a Duchenne-like dis-

ease. Although dystrofinopathy remains the most common diagnosis, 5-10 percent of the boys

with suspected dystrophinopathy will have an autosomal recessive disorder (Stec et al. 1995).

If the molecular genetic studies for a deletion in the DMD gene were negative, sarcoglycano-

pathy is the most plausible diagnostic alternative. Diagnosis of sarcoglycanopathy requires

examination of muscle biopsy specimen by immunohistochemistry followed by molecular

genetic testing. In muscle biopsy, dystrophin immunoreactivity is expected to be normal in

majority of patients but maybe attenuated, reminiscent of the findings in BMD or in female

carriers of dystrophinopathy (Jones et al. 1998, Prelle et al. 1998, Passos-Bueno et al. 1999,

Bornemann and Anderson 2000, Vainzof et al. 2000). Western blot analysis, however, reveals

dystrophin of normal molecular weight although the amount of dystrophin expressed can be

moderately reduced as a secondary effect on the dystrophin associated protein complex

(Vainzof et al. 1999). Likewise, a secondary reduction of the sarcoglycans in a primary dys-

trophinopathy is frequently present. Because the mutated sarcoglycan interferes with the in-

sertion of wild-type sarcoglycans in the sarcolemmal membrane (Holt and Campbell 1998),

the entire sarcoglycan complex tends to be affected as a result of mutations in any of the four

sarcoglycans. With β- and δ-sarcoglycan mutations the entire sarcoglycan complex can be

severely reduced or completely absent (Bönnemann et al. 1995, Bönnemann et al. 1996, Nigro

et al. 1996, Fanin and Angelini 1999, Nigro and Savarese 2014).

2.1.2.4 LGMD2G (Telethoninopathy)

Telethoninopathy was first reported in four families in Brazil, and in one single European

patient. Mutations in the sarcomeric protein telethonin, or titin-cap (TCAP), were first identi-

fied in 1997 (Moreira et al. 1997). In these families, large phenotypic variation was present

concerning the progression of the disease and typical muscles involved (Moreira et al. 1997,

Moreira et al. 2000). The age of onset was between 9 and 15 years, weakness was predomi-
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nantly proximal, but in approximately half of the patients there was a prominent distal com-

ponent with foot drop from the beginning, whereas some patients had calf hypertrophy. Loss

of ambulation occurred in the third to fourth decade, about 18 years after onset of the disease.

In five of nine patients there was mild subclinical cardiac involvement. However, TCAP gene

mutation has also been associated with cardiomyopathy without LGMD (Knoll et al. 2002).

For the final molecular diagnosis the mutation analysis is relatively straightforward as the

gene is composed of only two exons. Immunohistochemical staining as well as Western blot

analysis on muscle biopsy specimens showing a deficiency in telethonin immunoreactivity, is

another approach for the diagnostics.

2.1.2.5 LGMD2H (TRIM32-related muscular dystrophy)

LGMD2H was first identified among the Hutterites in Canada (Shokeir and Kobrinsky 1976,

Shokeir and Rozdilsky 1985), and genetic linkage of the disease in the affected families was

established on chromosome 9q31-33 (Weiler et al. 1998). In 2002 the causative gene TRIM32

(Tripartite-motif-containing gene 32) was reported (Frosk et al. 2002) with a homozygous

missense mutation in the patients. The putative E3 ubiquitin ligase TRIM32 is involved in

labelling proteins with ubiquitin for proteasome degradation (Locke et al. 2009).

The age of onset is usually in mid 20’s, but may be earlier in the childhood (Weiler et al.

1997, Weiler et al. 1998). The presenting complaint is proximal weakness with a waddling

gait, sometimes associated with fatigue and back pain. Progression tends to be slower than in

other autosomal recessive LGMDs. Later there is weakness in the upper extremities with in-

volvement of the brachioradialis, deltoid and trapezius muscles as well as some distal weak-

ness in the antero-peroneal group, and some minor facial weakness. Cardiac involvement usu-

ally remains subclinical. Loss of ambulation may occur in some patients in their 40’s. Serum

CK levels are moderately elevated. Until 2008 this type of LGMD had been described only in

the Hutterite population (Frosk et al. 2002), when different mutations were identified in Ital-

ian LGMD patients (Saccone et al. 2008). The disease is allelic to sarcotubular myopathy,

described in the American Hutterite population and in two non-Hutterite siblings in Sweden

(Borg et al. 2009).
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2.1.2.6 The Dystroglycanopathies (LGMD2I, 2K, 2M, 2N, 2O, 2P, 2T and 2U)

Dystroglycans are dystrophin-associated proteins (DAP). The dystrophin-DAP-complex in-

cludes five membrane-integrated glycoproteins: β-dystroglycan and four sarcoglycans, and

one extracellular glycoprotein, α-dystroglycan, which is heavily glycosylated. α-dystroglycan

hypoglycosylation is also the cause of the congenital muscular dystrophies MEB (muscle-eye-

brain disease) and Fukuyama congenital muscular dystrophy. The dystroglycans function as

binding sites for basal lamina protein attachment, among others the laminins, of which mero-

sin causes another form of congenital muscular dystrophy when mutated (Engel and

Armstrong-Franzini 2004).

LGMD2I, caused by mutations in FKRP (fukutin-related protein) was the first recognized

dystroglycanopathy (Brockington et al. 2001). Ubiquitous FKRP is essential for dystroglycan

glycosylation processing in skeletal muscle as well as in the heart. Over 40 FKRP mutations

causing LGMD2I have been described (Mercuri et al. 2003, Stensland et al. 2011).

The defective proteins in other dystroglycanopathies are mostly glycosyltransferases:

POMT1 in LGMD2K, POMT2 in LGMD2N, POMTGnT1 in LGMG2O, GMPPB in

LGMD2T, and ISPD in LGMD2U (Godfrey et al. 2007, Muntoni et al. 2011, Cirak et al.

2013). Most of the dystroglycanopathies cause severe and congenital forms with central nerv-

ous system involvement and rarely LGMD, except for LGMD2I which is the most common

LGMD subtype in many northern European populations (Godfrey et al. 2007).

2.1.2.7 LGMD2J (Titinopathy)

Titin is the largest protein known in nature with its molecular weight over 3,000,000 Da

(Gerull et al. 2002). The first ever described titin-associated muscular dystrophy was tibial

muscular dystrophy (TMD) (Udd 1992, Udd et al. 1993), a dominant late onset mild distal

myopathy. In rare TMD families, a few family members had a severe limb-girdle muscular

dystrophy inherited in an autosomal recessive fashion (Udd 1992). Onset of the severe LGMD

phenotype occurred in the first decade with loss of ambulation within 20 years. The causative

Titin mutation was discovered in 2002 and proved to be heterozygous in TMD and homozy-

gous in the LGMD2J patients (Hackman et al. 2002). LGMD2J is so far extremely rare out-

side of Finland, unlike titin mutations in general (Peter Hackman, personal communication).



34

2.1.2.8 LGMD2L (Anoctaminopathy)

In 2007 Jarry et al. reported French Canadian families with 14 affected limb-girdle muscular

dystrophy patients (Jarry et al. 2007). In 2010 mutations in the ANO5 gene were identified as

the cause for the autosomal recessive LGMD with asymmetric quadriceps and biceps brachii

atrophy in these families (Bolduc et al. 2010). The role of ANO5 protein in muscle function is

unclear but other members of ANO-family proteins ANO1 and ANO2 are known to be calci-

um-activated cytoplasmic chloride channels (Tian et al. 2012).

Anoctaminopathy prevalence is reported to be relatively high in many populations (Hicks

et al. 2011, Penttilä et al. 2012, Witting et al. 2013), and it has been suggested that mutation

screening, particularly for the common mutations, should be an early step in the diagnostic

algorithm of recessive LGMD patients in Northern and Central Europe (Witting et al. 2013).

The clinical phenotype of anoctaminopathy is highly variable and, in congruence with

dysferlinopathy, also a distal early adult presenting form exists. Even intrafamilial variation is

prominent since female patients are less severely affected. Onset of the disease is typically

between late teens and the 50’s. Muscles are typically asymmetrically affected in contrast to

dysferlinopathy and calf muscle atrophy is common. CK values are typically very high, the

disease progression is slow and ambulation is preserved. Cardiomyopathy, respiratory symp-

toms or contractures have not been reported (Hicks et al. 2011, Penttilä et al. 2012, Witting et

al. 2013).

2.1.2.9 Other forms of recessive LGMD

Plectinopathy usually causes muscle disease with epidermolysis bullosa but LGMD2Q with-

out skin lesions was reported in a Turkish family in 2010 (Gundesli et al. 2010) followed by

two other Turkish families.

Desminopathy is usually a dominant disease but a recessive limb-girdle disease was re-

ported in one Turkish family, consisting of two adult siblings (Cetin et al. 2013). In one sib-

ling, the disease onset was at the 15 years of age and in the other at 27 years of age. Both lost

their ambulation in less than 20 years of disease duration.



35

LGMD2S was reported in one Syrian and two Canadian Hutterite families (Bögershausen

et al. 2013) as caused by homozygous mutations in the trafficking protein particle complex

subunit 11, TRAPP11 (Scrivens et al. 2011).

LGMD2V was reported in late-onset Pompe disease patients with mutations in the lyso-

somal acid α-glucosidase (GAA) enzyme (Preisler et al. 2013).

The LGMD disease group is large and no specific biochemical or pathophysiological

concept is common to all LGMD diseases. In table 1 the LGMD diseases are listed showing

the gene, protein product, clinical phenotype and allelic disorders.

Not all of these LGMD forms are currently diagnosed in the Finnish population. Domi-

nant forms present in Finland are LGMD1B and 1D, and of the recessive forms LGMD2A,

2B, 2D, 2I, 2J, 2L are currently known to exist in Finland.

Other muscular dystrophies that may present with an LGMD phenotype2.1.3

Partial deficiency of laminin α-2, the heavy chain of laminin 2 (merosin) caused by mutations

in the LAMA2 gene usually causes congenital muscular dystrophy (MCD1A) (Helbling-

Leclerc et al. 1995). Partial laminin α-2 deficiency due to mutation in the LAMA2 gene can

present with different phenotypes including a pattern of contractures similar to Emery-

Dreifuss muscular dystrophy (Herrmann et al. 1996). The differential diagnosis of LGMD is

relevant in patients with noncongenital-onset proximal weakness (Mora et al. 1996).

Comparable to the situation in autosomal dominant Emery-Dreifuss muscular dystrophy

caused by lamin A/C mutations that underlie LGMD1B, mutations in the X-linked EMD gene

encoding emerin may cause a limb-girdle phenotype without any contractures at the onset

(Muntoni et al. 1998, Bonne and Quijano-Roy 2013).

FSHD is the single most important entity to consider clinically in the differential diagno-

sis of autosomal dominant LGMD. A study in the Netherlands found that eight percent of

patients evaluated for autosomal dominant LGMD in fact had FSHD (van der Kooi et al.

1996a). This diagnostic confusion can arise because some patients with FSHD have a pre-

dominantly proximal pattern of weakness while the facial involvement in FSHD can be min-

imal or develop later.
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Myotonic dystrophy type 2 may become relevant as a differential diagnostic possibility in

cases without any myotonia on EMG (Udd et al. 2006).

Bethlem myopathy is caused by heterozygous mutations in any of the three alpha chains

of collagen type VI (Jöbsis et al. 1996). Diagnostic confusion may arise with dominant

LGMDs, in particular LGMD1B, since variable degree of contractures can be seen in both

conditions. The typical deep finger flexor contractures are a diagnostically important sign of

Bethlem disease. However, the phenotypic range is wide ranging from weakness with no con-

tractures to severe contractures with only minimal weakness (Pepe et al. 2002, Scacheri et al.

2002). Negative family history does not rule out the possibility of Bethlem myopathy; de no-

vo mutations can occur in any of the three alpha chains of collagen type VI.

VCP (valosin-containing protein) myopathy, usually termed IBMPFD (inclusion body

myositis with Paget’s disease of bone and frontotemporal dementia) (Watts et al. 2004), is a

clinically heterogenic disease with multiorgan involvement. The role of VCP in skeletal mus-

cle is not detailed, but it is involved in many cellular processes, among others the ubiquitin-

proteasome degradation. VCP gene mutations lead to the accumulation of ubiquinated pro-

teins and autophagic rimmed vacuolar pathology both in patient tissue and in vitro animal

models (Weihl et al. 2009). In addition to muscle weakness the patients may have Paget’s

disease and/or frontotemporal dementia (Nalbandian et al. 2011, Palmio et al. 2011, Mehta et

al. 2013, Spina et al. 2013).

Of these muscular dystrophies, FSHD and myotonic dystrophy type 2 are relatively

common in Finland, although not necessarily with LGMD phenotype, and VCP myopathy,

collagen VI myopathy (Ullrich type) and LGMD1B have been seen in single families.

2.2 Differential diagnostic examination methods

Clinical assessment2.2.1

Molecular genetics, imaging studies and refined muscle pathology methods including ad-

vanced immunohistochemistry have provided a wealth of new possibilities to clarify the diag-

nosis and the pathogenesis of muscle diseases. Despite this increase in number and sophistica-

tion of diagnostic tests the importance of exact bedside history and clinical examination has
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just increased. On the other hand, very few neuromuscular disorders have so characteristic

clinical findings that they can be diagnosed at the bedside, such as Kennedy’s disease, myo-

tonic dystrophy type 1, DMD, IBM or ALS.

Although different forms of LGMD show some preferential clinical features delineated

above, the golden standard for final diagnosis is the molecular genetic identification of the

causative gene and mutation. Muscle atrophy or hypertrophy as well as contractures can limit

the number of differential diagnostic alternatives. Muscle function should be assessed using

MRC scale.

Laboratory investigations2.2.2

All necrotizing myopathies including all dystrophies, particularly those caused by sarcolem-

mal muscle membrane defects, show serum elevations of cytoplasmic contents of the muscle

fibers such as transaminases, aldolase, lactate dehydrogenase, myoglobin and creatine kinase

(CK). Although very high levels may lead to consideration of some of the recessive LGMDs,

similar elevations can be present in many other genetic and acquired muscle diseases.

Neurophysiology2.2.3

Electrophysiology studies hardly ever provide differential diagnostic clues whether a disease

falls into the category of LGMD or not, and even less so for the distinction of the different

LGMD subtypes. However, some detailed understanding of the results obtained from EMG is

relevant in the diagnostic work-up because the distinction on clinical grounds between a slow

neurogenic process and a muscle disease is not always easy.

2.2.3.1 Characteristic abnormalities in EMG examination of myopathies.

At rest, no spontaneous electrical activity should occur, with an exception of insertion activi-

ty. Of the different forms of abnormal spontaneous activity fibrillation potentials are the most

frequent and of the best diagnostic value. They occur in muscle fibers that have been dener-

vated for approximately 10 or more days and usually the result of a neurogenic damage but

the same physiology occurs in myopathic segmental necrosis of the muscle fiber where one

part is no longer innervated. Thus, splitted and regenerating muscle fibers fibrillate until nerve

terminals innervate them. Fibrillation potentials can also occur in diseases of neuromuscular
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junction. Positive sharp waves have been used as a synonym for fibrillation but they are gen-

erated by a slightly different mechanism than fibrillations (Dumitru 2000).

Myotonic discharges are usually caused by alterations in the ion channels of the muscle

fiber membrane, but may to a lesser degree also occur after denervation and during reinnerva-

tion in a number of different disorders.

Complex repetitive discharges (CRD) result from a group of muscle fibers firing together

through ephatic activation. CRDs fire regularly at 30–40 Hz (Stoehr 1978), are nonspecific

observed in chronic disorders and frequently in rimmed vacuolar myopathies.

2.2.3.2 Altered motor unit potential (MUP) size

Neuromuscular diseases can affect either the appearance or the recruitment of motor unit po-

tentials. Changes in size or shape, or both, are the most common findings in myopathies. If

the action potentials of individual muscle fibers become smaller because of atrophy or if there

are fewer muscle fibers left from a motor unit within the recording area of the electrode due to

loss of fibers, the MUP will become smaller in both amplitude and duration (Stålberg et al.

1996, Stålberg and Karlsson 2001). Hypertrophic muscle fibers or an increase in the number

of muscle fibers in a motor unit within recording area due to reinnervation process result in a

large MUP.

In muscular dystrophies MUP amplitude and duration are usually decreased. The com-

mon pattern of MUP firing in myopathy is rapid recruitment, in which the ratio remains un-

changed but the number of MUPs relative to the effort is increased. A polyphasic MUP con-

figuration is a common finding in myopathy, resulting from destruction and regeneration

when the end plate sites may become more dispersed within the muscle (Warmolts and

Mendell 1979). Patterns of abnormalities seen with needle EMG are presented in table 2

(Daube and Rubin 2009).
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Table  2. Patterns of abnormality in needle EMG examination. MUAP, motor unit action potential;
LEMS, Lambert-Eaton myasthenic syndrome; ALS, amyotrophic lateral sclerosis; MG, myasthenia
gravis. (modified from Daube and Rubin 2009)

Muscle imaging2.2.4

The era of muscle imaging begins in 1970’s, when the usefulness of computed tomography as

a non-invasive diagnostic tool for neuromuscular diseases was introduced (O’Doherty et al.

1977). Since replacement of muscle tissue by fibrosis or fat or presence of edema cannot be

diagnosed clinically, muscle imaging has proved to be a most valuable tool in the differential

diagnostics of LGMD. CT and ultrasound have increasingly been replaced by magnetic reso-

nance imaging (MRI). MRI has become the “gold standard” due its obvious advantages: the

absence of ionizing radiation allows repeated MRI investigations, if needed to document the

progression of the disease and to assess the effect of an intervention. The excellent soft tissue

resolution in MRI is superior to that of both US and CT. MRI enables the accurate quantifica-

tion of variations in the relative fat and water content within the muscle. Edema, i.e. increased

water content in muscle tissue is the predominant finding in inflammatory myopathies. It is

observed in metabolic myopathies during rhabdomyolysis, and edema caused by vasodilation

is a characteristic imaging feature in subacute denervation. The most commonly used proto-

Patterns of abnormalities seen with needle EMG
Recruitment MUAP appearance Variation Disorder

Normal Normal No Normal
Some metabolic or endocrine myopathies

Yes Neuromuscular junction disorders (e.g. myasthenia gravis, LEMS)
Short duration, polyphasic No Primary myopathies

Yes Severe neuromuscular junction disorders (e.g., MG, LEMS, botulism)
Primary myopathies (occasionally)

Mixed short and long duration No or Yes Chronic myopathies (e.g., inclusion body myositis)
Reduced Normal No Acute neurogenic lesion

Yes Subacute neurogenic lesion
Long duration, polyphasic No Chronic neurogenic lesion

Yes Chronic, progressing neurogenic lesion
Short duration, polyphasic No Severe myopathy

End-stage neurogenic disorder
Yes Early reinnervation after severe nerve damage

Severe, reinnervating neurogenic disorders
Mixed short and long duration No or Yes Rapidly progressing neurogenic disorders (e.g., ALS)

Rapid Normal No Mild myopathies
Yes –

Short duration No Myopathies
Yes Myopathies

Long duration No Chronic myopathies
Yes Chronic myopathies (occasionally)
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cols for muscle MRI include T1-weighted, T2-weighted, and short tau inversion recovery

(STIR) sequences.

Several well-established rating scales have been in use in order to visually rate the dys-

trophic changes of striated muscle tissue (Mercuri et al. 2005b, Kornblum et al. 2006, Fischer

et al. 2008). Quantification of the muscle volume is feasible by application of the stereologic

method named after Cavalieri (Roberts et al. 1993, Roberts et al. 2000). Fischer’s five-point

(0–4) semiquantative scale is used to scale dystrophic changes in muscle (Fischer et al. 2008):

0 is referred to normal appearance, stage 1 mild traces of signal intensity changes, stage 2

moderate changes, stage 3 severe changes, and stage 4 end-level disease where whole muscle

has been replaced by fat and connective tissue.

In the muscular dystrophies the different muscles are usually involved in a selective man-

ner (Mercuri et al. 2002, Mahjneh et al. 2004, Fischer et al. 2005, Mercuri et al. 2005a,

Mercuri et al. 2005c). This selectivity, producing characteristic patterns of muscle involve-

ment in the different muscular dystrophies including the LGMDs, is now used as a powerful

diagnostic tool. Muscle imaging is also very valuable in order to target muscle biopsy appro-

priately (Schweitzer and Fort 1995).

Muscle pathology2.2.5

A muscle biopsy is usually needed in order to reach a reliable diagnosis. Muscle pathology

has an increasing role in the diagnosis of neuromuscular disorders because pathology can help

to direct molecular genetic analyses and also to feedback in the analytics of next generation

sequencing results. In very few neuromuscular diseases molecular genetic testing is straight-

forward such as: in Duchenne boys, Kennedy’s disease, myotonic dystrophy type 1 or faci-

oscapulohumeral muscular dystrophy. In all the other hundreds of diseases muscle biopsy is

of high diagnostic importance.

2.2.5.1 Histological, histochemical, immunohistochemical stainings and immunoblotting

In limb-girdle muscular dystrophies general pathology features are fiber necrosis, regenera-

tion, increase of fat cells and fibrosis. The degree of abnormality is variable depending of the

site of muscle biopsy considering the selectivity of involvement of the individual muscles,

and does not necessarily reflect overall clinical severity. It is not possible to identify the de-
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fective gene from histological and histochemical studies. Immunohistochemistry and im-

munoblotting, however, have an important role in detecting specific protein defects and may

suggest the underlying genetic etiology thus directing or confirming molecular genetic testing.

Muscle biopsy tissue sections and tissue may also be very valuable for extracting mRNA

which is needed for sequencing cDNA in situations where an identified mutation may cause a

splicing defect and needs confirmation from the transcript.

In the group of autosomal dominant LGMDs, LGMD1A myotilinopathy can be sugges-

tively identified by the myofibrillar pathology on routine stains and the findings by myotilin

immunohistochemistry. For LGMD1B laminopathy there is no specific muscle pathology

approach, but secondary inflammatory changes are frequently observed that may be very mis-

leading towards myositis. In caveolinopathy, LGMD1C, most mutations cause defect caveolin

3 protein expression which can be detected by corresponding immunohistochemistry. In

LGMD1D the leading pathology is early myofibrillar protein aggregations followed by au-

tophagic rimmed vacuolar degeneration (article IV).

Molecular genetics2.2.6

The final genetic diagnosis of a disease is frequently the result of a process in several steps

based on the clinical analysis of the phenotype. Currently, genetic testing is usually performed

by a candidate gene approach to detect the specific causative mutations and the most widely

used method is conventional sequencing (Sanger et al. 1977), or mutation specific assays for

the repeat expansion and contraction mutations. PCR-based methods such as repeat-primed

PCR (also called triplet-primed or tetraplet-primed PCR, TP-PCR) have been developed for

rapid detection of pathogenic expansions in repeat regions (Warner et al. 1996, Sermon et al.

2001, Bachinski et al. 2003). Single candidate gene mutations can be analyzed by targeted

mutation analysis including methods applying restriction enzymes, minisequencing technique,

and probe-based sequence detection methods (TaqMan 5’ nuclease assay). These methods are

fast and results straightforward to analyze, but their handicap is that they require strong prior

knowledge of the mutation.

The field of genetic diagnostics is changing following the recent advances in sequencing

techniques. These rapid techniques, referred to as next-generation sequencing, enable simul-

taneous genetic analysis of several genes to reasonable costs. It is especially advantageous in
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diagnosing diseases that are genetically heterogeneous (Ku et al. 2012). For research purposes

these next-generation sequencing approaches will provide means to rapidly screen for all hu-

man exons, or even the whole genome, and thus facilitate the discovery of new disease-

associated mutations, genes and even new diseases (Ku et al. 2012). With these new sequenc-

ing techniques, the analysis and interpretation of the data will become a more significant step

in the process. Finding the important variants from the immense amount of raw data consti-

tute a real challenge for geneticists and bioinformaticians.

Diagnostic algorithms2.2.7

The diagnostic process of LGMD disease is not easy, and systematic practical guideline sug-

gestions have been published. Diagnostic algorithms for muscular dystrophies were recently

suggested by Narayanaswami et al. (2014), see figures 2–4. Although these represent the clin-

ical situation in the USA with limited access to diagnostic muscle MRI and muscle biopsy,

the general concept is still of some use.

Figure 2. General classification of myopathies. Common differential diagnostic pathways in non-
congenital myopathy. (Narayanaswami et al. 2014)
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Figure 3. Diagnostic approach to patients with a limb-girdle pattern of weakness and suspected mus-
cular dystrophy with an autosomal dominant inheritance pattern. (Narayanaswami et al. 2014)

Figure 4. Diagnostic approach to patients with a limb-girdle pattern of weakness and suspected mus-
cular dystrophy with an autosomal recessive inheritance pattern.  (Narayanaswami et al. 2014)
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2.3 Molecular genetics of LGMD1

Short review of genes and proteins responsible for LGMD1A, B, C, F, G:2.3.1
Myotilin, Lamin A/C, Caveolin 3, Transportin-3 and HNRPDL

2.3.1.1 Myotilin (LGMD1A)

Myotilin is a 57-kDa sarcomeric protein that contains two immunoglobulin-like domains

(Salmikangas et al. 1999, Hauser et al. 2000), also called titin-immunoglobulin domain pro-

tein. Myotilin, located in the Z-disk, is strongly expressed in skeletal and weakly in cardiac

muscle (Salmikangas et al. 1999). One of the Ig-like domains interacts with an Ig-like domain

of the peripheral Z-disk protein filamin C (van der Ven et al. 2000), forming a molecular link

from myotilin via filamin C to telethonin, mutated in LGMD2G (Faulkner et al. 2000, Takada

et al. 2001). Myotilin also binds α-actinin and F-actin, and cross-links actin filaments alone or

in concert with α-actinin (Salmikangas et al. 2003). Expression of either amino- or carboxy-

terminally truncated myotilin fragments but not wild type myotilin in differentiating myocytes

leads to myofibril disarray (Salmikangas et al. 2003). These functional characteristics indicate

an important role for myotilin in stabilizing and anchoring the thin filaments required for cor-

rect Z-disk organization and function.

2.3.1.2 Lamin A/C (LGMD1B)

The transcript from the LMNA gene on chromosome 1q22 is differentially spliced giving rise

to two protein isoforms, lamin A and lamin C (Wilson et al. 2001). Lamins A and C are struc-

tural proteins that form intermediate filaments of the inner nuclear membrane (Wilson 2000).

They are scaffolding elements of the nuclear envelope which regulates the movement of mol-

ecules in and out of the nucleus, they provide mechanical support to the nucleus and anchor

heterochromatin to the inner nuclear membrane (Aebi et al. 1986, Worman and Courvalin

2002, Worman and Courvalin 2004). Binding partners in the inner nuclear membrane include

Emerin, the gene product of the X-linked Emery-Dreifuss muscular dystrophy causing gene

EMD (Clements et al. 2000).

Since the first report in 1999, mutations in LMNA have been shown to cause several dif-

ferent inherited diseases, some of which are organ-specific (EDMD, Dunnigan-type familial

partial lipodystrophy, CMT) and others are more generalized syndromes (Hutchinson-Gilford

progeria syndrome) (Worman and Courvalin 2002). However, it is still not understood how
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the mutations expressed in nearly all somatic cells, cause so many totally different disorders.

“The mechanical stress hypothesis” states, that abnormalities in nuclear structure lead to in-

creased susceptibility to cellular damage by physical stress (Östlund et al. 2001, Vigouroux et

al. 2001). “The gene expression hypothesis” proposes that the nuclear envelope plays a role in

tissue-specific gene expression that can be differentially altered by mutations (Sullivan et al.

1999, Favreau et al. 2003). It has been shown (Lammerding et al. 2004, Nikolova et al. 2004)

that impaired nuclear mechanics leads to alterations in the general gene expression.

2.3.1.3 Caveolin 3 (LGMD1C)

The caveolins are small 21–24 kDa molecules with two transmembrane domains (Kurzchalia

et al. 1992, Parton 1996). The caveolin family of proteins has three members in vertebrates:

caveolin 1, 2 and 3. Caveolin 3 is expressed mainly in muscle cells, including smooth, skele-

tal and cardiac myocytes. They are integral parts of the caveolae structures in the cell mem-

branes and participate in many important cellular functions, including vesicular transport,

cholesterol homeostasis, signal transduction, and tumor suppression (Kurzchalia et al. 1992,

Williams and Lisanti 2004). Caveolin 3 preferentially localizes to the membrane domains

overlying the I-band rather than Z-disk of the sarcomeres, suggesting that its role in organiz-

ing lipid-rich domains is important, where rapid changes of membrane shape occur

(Ockleford et al. 2002). Caveolae in the muscle sarcolemma also correspond to openings of

the T-tubule system (Dulhunty and Franzini-Armstrong 1975).

Caveolin 3 interacts with dystrophin and its associated glycoproteins (Song et al. 1996),

with dysferlin (Matsuda et al. 2001), muscle phosphofructokinase (Song et al. 1996) and with

muscle-specific nNOS (Venema et al. 1997). The multitude of binding activities suggests that

caveolin 3 may be comparable to caveolin 1 as a molecular facilitator, bringing receptors and

second messengers into proximity to assemble signalling complexes (Okamoto et al. 1998,

Razani et al. 2000, Gazzerro et al. 2010). Ion channels may be organized by caveolae in a

similar manner as has been shown for the cardiac sodium channel (Yarbrough et al. 2002).

Caveolin 3 also interferes with myostatin signaling (Ohsawa et al. 2008).

CAV3 gene mutations are most commonly located in the scaffolding domain of the pro-

tein and cause various phenotypes: familial hypertrophic cardiomyopathy (OMIM 192600),

elevated serum CK (OMIM 123320), long QT-syndrome type 9 (OMIM 611818), LGMD1C

(OMIM 607801), distal myopathy (OMIM 614321) and rippling muscle disease (OMIM
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606072) (McNally et al. 1998, Sotgia et al. 1999, Fulizio et al. 2005). The same mutation in

the gene can give rise to different clinical phenotypes (Betz et al. 2001, Gazzerro et al. 2010).

2.3.1.4 Transportin-3 (LGMD1F)

The transportin gene TNPO3 is composed of 23 exons and encodes a 923-amino acid protein

expressed in skeletal muscle and other tissues (Torella et al. 2013). Transportin-3 is a member

of the importin B superfamily that imports numerous proteins to the nucleus, including ser-

ine/arginine rich proteins (SR proteins) which are involved in the control of mRNA splicing

(Kataoka et al. 1999, Lai et al. 2000). There are two main TNPO3 protein isoforms: variant 1

is 923 amino acids long and variant 2 is composed of 859 amino acids. The mutation associ-

ated with LGMD1F is a single nucleotide change in the stop codon of the gene causing a

frame-shift with addition of a few amino acids in the mutated TNPO3 protein. Given the role

of TNPO3 protein in nuclear protein trafficking it has been hypothesized, that the mutation

impairs nuclear transport because the mutated protein is not correctly located and does not

interact correctly with the cargo proteins (Torella et al. 2013).

2.3.1.5 HNRPDL (LGMD1G)

HNRPDL gene maps on chromosome 4q21. It belongs to the subfamily of the ubiquitously

expressed heterogenous nuclear ribonucleoproteins (hnRNPs) (Vieira et al. 2014). The

hnRNPs are RNA binding proteins and form complexes with heterogenous nuclear RNA

(hnRNA) and take part in pre-mRNA processing, including splicing, and other aspects of

mRNA metabolism and transport. While all of the hnRNPs are present in the nucleus, some

seem to shuttle between the nucleus and the cytoplasm. The HNRPDL gene contains 9 exons

but transcription and variable splicing produces 15 different mRNAs (Kamei et al. 1999). In

vivo, HNRPDL knock-down zebrafish developed a myopathy phenotype (Vieira et al. 2014).

This reinforces the importance of RNA binding/processing proteins in muscle development

and maintenance, but the details of this process are still unclear.

DNAJB6, mutated in LGMD1D: general functions and tissue expression2.3.2

2.3.2.1 DNAJB6 protein

DNAJB6 belongs to the DNAJ family of co-chaperones, also known as the J-proteins or heat

shock protein 40 (Hsp40) family (Seki et al. 1999, Qiu et al. 2006). The classical role of the
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core chaperones HSPA (Hsp70) and their essential cofactors, the J-proteins, is to prevent ag-

gregation of the unfolded proteins, to promote primary folding or re-folding to their native

conformation. If re-folding of misfolded proteins is not possible they should be handed over

to the degradation systems. Co-chaperones are known to provide client protein specificity for

and activation of the core chaperones and their complexes.

2.3.2.2 Autophagy pathways CASA and CMA

Molecular chaperones perform key functions in protein homeostasis. They associate with un-

folded client proteins following their synthesis or with misfolded proteins from damage and

facilitate their sorting and folding. This dual proteostasis activity of chaperones is essential for

maintaining cell functions under normal conditions and is even more important under stress

conditions such as mechanical, heat and oxidative stress (Niforou et al. 2014). The muscle

fiber with continuous mechanical stress requires a high degree efficacy of the chaperonal sys-

tem. The recent identification of chaperone-assisted selective autophagy (CASA) as a tension-

induced autophagy pathway highlights the critical role of molecular chaperones in mechani-

cally strained cells and tissues (Kettern et al. 2010). Misfolded proteins can be targeted for

lysosomal degradation by different autophagy pathways such as: macroautophagy, chaperone-

assisted selective autophagy (CASA) and chaperone-mediated autophagy (CMA). During

CASA, misfolded proteins are ubiquitylated and then enclosed in autophagosomes, which

eventually fuse with lysosomes. In contrast, CMA involves an ubiquitin-independent translo-

cation of misfolded proteins by chaperones, which are then directly transported across the

lysosome membrane via LAMP2. The CASA complex comprises the molecular chaperones

HSPA8/HSC70 and HSPB8/HSP22 and the co-chaperones BAG3 and STUB/CHIP (Arndt et

al. 2010). Client loading onto HSPA8 is facilitated by DNAJB6, found to be associated with

the CASA complex in muscle cells (Sarparanta et al. 2012). Figure 5 illustrates the action of

chaperones and co-chaperones in CASA and CMA. Figure 6 shows CASA chaperone com-

plex formation.

In striated skeletal muscles, the CASA complex localizes at the Z-discs. In 2009 Selcen

and Engel identified a missense mutation in human BAG3, which leads to autosomal domi-

nant childhood-onset muscular dystrophy (Selcen et al. 2009). Other pathogenic BAG3 muta-

tions were identified in subsequent years (Arimura et al. 2011, Norton et al. 2011).
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Figure  5. Molecular chaperones bind nonnative proteins and prevent their aggregation. Folding or
degradation of the client protein is initiated in conjunction with regulatory co-chaperones. Association
with an ubiquitine ligase leads to ubiquitin chain formation on the chaperone-bound client. This in-
duces client sorting to the proteasome or triggers the autophagic engulfment of the client during chap-
erone-assisted selective autophagy (CASA). On the latter pathway, the client is eventuallybdegraded
in lysosomes. During chaperone-mediated autophagy (CMA) the client is directly translocated across
the lysosomal membrane. The co-chaperone requirement during CMA remains to be determined.
(Ulbricht et al. 2013)

Figure 6. The CASA chaperone complex comprises the chaperones HSPA8 and HSPB8 and the co-
chaperones BAG3 and STUB1. STUB1 acts as a chaperone associated ubiquitin ligase and cooperates
with the ubiquitin-conjugating enzyme UBE2D during ubiquitylation of the chaperone-bound client.
Autophagosome formation during CASA depends on an interaction of BAG3 with SYNPO2, which
interacts with a VPS protein-containing membrane fusion complex. This complex mediates the tether-
ing of ATG16L1 and LC3 positive autophagosome precursor membranes in preparation for syntaxin7-
mediated membrane fusion. Binding partners of the VPS complex on the target membranes remain to
be identified. Through simultaneous interactions with BAG3 and the VPS complex, SYNPO2 triggers
the formation of an autophagosome membrane around the client-loaded CASA complex. (Ulbricht et
al. 2013)
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2.3.2.3 DNAJB6 expression and functions

The expression of DNAJB6 is ubiquitous (Seki et al. 1999, Chuang et al. 2002) with highest

expression in the brain and retina. The short isoform DNAJB6b has a cytoplasmic location,

whereas the long isoform DNAJB6a is nuclear (Izawa et al. 2000, Watson et al. 2007). No

specific functions in striated muscle have been previously established for DNAJB6. In a study

by Blandin (Blandin et al. 2013) the aim was to elucidate the interactome network of proteins

underlying LGMDs. Interactions were identified between DNAJB6 and several muscle specif-

ic proteins including ANKRD1, myosin-binding protein C, myomesin 1, phosphoglukomutase

1, titin, dysferlin, and γ-sarcoglycan (Blandin et al. 2013), which could represent DNAJB6

clients or proteins involved in the functions of DNAJB6 in muscle. However, knowing the

limitations of the interaction study method used, many of the key interaction partners may not

have been detected. Moreover, in a recent report (Stein et al. 2014) the G/F domain of

DNAJB6 was shown to mediate chaperone-substrate interactions in a manner that extends

beyond recognition of a particular client protein, i.e. to identify specific subsets of misfolded

proteins. DNAJB6 and chaperone complex malfunction may thus lead to the accumulation of

such aggregating misfolded proteins that otherwise would be degraded.

In 2012 Sarparanta et al. (2012) mutations in DNAJB6 were shown to be the cause of the

muscle-tissue specific disease, LGMD1D.
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3 Aims of the study

The aims of the present work were as follows:

1. to define the clinical phenotype of LGMD1D disease (I)

2.  to facilitate the identification of the genetic cause of LGMD1D by narrowed linkage (II)

3.  to describe the characteristic muscle imaging findings in LGMD1D (III)

4.  to specify the morphological muscle pathology changes in LGMD1D related to chaper-

one dysfunction (IV).
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4 Patients and methods

This study was approved by scientific review board of Tampere University Hospital. All ex-

aminations were performed with informed consent according to the Helsinki declaration. De-

tailed information of patients and methods is provided in the original articles I–IV.

4.1 Patients

Clinical neurological examinations at Tampere University Hospital and Kainuu Central Hos-

pital had identified two families with adult-onset, proximal muscular dystrophy showing auto-

somal dominant inheritance pattern.  The total number of patients was eleven in the beginning

of the study in 2008. All subjects, as well as later diagnosed and examined subjects gave their

informed consent for examinations and sample collections.

As the study progressed, new patients were diagnosed, both from novel families and from

one of the original families. By the end of 2014 the number of adult-onset LGMD1D patients

was 17 living and clinically examined patients in six unrelated families, five women and 12

men. New patients were identified through routine referrals to the outpatient clinic or through

consultation visits. All patients in the Finnish families 1, 3, 4, 5 and 6 (14 patients) were ex-

amined at the Tampere Neuromuscular Research Center by the author or by docent Johanna

Palmio. Patients from Finnish family 2 (three patients) were clinically examined by docent

Ibrahim Mahjneh and the supervisor. Pedigrees of the families are presented in figure 7.
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Figure 7. Pedigrees of the Finnish families FF1–6, Italian families IT1–2 and U.S. families DUK1047
and 1701. Black symbol, affected individual; overlined symbol, deceased; symbol marked with an
asterisk (*), clinically examined individual.

The work by Sarparanta et al. (2012) included also two American families (DUK1047,

DUK1701) with a total of 29 affected individuals, and two Italian families (IT1, IT2) with the

total of 12 affected individuals. The two Italian families were also studied in article II. (Table
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Table 3. Patients of Finnish, Italian and U.S. families in articles I–IV and in Sarparanta et al. 2012.

FF1 FF2 FF3 FF4 FF5 FF6 IT1 IT2 DUK1047,
DUK1701

Article I 8

Article II 9 3 1 2 1

Article III 7 2 1 2 1 1 6 3

Article IV 7 3 1 2 1 1

Sarparanta et al. 2012 9 3 1 2 1 29

4.2 Methods

A detailed description of research methods can be found in the original articles.

Laboratory analysis4.2.1

Basic blood CK analysis was performed on all patients. No other laboratory parameters were

systematically measured, but most patients had a basic laboratory workup consisting of red

blood cell count, white blood cell count, hemoglobin, hematocrit measurements, electrolytes,

liver transaminases and kidney function test.

Cardiorespiratory examinations4.2.2

Four patients underwent basic cardiorespiratory examinations consisting of electrocardiogram

(ECG), cardiac ultrasound examination and pulmonary function measurements (spirometry).

ENMG examination4.2.3

ENMG examination was performed on nine patients. A nerve conducting study consisting of

at least two motor and two sensory nerves was performed. Electromyogram covered both up-

per and lower limb muscles and was performed on both distal and proximal muscles.

Paraspinal or trunk muscles were examined in two patients. Multi-MUP analysis was per-

formed on one patient.
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CT and MRI examinations4.2.4

Muscle imaging was performed by MRI in 14 and by CT in 3 patients, followed by MRI ex-

amination on two of them. MRI examinations were performed on a 1.5T scanner using locally

standardized imaging methods in two centers. Lower body was examined with axial sections

on pelvic, thigh and lower leg levels. Five patients were examined also with upper body axial

sections. CT examinations were performed on lower leg and thigh levels only.  T1 weighted

sequences were obtained to identify fatty degenerative changes (TR 1500 ms, TR 15 ms, slice

thickness five mm) and short T1 inversion recovery (STIR) fat suppression  sequences to

show muscle edema.

Myopathology4.2.5

For the basic histological examinations muscle biopsies were snap frozen in liquid-nitrogen-

chilled isopentane and processed for routine histochemical stainings according to established

protocols. Cryosections of 6–10 μm were stained with hematoxylin & eosin (H&E), Gomori

trichrome, Herovici and Congo red, as well as for reduced nicotinamide adenine dinucleotide-

tetrazolium reductase (NADH-TR), combined succinate dehydrogenase-cytochrome oxidase

(SDH-COX) and adenosine triphosphatase (ATPase, preincubations at pH 4.3 and 10.4). Sec-

tions were in addition immunostained according to established protocols for different myo-

genic antigens including myosin heavy chain isoforms (fetal, neonatal, slow and fast MyHC),

dystrophin, sarcoglycans, merosin, caveolin 3, dysferlin and desmin in article II. A list of the

extensive immunochemistry in article IV is given in the original article. Electron microscopy

was performed on JEOL electromicroscope. Details on immunofluorescence stainings, SDS-

PAGE and western blotting, plasmid constructs, cell cultures, turnover assays, filter trap as-

says, proximity ligation (PTA) assays and zebrafish studies in the whole are available in the

supplement of article by Sarparanta et al. (2012).

Molecular genetic analysis4.2.6

Patients and family members were genotyped for the microsatellite markers D7S1815,

D7S798, D7S2462, D7S2546, D7S2447, D7S1823, D7S550, D7S3037, D7S2465, D7S559,

D7S2423, D7S427, D7S594 and some SNPs in the genes of the linked area, ranging from

position 152,389 to 159,121 kb on 7q36. Primers for amplifying exons of linked genes were



55

designed using the Primer3 software. PCR reactions were performed using 40 ng of genomic

DNA in standard conditions. Fluorescently labelled PCR products were analyzed using ABI

3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA) and GeneMapper 4.0

software (Applied Biosystems). PCR products were purified using an exonuclease I and

shrimp alkaline phosphatase treatment (USB Corporation, Cleveland, OH, USA) and se-

quenced for SNPs using the BigDye Terminator version 3.1 Cycle Sequencing Kit and ABI

3730 DNA Analyzer. Sequences were analyzed with Sequencher v4.8 software.
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5 Results

5.1 Clinical features of Finnish LGMD1D patients

Before year 2007, a large Finnish family from Pirkanmaa and Satakunta regions had been

followed because of an adult onset, slowly progressive muscular dystrophy showing autoso-

mal dominant form of inheritance. The index patient had been investigated for the first time in

1983, at the age of 46. When investigated for the current study the original family FFI con-

tained eight affected individuals in three generations (article I). The onset of proximal muscle

weakness varied from 20 to 60 years, usually causing difficulty in climbing up the stairs. All

except one senescent patient remained ambulatory. All showed more pelvic than shoulder

girdle weakness, and three out of eight patients showed no shoulder girdle weakness signs at

all at the ages of 69, 45, and 43 years. None had contractures, dysphagia, respiratory difficul-

ties or muscle pain. The MRC score results are detailed in article I.

After the segregating chromosome 7q haplotype and the clinical features had been deter-

mined, more patients were identified which allowed a refinement of the clinical details and

narrowing of the linked chromosomal locus (article II). The seven patients in four additional

families in this extension study had been examined at various time points of disease duration

ranging from 4 to 29 years. The first symptoms were always difficulties in running and climb-

ing stairs at the age of 30–60 years. Symptoms in the upper limbs became manifest later, 9–21

years after the disease onset, if at all. There was a mild calf hypertrophy in a few patients. All

major thigh muscles (quadriceps, hamstrings, adductors) were weak as were arm abductors in

the shoulder girdle (deltoideus, supraspinatus, upper trapezius) in upper limb affected pa-

tients. The clinical course was slow and benign, and only one patient became wheelchair

bound before age 80. None of the patients showed cardiologic or respiratory symptoms and

the corresponding examinations were normal. None of the patients had cognitive decline.

In articles III and IV the number of Finnish families had increased to six. One of the

newer patients suffered from intense unilateral thigh area pain requiring pain specialist con-
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sultations and chronic pain medication. One patient had dysarthria and one suffered from mild

dysphagia.

5.2 Laboratory findings

Blood CK values were normal or slightly-moderately elevated. The highest CK value among

the 15 patients was 820. Cardiac examinations, ECG, chest X-rays or heart ultrasound exami-

nations were normal. Basic pulmonary examinations, peak expiratory flow measurement and

spirometry were normal in all examined patients.

ENMG examinations showed myopathic pattern in all examined patients with small and

short-duration motor unit potentials. Most patients showed also mild to moderate fibrillation

potentials in affected muscle groups. One single patient, examined by the author showed ex-

tensive complex repetitive and myotonia-like discharges, not observed in the other patients,

but a known common finding in vacuolar myopathies in general.

5.3 Muscle imaging findings

All patients showed a consistent pattern of specific muscle involvement in MRI or CT inves-

tigations usually clearly visible at the onset of subjective muscle weakness. Early changes of

fatty degeneration on T1 MRI sequences were present in adductor magnus, soleus, semimem-

branosus and biceps femoris, followed by medial gastrocnemius, adductor longus, and gluteus

medius and maximus muscles. Later, the vasti muscles (lateralis, medialis, intermedius) were

also involved. Rectus femoris, sartorius, gracilis, anterior compartment lower-leg muscles and

lateral gastrocnemius muscles were spared until very late stages. Compensatory hypertrophy

was present in sartorius and gracilis muscles in some patients. Upper limbs were not compre-

hensively imaged in this study. STIR imaging did not show conclusive muscle edema, in line

with the slow progression and low level of fiber necrosis. The most typical and pathognomon-

ic pattern of muscle involvement was clear in 21 out of 23 patients in article III.  The finding

was so unambiguous that it was used to identify more families for this study and therefore

suggested as a diagnostic tool in LGMD1D.
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5.4 Muscle pathology findings

Myopathological findings were reported on the general level in article I showing the basic

features of LGMD1D pathology: general myopathic-dystrophic changes, including fiber size

variation, mild or moderate fibrosis, and excess of adipose tissue. In half of biopsies there was

considerable increase of internal nuclei, fiber necrosis and minor inflammatory endomysial

infiltrates. All biopsies contained fibers with rimmed vacuoles and most biopsies showed my-

ofibrillar lesions.

In article IV a more detailed description of LGMD1D myopathology was presented. In

the series of 21 muscle biopsies, obtained from 15 patients, general findings were as previous-

ly reported. By careful checking, the early myofibrillar pathology was observed on routine

histopathology as small centrally located darker areas on H&E and trichrome stains. These

lesions proved to contain protein aggregates reactive for Z-disk proteins myotilin, desmin and

αB-crystallin, which corresponded to streaming and dispersion of Z-disk material on the ultra-

structural level. With increasing pathology autophagic rimmed vacuolar changes developed

containing material reactive for several markers of defective autophagy such as ubiquitin,

TDP-43, p62, and SMI-31. Amyloid changes, reported in other myofibrillar myopathies were

extremely rare and observed in a few fibers in the most advanced pathology in LGMD1D pa-

tients.

The myopathological findings clarified the sequential progress of the disease starting

from disintegration of the Z-disc structure accompanied by abnormal accumulations and ag-

gregations of the Z-disc proteins and proteins of the CASA chaperone complex, including

DNAJB6. These changes were observed in normal sized muscle fibers whereas the later au-

tophagic degenerative changes were accompanied with the progressive fiber atrophy and in

the end loss of fibers. These specific details are important for histopathology diagnostic pro-

cedures as they were different from the pathology of other myofibrillar myopathies and from

rimmed vacuolated sporadic inclusion body myositis.

5.5 Molecular genetic findings

The disorder in the two originally 7q36 linked U.S. families was classified as LGMD1D

(Speer et al. 1999). Clinical and genetic characterization of FFI then established linkage to the
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same locus (article I). Genotyping the new families FF2, FF3 and FF4 also showed linkage to

7q36 with an identical haplotype as identified in FF1, despite absence of genealogical rela-

tionship between the families. Based on two healthy members in FF2 with a critical recombi-

nation in the center of the 7q36 locus the linked region could be narrowed to about half of the

size of the previously linked region. The new refined linked region of 3.4 Mb locates between

the marker D7S3037 at position 155,753 and the telomere on chromosome 7q. Twelve genes

were known in the linked genomic area: C7orf13, RNF32, LMBR1, NOM1, MNX1, UBE3C,

DNAJB6, PTPRN2, NCAPG2, FAM62B, WDR60, VIPR2. In addition, the area harbors at least

14 hypothetical genes/pseudogenes. Sequencing of the PTPRN2 gene identified one previous-

ly unreported single-nucleotide change in the patients. This was, however, also found in one

control sample and thus considered to be a SNP.

Sequencing the next positional candidates RNF32, UBE3C, DNAJB6, and PTPRN2 re-

vealed a c.279C>G (p.Phe93Leu) change in exon 5 of DNAJB6 in all 16 affected patients in

the Finnish families FF1–5 (nucleotide and protein numberings based on

NM_005494.2 and NP_005485.1, respectively). The mutation was absent in 12 unaffected

individuals in these families (Sarparanta et al. 2012). Sequencing of muscle cDNA from two

Finnish patients confirmed that the wild-type and mutant alleles were both expressed. Analy-

sis of DNAJB6 in the two U.S. families revealed a c.267T>A (p.Phe89Ile) mutation in all 29

affected individuals, and in two individuals of unknown disease status. Two addition-

al DNAJB6 mutations were identified in the Italian families; c.279C>A (IT1; eight patients)

and c.277T>C (IT2; four patients), both leading to the same p.Phe93Leu change as the Finn-

ish mutation. Six available healthy individuals in IT1 and four in IT2 had no mutations. None

of the mutations were found in 404 Finnish, 208 Italian or 430 U.S. control chromosomes.

The presence of multiple independent mutations and their segregation with the phenotype in

nine families were conclusive genetic evidence that mutated DNAJB6 is the cause of

LGMD1D.
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6 Discussion

Limb-girdle muscular dystrophies are rare and very rare diseases. Prevalence estimates vary

from 0.07 per 100,000 to 0.43 per 100,000 (Norwood et al. 2009). In Finland the total number

of LGMD patients is more than 200 indicating a prevalence of 4/100,000 (Udd 2007). This

much higher number in Finland may not reflect a real difference in prevalence but differences

in ascertainment, because older reviews do not contain later identified diseases such as

LGMD2L. The frequency of most LGMD forms varies based on the ethnic background of the

population (Kefi et al. 2003, Norwood et al. 2009, Spengos et al. 2010, Jokela et al. 2013).

Regarding the DNAJB6 defect LGMD1D there are no epidemiological studies available, just

single reports on families in different ethnic populations (Harms et al. 2012, Sarparanta et al.

2012, Sato et al. 2013, Couthouis et al. 2014, Suarez-Cedeno et al. 2014).  On the whole, the

dominant LGMD forms cover only about ten percent of the total number of LGMD patients.

On the other hand, LGMD1D was not known to exist in Finland before the year 2008. Once

the genetic association was discovered and typical pathognomonic clinical and muscle MRI

features were published, the number of families increased considerably, both in Finland (arti-

cle II) and later elsewhere. Very late-onset forms were discovered within the families and also

in single patients, whose symptoms were thought to result from other backgrounds, i.e. old

age, radiculopathy or hip arthrosis. This raises the question about how many patients are still

undiagnosed.

Before the year 2009 the phenotype of the LGMD1D disease had not been reported in full

detail regarding clinical findings, CK values, cardiology, imaging and muscle pathology find-

ings. Thus, no new LGMD1D families were reported in ten years after the linkage report in

1999, because clinicians did not know what to consider based on clinical findings. In 2009

(article I) we reported the typical clinical findings in the large FFI family: Age of onset be-

tween 20 and 60 years of age, difficulty in climbing stairs as the first symptom resulting from

proximal lower limb weakness, milder weakness in shoulder girdle muscles, myopathic EMG

and normal or slightly elevated CK values. The disease was slowly progressive, rarely leading

to the loss of ambulation. Soon after reporting the first family, more Finnish families were
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identified (article II), and the clinical phenotype was further refined. Since dominant LGMD

forms are so rare, it became evident, that LGMD1D was the most common autosomal domi-

nant LGMD in Finland. In newer families, the clinical phenotype also expanded: a few pa-

tients had dysphagia as one of the initial symptoms. After mutations in DNAJB6 had been

revealed to be the genetic cause of the disease, a more severe form of the disease has later

been identified (Palmio et al. 2015), resulting from slightly different mutations than in the

original adult-onset Finnish patients. This early onset severe form of the disease with loss of

walking at age 25 is not yet published but known in one Finnish family, one UK and one Ko-

rean family, all harboring mutations in the F91 position of the protein (Bjarne Udd, personal

communication). Previous LGMD1D publications have reported rare childhood onset of mus-

cle weakness (Harms et al. 2012, Suarez-Cedeno et al. 2014), but the further disease evolution

was very moderate in these patients with preserved walking into their 50’s.

From the early ascertainment of the patients and families one striking common feature

was obvious by muscle imaging: Some muscle groups seemed to get affected earlier and more

severely than others. The typical pattern of affected muscles (soleus, medial gastrocnemius,

semimembranosus and biceps femoris) soon made the identification of new patients and fami-

lies possible in Finland and abroad. All available imaging data from six Finnish and two Ital-

ian families were then compiled together (article III) in order to facilitate the diagnostic ap-

proach worldwide: the pattern of muscle involvement was so characteristic that it could be

used as a differential diagnostic tool for LGMD1D to be confirmed by molecular genetics. No

similar larger imaging data have been reported in the other autosomal dominant LGMD dis-

eases myotilinopathy, laminopathy or caveolinopathy. In recessive LGMD diseases imaging

findings have been published more frequently.

Before 2012 muscle pathology in LGMD1D had not been well characterized. As a next

step we collected a larger set of biopsies and data on muscle biopsy findings in six Finnish

families. Based on this larger material we were able to report detailed myopathological find-

ings, including extensive immunohistochemistry and electromicroscopic findings (article IV).

The findings revealed myofibrillar pathology in the early stages of disease also evident in

electromicroscopic studies, later evolving to a pathology dominated by rimmed vacuolar de-

generation. Since rimmed vacuolar pathology is known to be a sign of defective autophagy

processing, and several markers of autophagic pathology were excessively expressed, we

were able to delineate pathomechanistic processes of muscle damage downstream of the gene

defect DNAJB6 chaperonopathy.
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6.1 DNAJB6 and LGMD1D pathomechanisms

The co-chaperone DNAJB6 was discovered 15 years ago (Seki et al. 1999), and has been ex-

tensively studied in many other diseases such as neurodegeneration and cancer, but no prima-

ry gene defect has ever been linked to a specific disease before. DNAJB6 was known to be

enriched in the brain but its expression in muscle was not known before 2012 (Sarparanta et

al. 2012).

Defect chaperonal function due to mutations in DNAJB6 is the cause of LGMD1D

(Sarparanta et al. 2012). Altered chaperone activity needed for the maintenance of sarcomeric

proteins and structures lead to accumulation of misfolded proteins. These misbehaving pro-

teins are not readily cleared by available degradation pathways and subsequently cause pro-

tein aggregations in the muscle fibers, such as shown with the Z-disc protein myotilin. Be-

sides altering the maintenance of sarcomeric structures these accumulations induce an abnor-

mal autophagic response shown by heavy increase of autophagosomes in the rimmed vacuoles

in the degenerating muscle fiber (article IV). Normal autophagy is required to maintain integ-

rity of sarcomeric structures, normal muscle mass and function (Masiero et al. 2009). Autoph-

agy is an evolutionary conserved lysosomal degradation pathway, by which cytoplasmic ma-

terials are delivered to and then degraded in the lysosome (Levine and Kroemer 2008). Dys-

function of the autophagy-lysosomal pathway has been linked to a wide variety neurodegen-

erative diseases (Hara et al. 2006, Crews et al. 2010) and even brain tumors (Miracco et al.

2007). Macroautophagy and chaperone-mediated autophagy (CMA) are two subtypes of au-

tophagy functionally related to each other (Massey et al. 2006). In Huntington’s disease

macroautophagy should function as a key clearance pathway for mutant huntingtin fragments

and reduce intracellular huntingtin accumulation and protect cells against the polyglutamine

toxicity (Ravikumar et al. 2004, Yamamoto et al. 2006). Interestingly, overexpression of

DNAJB6 has been shown to delay huntingtin aggregate formation and to reduce caspase 3

activation induced by mutant huntingtin (Gillis et al. 2013). Macroautophagy serves as a

backup route to remove the malfunctioning proteins if CMA is compromised, and vice versa.

Therapeutic benefits could be reached through utilization and manipulation of macroautopha-

gy-CMA crosstalk (Wu et al. 2014). A third line of autophagy, chaperone assisted selective

autophagy CASA, may even be of more interest for the pathogenesis of LGMD1D since

DNAJB6 was shown to be a direct component of the CASA complex via interactions with all
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other proteins of the complex, among others BAG3 which causes a myofibrillar myopathy

when mutated (Sarparanta et al. 2012).

The Finnish founder mutation F93L causes an adult-onset slowly progressive disease,

whereas the F91I causes a very severe early onset disease form. All the reported mutations are

located in the same G/F domain of the DNAJB6 protein, and in vitro experiments show that

the chaperonal anti-aggregation capacity of F91I is more compromised than that of F93L

(Per-Harald Jonson, personal communication). Thus some phenotype-genotype correlation

may exist.

Since the cause of the LGMD1D disease now has been clarified, the many questions of

therapeutic possibilities arise. Two main lines of therapeutic possibilities have been featured:

specific gene silencing of the mutated allele and manipulation of autophagy.

Gene silencing by RNA interference (RNAi) as a therapy has already been experimental-

ly tried in model systems. These experiments have targeted fibroblasts of Ullrich congenital

muscular dystrophy and mouse models in autosomal dominant congenital myopathy (RYR-1

myopathy and Central Core Disease), and resulted a slight functional rescue. Liu et al. have

created a myotilinopathy mouse model and used mutant allele gene silencing (Liu et al. 2014)

as the first attempt to develop molecular therapies in dominant LGMDs. In Liu’s work re-

duced mutant myotilin mRNA and soluble protein expression in muscles was demonstrated.

Histological improvements were accompanied by significant functional correction in muscle

strength and weight.

Manipulations of autophagy are currently investigated in many disorders including mus-

cular dystrophies. Inducing autophagy activity with rapamycin in a mouse model of VCP-

mutated muscle disease, which has many similarities with LGMD1D, aggravated the patholo-

gy. The reason for no benefit was considered to be due to the fact that in rimmed vacuolar

myopathies autophagy is already maximally induced although later blocked in its efficacy

(Ching and Weihl 2013).

Finding the final diagnosis for LGMD patients has remained a challenge for the clini-

cians. Diagnostic guidelines and algorithms for LGMDs have recently been published

(Narayanaswami et al. 2014). Although these algorithms reflect the clinical situation in the

US where access to muscle imaging is limited, they may still provide a usable tool for clinical

diagnostics. The identification of the exact genetic cause of a muscular dystrophy will not
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only provide accurate prognosis and risk assessment for family members, but more so, pro-

vide tools for appropriate management e.g. cardiorespiratory monitoring and heart defibrilla-

tor or pacemaker when necessary. Final diagnosis is important for the patient to eliminate the

additional burden of uncertainty on top of the progressive disability. Establishing the final

genetic diagnosis will also be the mandatory prerequisite for eventual therapeutic interven-

tions.
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7 Conclusions

This thesis describes the clinical features of LGMD1D, a DNAJB6 mutated autosomal domi-

nant LGMD disease, and introduces pathomechanisms of muscle chaperonopathies in general.

The term chaperonopathy refers to conditions where maintenance of protein integrity and sar-

comeric structures by chaperonal systems is defect, including the autophagy pathways such as

the CASA complex. The findings described here will help the clinicians to recognize the dis-

ease based on typical clinical, MRI and myopathological findings that guide towards appro-

priate molecular genetic analysis.

1. LGMD1D can be suspected on clinical grounds based on phenotype description.

2. Extensions of the base line phenotype do occur, both towards milder, later onset disease

forms, and towards more severe, childhood-onset forms.

3. Muscle MRI findings are so characteristic in LGMD1D that they can lead directly to-

wards molecular genetic testing.

4. Muscle biopsy findings confirm the early myofibrillar disintegration events starting in the

Z-disc followed by autophagic secondary rimmed vacuolar pathology.

The exact characterization of the disease including the primary gene defect is the first step

towards options for therapeutic interventions in order to reach a cure or significant slow-down

of the disease progression.

Limitations of the study:

1. Prospective nature of the study; systematic approach of the patients not always possible.

2. Some patients lacking the follow-up; status at the moment representing one point at dis-

ease duration timeline.
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 ABSTRACT  

Introduction: Two families with autosomal dominant limb-girdle muscular dystrophy have been 

linked to a locus on chromosome 7q36 already 10 years ago. The locus has been denominated both 

LGMD1D and 1E, but in lack of further families to narrow down the linked region of interest this 

disease has remained elusive. 

Methods: A large Finnish family was clinically and genetically investigated. Laboratory parameters 

were determined including CK value, neurographic and EMG studies, cardiac and respiratory 

function examinations, muscle biopsies and muscle imaging by CT or MRI. 

Results: The patients had onset of muscle weakness in the pelvic girdle between the fourth and the 

sixth decade with an autosomal dominant pattern of inheritance. CK values were slightly elevated 

and EMG was myopathic only. Muscle biopsies showed myopathic and/or dystrophic features with 

very minor rimmed vacuolation and protein aggregation findings. Molecular genetic analysis 

indicates linkage of the disease to the locus on chromosome 7q36 completely overlapping with the 

previously reported locus LGMD1D/E. 

Discussion: Advancement towards the causative gene defect in the 7q36-linked disease needs new 

additional families to narrow the region of interest. The phenotype in the previously linked families 

has not been reported in full detail, which may be one reason for the shortage of additional families. 

We now report the comprehensive clinical and morphological phenotype of chromosome 7q36 

linked autosomal dominant LGMD with a restricted and updated 6.4 Mb sized haplotype.  

 

Abbreviations: LGMD, Limb-girdle muscular dystrophy; OMIM, Online Mendelian Inheritance in 

Man database; ENMC, European Neuromuscular Council; EMG, Electromyography; ECG, 

Electrocardiogram; CK, Creatine kinase 
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INTRODUCTION  

Limb-girdle muscular dystrophies (LGMD) are characterized by progressive weakness and wasting 

of shoulder and hip girdle muscles and they constitute a heterogeneous group of inherited muscle 

disorders without congenital symptoms.[1-3] The clinical course of the different LGMD variants 

range from severe forms with onset in early childhood, to milder forms with late adult onset and 

slow progression.[4, 5] Currently there are more than 12 genetically identified forms of autosomal 

recessive LGMD2 and seven autosomal dominant LGMD1 subtypes.[6] 

 

Due to the clinical heterogeneity, the final diagnosis of LGMD relies on a combination of muscle 

biopsy immunohistochemical–immunoblotting analyses and molecular genetic methods. The 

phenotype-genotype correlation is weak and, in general, the different LGMD diseases are difficult 

or impossible to differentiate on clinical grounds only.[7] If no exact molecular diagnosis can be 

established, clinical diagnosis of LGMD relies on the familial occurrence, clinical examination, 

laboratory, electrophysiological, muscle imaging and muscle biopsy findings.[8]  

 

To date seven autosomal dominant forms (LGMD 1A–G) are genetically determined, three of them 

having exact gene identification: 1A myotilinopathy,[9, 10] 1B laminopathy[11, 12] and 1C 

caveolinopathy.[13] Autosomal dominant LGMD1 forms are rare and cover approximately 10% of 

all LGMDs.[1] They are generally considered to be less severe than the autosomal recessive forms 

and many patients remain ambulatory in late adult life. However, the spectrum of phenotypes in 

LGMD1B is very large and includes cardiac and respiratory complications. There are very few 

published clinical descriptions of the forms 1A, D, E, F, G.[14-17] and regarding LGMD1D-1G, the 

range of phenotypic variation is still unknown. 
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In the OMIM database, 7q36-linked LGMD1 is determined as LGMD1D, whereas in the original 

ENMC report on classification [4] and in later reviews [2, 18] this locus is termed LGMD1E.  

 

Here we describe the clinical and morphological phenotype of a dominant LGMD in a large Finnish 

family in which molecular genetic genome wide screening showed linkage on chromosome 7q36, 

overlapping perfectly with the LGMD1 locus previously mapped on chromosome 7q.[16]   
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MATERIALS AND METHODS  

Patients 

The family originates from central parts of Finland. All patients and members of the family 

indicated in the pedigree (Figure 1) were clinically examined including manual muscle testing using 

British Medical Research Council (MRC) scoring (Table 1). All examinations were performed with 

informed consent according to the Helsinki declaration. The oldest known affected family members 

were deceased and their history was obtained from the relatives.  

 

Laboratory 

Creatine kinase (CK) values were determined in six patients (III-6, III-8, III-12, IV-7, IV-9 and IV-

10). Muscle biopsy was performed on six patients (III-6, III-8, III-12, IV-7, IV-9 and IV-10) and on 

one of them (III-12) at three occasions (Table 2). EMG studies were performed on multiple muscles 

on the upper and lower limbs, as well as neurographic nerve conduction and amplitude 

measurements in seven patients (III-2, III-6, III-8, III-12, IV-7, IV-9, IV-10) and in three of them 

(III-8, III-12, IV-9) it was repeated at least once. Cardiac examination by electrocardiogram (ECG) 

was performed in three patients (III-6, III-12, IV-9) and echocardiography in two of the oldest 

patients (III-6, III-12.). Spirometry was performed in one older patient (III-12).  

 

Pathology 

All muscle biopsies were of lower limb muscles: three vastus lateralis (III-6, III-12, IV-9), two 

medial gastrocnemius (IV-7, IV-10) and one soleus muscle (III-8). Biopsies were snap frozen in 

liquid-nitrogen-chilled isopentane, and 6–10 μm frozen sections were stained for Hematoxylin-

eosin (H&E), Gomori trichrome, Reduced nicotinamide adenine dinucleotide-tetrazolium reductase 

(NADH-TR), combined succinic dehydrogenase – cytochrome oxidase (SDH-COX), Congo red, 

Herovici, adenosine triphoshatase (ATPase) or myosin heavy chain isoform (slow/fast MyHC) 
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immunostaining according to established protocols.[19] In addition, a number of antibodies for 

immunohistochemistry was applied (Table 3). 

 

Muscle imaging 

Computed tomography (CT) transversal sections of lower leg, thigh, pelvic and scapular regions 

were performed on four patients (III-12, III-8, III-6, IV-7), whereas two patients (IV-9, IV-10) had 

magnetic resonance imaging (MRI) scans (T1-weighted and STIR sequences) on lower limb 

muscles.  

 

Molecular genetics 

Patients and family members indicated in the pedigree were genotyped for microsatellite markers 

for all LGMD1 loci known at the time (LGMD1A–G) (Table 4A and B). Fluorescently labeled PCR 

products were analyzed using Applied Biosystems 377 or 3730 equipment and Genotyper 2.0 or 

Gene Mapper 3.0 software (Applied Biosystems, Foster City, CA, USA). As another approach to 

identify and confirm the genomic region associated with the disease, a genome-wide linkage scan 

(GWS) using 400 microsatellite markers was performed at the Finnish Genome Center. Linkage 

analysis was carried out using the Genehunter program for multipoint analysis and the MLINK 

program for 2-point linkage analysis. The GWS data were supplemented by fine mapping with 

additional microsatellite markers in the potentially linked regions, as described above. Haplotypes 

were manually constructed, minimizing the number of crossing-overs. The GWS results were also 

used for separate assessment of the LGMD1 locus on chromosome 6q23, the 1F locus and the 

myofibrillar myopathy gene loci outside 7q. 
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RESULTS  

Clinical findings (Table 1) 

Onset of proximal lower limb weakness varied from 20 to 60. All except one 80 years old patient 

(III-2) had remained ambulatory. Typically, the first symptom was difficulty in walking and 

climbing stairs. All patients showed more pelvic girdle than shoulder girdle weakness. Three out of 

eight patients showed no shoulder girdle signs at ages: 69, 45 and 43 years. No contractures were 

observed. None of patients complained of dysphagia, respiratory difficulties, dysarthric problems or 

of muscle pain. Two patients had lower back pain diagnosed, associated with degenerative column 

changes. One patient (III-8) had a previous carpal tunnel syndrome surgically treated. One younger 

patient (IV-9) had been investigated because of non-specific arthritic pain at the time of LGMD 

diagnosis (Table 1). 

 

The pattern of muscle weakness by MRC scoring is detailed in Table 1. Neck flexors and extensors 

were normal in all patients. Hip flexion and extension were weak in all patients as were knee 

flexion and extension. Ankle dorsiflexion was slightly weak in four patients and plantar flexion in 

four partly different patients. In the upper extremities, abduction weakness was present in four 

patients (III-2, III-10, III-12 and IV-9), biceps was weak in four of the patients (III-2, III-6, III-10 

and IV-7) and triceps weakness was present in four of the patients (III-6, III-10, IV-7 and IV-10) 

but to a lesser extent than biceps. Wrist and finger muscles were normal in all patients. 

 

The disease segregates in an autosomal dominant fashion in the family and occurs in both genders 

in all generations including male to male transmission (Figure 1). 

 

Case reports 

1. Index patient (III-12) 
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At the age of 42 years, the patient had noted weakness and stiffness in her legs and lower back. 

Climbing stairs was difficult and she could not get up from the squat without the help of her arms. 

Proximal muscles were weak, particularly on the lower extremities, with mild scapular atrophies 

and normal tendon reflexes. At the age of 49 years, muscle weakness had increased, with the 

maximal walking distance being 500 meters. She had mild calf hypertrophy and her gait was 

waddling and slow. Lower limb reflexes were absent and serum CK was 338 (upper normal limit 

150). EMG showed myopathic changes including fibrillations and complex repetitive discharges. At 

age 68 she used a walker and could not get up from the chair without assistance (Figure 2). 

 

2. Index patient’s daughter (IV-9) 

The patient noticed symptoms first at age 27 when climbing stairs became difficult. On examination 

at the age of 31, walking was slow and squatting was difficult, but muscle atrophy was not detected. 

Reflexes were normal and CK was 375. EMG showed myopathic changes including abundant 

fibrillation activity in all thigh and calf muscles examined. Upper limb proximal muscles were 

intact. At age 43 her walking was slow and slightly waddling, with a maximal walking distance of 

500 meters. She complained of stiffness in her leg muscles, and her proximal leg muscles were 

weak on examination (Table 1). Upper limbs were normal and she had mild lateral calf 

hypertrophy. 

 

Laboratory investigations  

CK values were slightly or moderately elevated in the majority of patients. Five patients had CK 

values ranging from 187 to 820 (upper normal limit: in female 150 U/l, in male 220 U/l). One 

patient (IV-10) had normal CK value. EMG showed myopathic changes in all examined patients, 

particularly small and/or polyphasic motor unit potentials, early recruitment and spontaneous 

activity with fibrillations in many muscles and multiple repetitive discharges in some. The patient 
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with previous carpal tunnel syndrome had distal neurogenic findings in the affected limb. Motor 

and sensory nerve conduction velocities were normal in all patients.  

 

All ECG recordings were normal. Echocardiographic and spirometry evaluations were also normal. 

 

Muscle biopsy findings (Table 2): All biopsies showed myopathic changes including fiber size 

variation, some regenerating fibers, mild to moderate fibrosis and some excess of adipose tissue as 

in the gastrocnemius muscle biopsy of patient III-10 (Figure 3). In two biopsies (III-6 and III-8) the 

muscle morphology was more severely dystrophic. All biopsies contained low and variable 

numbers of fibers with rimmed vacuoles. In five biopsies (III-8, III-12: gluteus and vastus lateralis, 

IV-7 and IV-10) there were some fibers with dark or purple cytoplasmic inclusions on trichrome 

stain, which on immunohistochemistry contained minor accumulations of proteins including 

myotilin, alphaB-crystallin, desmin and ectopic dystrophin. In one biopsy (III-8), there was a mild 

neurogenic change with fiber type grouping. Increase of internal nuclei was found in four biopsies 

out of eight (III-6, III-8, III-12 and IV-7). Fiber necrosis and a few endomysial inflammatory 

infiltrates were found in half of the muscle biopsies (III-12: gluteus, vastus lateralis, IV-7, IV-9).   

Electron microscopy confirmed regions of myofibrillar disintegration and Z-disc streaming. In the 

rimmed vacuolar spaces, rare 15–18 nm filamentous inclusions were observed, besides myeloid 

bodies, small vesicles and debris material. Immunohistochemistry using the other antibodies listed 

in Table 3 did not show any abnormalities in the other biopsies.  

 

Muscle imaging, CT and MRI scans, showed fatty degeneration and replacement in the affected 

muscles. The first muscles to be involved in the thigh were semimembranosus and adductor magnus 

muscles (IV-10, Figure 4C), and in the calf the medial gastrocnemius and soleus muscles (Figure 

4D). At later stages (III-12), large replacement was observed in all thigh muscles except rectus 
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femoris and sartorius (Figure 4A), and in gastrocnemius, soleus and deep toe flexor muscles in the 

calf (Figure 4B).  

 

Molecular genetics  

The chromosomal loci of LGMD1A, B, C and E were excluded by genotyping the corresponding 

microsatellite markers. In a subsequent genome-wide screen, linkage to 7q was confirmed with a 

LOD score 3.76 for marker D7S1823 and a LOD score 3.07 for marker D7S2465. The linked region 

overlapped with the previously defined 7q locus[16] denoted as the LGMD1D locus in the OMIM 

database. The GWS results also excluded linkage to the previously defined loci of LGMD1F and 

1G, as well as the known myofibrillar myopathy loci of the genes DES, MYOT, LDB3, CRYAB, 

SEPN1 and BAG3. Fine mapping defined a common linked haplotype on 7q36, spanning up to 6.4 

Mb between the flanking marker D7S798 and 7qter. The linked haplotype completely segregated 

with all clinically affected individuals and was not present in unaffected members of the family 

(Table 4). 
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DISCUSSION 

The phenotype of this chromosome 7q36-linked autosomal dominant muscle disease includes onset 

of symptoms between 20–60 years, slowly progressive lower limb weakness with late loss of 

ambulance and severe shoulder girdle and biceps involvement around the age of 80 years. Serum 

CK was mildly elevated and EMG was myopathic. Several muscle biopsies showed 

myopathic/dystrophic features, infrequent fibers with rimmed vacuoles, rare 15-18 nm filamentous 

inclusions on electron microscopy and fibers with minor cytoplasmic protein aggregates by 

immunohistochemistry . Since the myofibrillar myopathology was minor and not always present a 

classification of the disease as a myofibrillar myopathy may not be accurate. 

 

On clinical grounds the disease can be distinguished from most of the other autosomal dominant 

LGMD-forms based on the later onset and the rimmed vacuolar pathology. However, 

myotilinopathy LGMD1A may show similar features. The reported two LGMD1A families had an 

earlier onset of symptoms, but considering that the more common myotilinopathy phenotype is late 

onset distal myopathy, also later onset proximal LGMD-type of myotilinopathy may exist. Anyway, 

LGMD1A is excluded in our family by molecular genetic results. Dominant LGMD1 entities are 

very heterogeneous. In the three forms with identified genetic defect, LGMD1A-1C, different 

phenotypes may result from different mutations even in the same gene, and in the forms identified 

by linkage studies, LGMD1D-1G, the range of phenotypical variation is still unknown. 

 

The clinical features and muscle pathology findings in our family show some similarities with the 

family described by Chutkow et al.[20] regarding age of onset, slow progression and pelvifemoral 

weakness preceding scapulohumeral weakness. However, linkage in our family was firmly 

established on chromosome 7q36, which is not the case in the Chutkow family. The linked locus in 

our family overlaps with the 7q locus reported by Speer et al.[16] That locus was defined based on 
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significant linkage in two families, #1047 and #1701, whereas the other three families in the same 

report were excluded from 7q.[16] Neither the #1047 nor the #1701 family corresponds to the 

Chutkow family and we have confirmed that the Chutkow family was #383[16] and excluded from 

7q-linkage (Speer, personal communication via Udd 2007). Family #1701 was described earlier in 

an article in 1969 by Schneiderman.[21] The clinical phenotype of the two 7q-linked families, 

#1047 and #1701[16] was reported briefly as being compatible with the LGMD definition, and by a 

few lines in a table.[22] Dysphagia, never observed in our patients, was part of the clinical findings 

in three of the 15 affected patients in the #1701 family.  

 

The LGMD1 nomenclature related to the linkage data, i.e. linkage assignment of LGMD1D and 1E 

is controversial. OMIM and HUGO denominates LGMD1D as being 7q-linked and the ENMC 

report 2002[23] and the later EFNS guidelines[2] assigns LGMD1E to chromosome 7q.  Another 

autosomal dominant LGMD disease LGMD1F,[24] OMIM #608423, is also linked on 7q. 

However, the clinical phenotype in that disorder is very dissimilar and its locus 7q32 is clearly 

outside the locus 7q36 linked to the familial disorder we report here. Filamin C is located on 7q and 

would have been an excellent candidate gene considering the rimmed vacuolar pathology with 

minor myofibrillar myopathy-type changes. This gene is, however, clearly outside the linked region 

of interest. There are more than 20 known genes mapped to the 6.4 Mb linked area in the 7q36 

region, and some of these are known to be expressed also in muscle tissue. In addition there are 

numerous hypothetical genes or pseudogenes. Using bioinformatics no very obvious muscle disease 

candidate gene can be identified within the locus. 

 

Linkage studies performed in our family excluded all other known dominant LGMD loci[12-17] 

except the locus on chromosome 7q.[16]  Since the two families originally found to be linked to 

chromosome 7q (#1047 and #1701) still are the only ones so far reported to be 7q36-linked, the 

12 



phenotype associated with this locus is not well established. Since the linked chromosomal region 

in our family overlaps with the reported 7q36 locus[16], our family may thus provide the clinical 

phenotype corresponding to this locus. However, muscle biopsy findings of families #1047 and 

1701 were not reported by Speer et al.[23] to contain rimmed vacuolar pathology. Whether this and 

the dysphagia symptoms in a few patients in family #1701 are indications of a different disease and 

genetic background in our family compared to the two previously 7q36-linked families, cannot be 

settled. Further gene identifications underlying the molecular defects in these families will define if 

there are one or two genes for LGMD1 on chromosome 7q36. Our family restricts and updates the 

linked region of interest to 6.4 Mb, and the reported detailed phenotype will help the identification 

of additional families suitable for molecular genetic studies.  
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FIGURE LEGENDS 

Figure 1. Pedigree. Clinically affected individuals with filled symbols and clinically examined 

family members indicated with a star and genotyping for markers on a 7q36 locus. In addition to the 

examined individuals DNA samples were also available of the family members II-5, III-7, III-11, 

IV-1, IV-3, IV-5 

 

Figure 2. Index patient III-12 at the age of 68 years showing scapular winging and mild atrophy of 

the rhomboidei, trapezius and deltoid muscles. 

 

Figure 3. HE staining of gastrocnemius muscle biopsy of (patient III-10) showing variation in fiber 

size, atrophic fibers, increased amount of internal nuclei, one rimmed vacuolated fiber, two 

basophilic fibers, few fat cells and minor fibrosis.  

 

Figure 4.  A and B: Muscle CT imaging of patient III-12 showing the advanced stage with almost 

all thigh muscles and all posterior calf muscles replaced by fatty and connective tissue.  

C and D: MRI muscle imaging of patient IV-10 showing the early stage of the disease with 

involvement of semimembranosus and adductor magnus muscles in thigh area and medial 

gastrocnemius and soleus muscles in the calf. 
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Table 1. Clinical findings. 

Patient III-2 III-6 III-8 III-10 III-12 IV-7 IV-9 IV-10 

Age at study 78 74 69 71 68 43 43 45 
Gender M M F M F M F M 
Age at onset 45 50 60 60 35 30 30 20 

Symptom at onset Difficulty in climbing stairs in all patients except IV-10 
Slow  
running  
speed 

Muscle weakness 

Arm abduction 1 5 5 5– 4 5 4 5 
Elbow flexion 1 4 5 3 5 4 5 5 
 extension 5 4 5 4 5 4 5 4 
Hip flexion 3 3 4 4 1 4 3 4 
 extension 1 2 3 4 2 4 2 3 
Knee flexion 1 2 4 3 3 3 4 4 
 extension 1 3 4 4 2 4 5– 5– 
Ankle dorsiflexion 4 4 5 5– 5 4 5 5 
 plantarflexion 4 4 5 5– 5 5 5 3 
EMG myopathic myopathic myopathic 

CTS 
– myopathic myopathic myopathic myopathic 

CK (upper normal  
F 150 U/l, M 220 U/l) – 400 187 – 338 820 375 175 

CTS: Carpal tunnel syndrome 
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Table 2. Muscle biopsy pathology findings. 
 

 
VL, vastus lateralis; S, soleus; QC, quadriceps; G, gastrocnemius 
–, finding absent; (+), minor presence; +, finding present; ++, marked finding; NA, not assessed 
 

Patient Muscle Fiber type 
grouping 

Fiber size 
variation 

Fibrosis Increase 
of internal 
nuclei 

Necrosis Lymphocyte 
infiltrates 

Rimmed 
vacuoles 

Eosinophilic 
incl. bodies 

Desmin 
deposites 

Myotilin 
deposites 

III-6 VL – ++ ++ + – – + + (+) NA 

III-8 S + ++ ++ ++ – – + + (+) ++ 

III-12 QC/Gluteus/VL –/–/– (+)/(+)/(+) (+)/(+)/(+) –/–/(+) –/–/+ –/(+)/+ (+)/+/+ –/++/+ NA/(+)/(+) NA/NA/+ 

IV-7 G – + + + + (+) + ++ + + 

IV-9 VL – + + – + (+) + + (+) NA 

IV-10 QC – – – – – – + – (+) NA 
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Marker

D7S1815

D7S798

D7S2462

D7S2546

D7S2447

D7S1823

D7S550

D7S2465

D7S2423

D7S427

Chr7 tel

Pos (kb)

152389

152811

153561

154207

154461

154567

155440

156114

157620

158903

159100

IV-3

4 2

1 6

1 5

2 1

2 1

3 5

6 4

3 1

1 3

3 1

1 1

n n

n n

n n

n n

n n

n n

n n

n n

n n

n n

IV-1

3 2

5 6

1 5

2 1

2 1

3 5

6 4

3 1

1 3

3 1

1 1

n n

n n

n n

n n

n n

n n

n n

n n

n n

n n

III-3

2 3

3 5

2 1

2 2

1 2

4 3

5 6

1 3

3 1

2 3

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

III-12D

4 1

1 4

1 4

1 2

1 2

1 5

4 4

2 1

1 1

2 2

III-11

1 2

5 3

2 2

2 2

1 1

2 4

5 5

4 5

1 1

3 3

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

IV-9D

1 3

4 3

1 1

1 3

1 3

1 1

4 3

2 6

1 1

2 3

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

IV-10D

4 1

1 2

1 3

1 4

1 3

1 3

4 4

2 1

1 3

2 3

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

IV-7D

4 3

1 5

1 3

1 2

1 2

1 6

4 5

2 1

1 3

2 1

III-2D

4 3

1 5

1 1

1 2

1 2

1 3

4 6

2 3

1 1

2 3

II-5

1  1

5 4

2 4

2 2

1 2

2 5

1 6

4 1

1 1

3 2

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

III-10D

4 1

1 4

1 4

1 2

1 2

1 5

4 4

2 1

1 1

2 2

III-6D

4 2

1 3

1 2

1 5

1 2

1 2

4 4

2 1

1 1

2 2

III-7

2 2

3 3

2 2

2 5

1 2

4 2

5 5

1 1

3 1

2 3

1 1

1 3

3 2

2 2

4 1

8 5

n n

n n

n n

n n

n n

IV-4

3 2

NA

3 2

2 2

1 2

3 3

5 6

NA

3 3

2 3

IV-5

2 2

NA

2 2

2 2

1 1

5 4

5 5

NA

1 3

3 3

III-5D

4 2

1 3

1 2

1 5

1 2

1 2

4 4 

2 1

1 1

2 2

* ** *

2

1

3 8

4 6

9 11

9

124

53 7

5 6 7 10

8

13

10

*

1

6432

2

751

1 14

2

** * * *

I

II

III

IV

*, clinically examined family members
D, affected patients
NA, not assessed
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 Abstract  

Introduction: We have previously reported clinical, genetic and molecular pathomechanistic 

findings in DNAJB6 mutated LGMD1D. After publishing clinical findings of the original Finnish 

family we identified more Finnish, Italian and US families with the same disease, ultimately 

confirmed by mutations in the same gene.  

Methods: Of the total number of 28 examined Finnish and Italian patients 23 underwent lower limb 

muscle imaging. 

Results: At the early stages of the disease fatty degeneration in T1-weighed MRI sequences were 

observed in the soleus, adductor magnus, semimembranosus and biceps femoris muscles followed 

by medial gastrocnemius, adductor longus and later by vasti muscles of the quadriceps. Rectus 

femoris, lateral gastrocnemius, sartorius, gracilis and the anterolateral group of the lower leg 

muscles were spared until late senecence. The pattern of differential involvement could be 

identified at different stages of the disease process. 

Discussion: Since the general clinical findings do not provide clues for diagnosis this distinct 

pattern of muscle involvement and pathognomonic imaging findings are highly relevant in the 

clinical setting. The pattern of muscle involvement is so typical that it can be used as a differential 

diagnostic tool for LGMD1D. The final diagnosis however requires molecular genetic confirmation. 

 

Abbreviations: LGMD, limb girdle muscular dystrophy;  MRI, magnetic resonance imaging; 

STIR, short T1 inversion recovery; CT, computer tomography; T, tesla; CK, creatine kinase; 

ENMC, European Neuromuscular Center 
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Introduction 

Limb-girdle muscular dystrophies (LGMD) are a large, genetically and phenotypically 

heterogenous group of muscular dystrophies. To date eight dominant (LGMD1 A-H) and sixteen 

recessive (LGMD 2A-Q) forms have been described [1]. Dominant LGMD forms are relatively rare 

since they account for only 5 to 10% of all limb girdle muscular dystrophies [2,3]. Because 

diagnosis is difficult or impossible to make on clinical grounds only and direct molecular genetic 

approach is difficult due to the large number of genes, LGMD1D and other forms may be 

underdiagnosed. Additional diagnostic tools are needed for clinical practice.  

 

In clinical neurology muscle imaging by magnetic resonance imaging (MRI) has become widely 

available in many countries. In addition to clinical examination, muscle enzymes, 

electrophysiological assessment and muscle biopsy, muscle imaging is an important diagnostic tool 

for the detection of affected muscles, allowing the assessment of both the degree and the pattern of 

involvement [4]. Muscle imaging is also important for guiding interventional procedures such as 

muscle biopsy. Appropriately targeted muscle biopsy is imperative for most neuromuscular 

disorders. The detailed identification of distinct patterns of muscle involvement by muscle imaging 

is a major evolving clinical aspect that can be used for direct differential diagnostic considerations. 

Muscle MRI has been used to identify patterns of muscle involvement in dominant and recessive 

LGMDs [5–7], Emery-Dreyfuss muscular dystrophy, Bethlem and Ullrich myopathy, congenital 

muscular dystrophy with rigid spine [8,9] and in distal myopathies [10]. Also MRI findings in 

facio-humeroscapular and oculopharyngeal muscular dystrophy have been described, although in 

limited case series [11–13]. Pattern of muscle involvement in limb-girdle muscular dystrophies and 

myofibrillar myopathies are described in Figure 1. 
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In primary skeletal muscle diseases, muscular involvement can be very selective, especially in 

progressive genetic muscle diseases [14]. In most conditions not all muscles of muscle groups are 

affected and there are differences not only between the proximal and distal muscle groups but also 

individual muscles at the same level. Muscle atrophy is easily missed by inspection, because of 

fatty replacement in dystrophies, overlying subcutaneous fat or pseudohypertrophy. Clinical muscle 

strength testing does not provide details on individual muscles since synergic muscle group action 

rather than single muscle are evaluated.  So far imaging approaches have focused mostly on muscle 

groups of the lower limbs and pelvic girdle muscles for practical reasons [15]. Few whole-body 

muscle MRI studies have been published so far [16–18]. Well-established rating scales of muscle 

involvement concerning the visual rating of fatty degenerative dystrophic changes in muscle tissue 

have been published [13].  

 

In this report we demonstrate pathognomonic muscle imaging findings in LGMD1D that are of 

direct clinical value for the diagnostic identification of this disease. 
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Materials and methods  

Patients 

Fourteen patients from six unrelated Finnish families (FF1-6) underwent muscle magnetic 

resonance imaging (MRI) or computed tomography (CT) examinations, four of them multiple times 

2–10 years apart. Furthermore we acquired data from two Italian families presenting genetically 

confirmed LGMD1D consisting of eight (IT1) and four (IT2) patients. Of these Italian families nine 

patients were investigated by muscle MRI, five of them on several (two, three and four) occasions. 

Of the Italian patients follow-up interval was 8–28 years. US patients were not imaged by MRI 

comprehensively and their data is not presented here. Details of the investigated patients are 

presented in Table 1 (supplementary). Pedigrees of the families are presented in Figure 2. All 

subjects gave their informed consent for participation of the study. The study was approved by 

ethics committee of Tampere University Hospital.  

 

Methods 

All patients studied by MRI were imaged with 1.5 tesla (T) MRI scanners and similar protocols in 

two centers. Three patients were imaged by CT followed by MRI investigations. One patient was 

imaged only by CT.  

 

MRI scans of the lower limb were obtained at the pelvis, thigh and lower leg levels with some 

variations in the specific levels depending on the facilities at the performing radiologic department. 

T1-weighted sequences (TR 1500ms, TE 15ms, slice thickness five mm) were obtained to identify 

fatty degenerative changes and axial sections were used to identify the individual muscles. Short T1 

inversion recovery (STIR) fat suppression sequences were also obtained to show muscle edema.  
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Results 

The patients showed a consistent pattern of specific muscle involvement usually visible already at 

onset of subjective muscle weakness. The muscles preferentially affected were: the soleus, adductor 

magnus, semimembranosus and biceps femoris involvement in the early course of the disease, 

followed soon by the medial gastrocnemius and adductor longus.  Later in the course of the disease 

the vasti muscles (lateralis, medialis and intermedius) of the quadriceps were also involved. 

However, even at this later stage the most severe fatty degenerative replacement still was confined 

to the muscles involved in the early stage, and thus the pattern could still be identified. The lateral 

gastrocnemius, rectus femoris, sartorius, gracilis and the anterolateral muscles of the lower legs 

were spared until very late stage. The evolution of muscle involvement patterns at various ages and 

disease durations is shown in Figure 3.  Upper limb muscles were affected clinically later in the 

course of disease with weakness and atrophy of biceps and shoulder muscles, but the upper limbs 

were not imaged comprehensively in this study. STIR imaging was inconclusive showing muscle 

edema in some cases.  

 

The most typical and pathognomonic pattern of muscle involvement as described above and which 

can be used in clinical practice for diagnostic purposes was easily observed in 21 out of  the 23 

studied patients. Compensatory hypertrophy was seen in gracilis and sartorius muscles in some 

patients.  

 

The variations of the typical pattern of muscle involvement are reported by detailing the findings in 

case studies (below) representing the mild (Patient 1, Figure 4 a and b) and the severe (Patient 3, 

Figure 5) end of disease spectrum besides the average typical (Patient 2, Figure 6).   
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Patients (FF1 II-8, III-12, IV-9, FF2 II-7, IT1 II-1, II-2, II-3, III-2 and IT2 II-5) who underwent 

serial MRI imaging at different stages of the disease showed distinct order of muscle involvement. 

Details of muscle involvement of each patient and the evolution of fatty degenerative muscle 

changes are shown in Table 1 (supplementary).  

 

Case studies 

Patient 1, FF1 III-8 

Patient 1 was 68 yrs old when she first was admitted to examinations. The index patient was her 

four years older cousin. She walked without walking aids but had noticed that walking up the stairs 

had become more difficult and sometimes had to pull herself up using hand rails. The first muscle 

imaging (CT) showed fatty degenerative changes in medial gastrocnemius, adductor magnus, long 

head of biceps femoris and semimembranosus. Muscle MRI was performed four years later 

showing markedly increased degenerative changes in the soleus, gastrocnemius lateralis, adductor 

longus, semitendinosus and vasti muscles of the quadriceps. The rectus femoris, sartorius and 

gracilis were spared as was the anterior compartment of the lower leg. At the age of 72 years she 

used walking aid but did not experience any upper limb weakness. Her creatine kinase (CK) value 

was slightly elevated 187 U/L (upper normal limit in female 150 U/L). This patient represents the 

mild late onset end of the spectrum of the disease. 

 

Patient 2, FF1 IV-8  

Patient 2 was 34 years old when he first noticed difficulty in walking up the stairs. Three years later 

he had difficulty in getting up from squat position and lifting heavy load from low position. With 

arrangements he was able to continue farming and managing a repair workshop. At the time of 

diagnosis (age 42) his CK value vas 820 U/L (upper normal limit in male 220 U/L). Muscle MRI 

was performed at the age of 44 (at 10 years of disease duration) with evidence of fatty degenerative 
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changes in the adductor magnus, semimembranosus, long head of biceps femoris, soleus and medial 

head of gastrocnemius. When last seen at the age of 49 he was still working but had developed 

atrophy in deltoid and biceps muscles as well. He had no pain, no dysfagia or other complaints. The 

patient represents a rather typical form of the disease spectrum  

 

Patient 3, FF5 III-1 

Walking difficulties were noticed at the age of 30 years. He was referred to neurological 

examination only several years later, at the age of 45 when he had had considerable difficulties in 

walking up the stairs already for years. In the muscle MRI both posterior and pelvic muscles were 

severely affected including gluteus maximus and medius, biceps femoris, adductor magnus and 

longus, semitendinosus and semimembranosus. Total replacement with fatty connective tissue was 

also present in soleus and both gastrocnemius medialis and lateralis muscles. Vastus lateralis, 

medialis, intermedius, and sartorius muscle were also showing marked fatty degenerative changes. 

Rectus femoris and gracilis muscles on the thigh and anterolateral lower leg muscles were spared. 

The patient represents the more severe evolution part of the disease spectrum.  
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Discussion 

We have previously described the core clinical features associated with dominant 7q36-associated 

LGMD (LGMD1D) [19]. Refinement of the genetic locus followed [20], and we subsequently 

reported the definite gene and mutations in DNAJB6 underlying LGMD1D [21]. The molecular 

pathomechanism of the disease is based on decreased chaperone function leading to protein 

accumulations and autophagic pathology in the muscle fibers. In the process of identifying new 

families for the genetic studies we succesfully used MRI findings as a selection tool. 

 

In this study we performed a systematical analysis of muscle CT and MRI imaging findings in all 

known LGMD1D families in Italy and Finland. The total number of examined patients in the 

families was 28 and of these 23 patients were examined by muscle imaging. In addition to the 

families reported in the molecular and genetic study [21], one new Finnish family sharing the 

previously known F93L mutation in DNAJB6 was identified and examined for this study.  

 

Despite the increasing severity with the increase of disease duration almost all our patients (21/23) 

showed the similar pattern of muscle involvement. In fact, three families were identified because of 

the characteristic pattern of muscle involvement by MRI as described in this report. Longitudinal 

follow-up studies showed progression of muscle involvement in certain order (Table1, 

supplementary). At the early stages of the disease fatty degeneration of the muscle was observed in 

the soleus, adductor magnus, semimembranosus and biceps femoris muscles. Later gastrocnemius 

medialis and adductor longus were involved, followed by the vastus lateralis, medialis and 

intermedius muscles of the quadriceps. Rectus femoris, lateral gastrocnemius, sartorius, gracilis, 

deep toe flexors and the anterolateral group of lower leg muscles were spared until late senecence. 

This pattern of muscle involvement is so characteristic that it can be considered as differential 
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diagnostic examination for LGMD1D. STIR imaging results were inconclusive showing edema in 

some patients but not as a pattern. 

 

Muscle imaging studies in the dominantly inherited LGMD forms are few.  Findings in a rather low 

number of patients have been published in myotilinopathy (LGMD1A), laminopathy (LGMD1B) 

and caveolinopathy (LGMD1C) [22,23]. Muscle imaging findings in recessive LGMD forms have 

been described more frequently (LGMD 2A, B, D, F, I and L) [8, 24–26]. A collection of patterns 

of muscle MRI findings in different muscular dystrophies and myofibrillar myopathies are 

presented in Figure 1. However, the degree of variation in patterns within the individual genetic 

forms is generally higher than with LGMD1D [27,28].  

 

Muscle CT imaging has been widely used in the past. Although fast and relatively applicable, it has 

a disadvantage of a high radiation dose and is not recommended for use in neuromuscular imaging, 

especially in children [13]. Imaging muscle by MRI is a safe, painless and informative way to 

mapping affected muscle groups and the precise involvement of individual muscles. It provides a 

high soft tissue contrast that allows good assessment of striated muscles concerning shape, volume 

and tissue structure. Furthermore, comparative studies using both CT and MRI techniques have 

shown that MRI has a higher sensitivity than CT for identifying early fatty replacement in muscle, 

provides better anatomical details, and detects the presence of edema within muscle. Recommended 

procedures in muscle imaging has been discussed in 2008 European Neuromuscular Center 

(ENMC) workshop meeting although some uniform guidelines have been largely followed earlier 

[4,13,29].  

 

LGMDs are a large group of diseases in which differential diagnosis remains difficult. Furthermore, 

different ethnic populations have different proportions of the known genetic forms [21]. In 
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LGMD1D MRI imaging findings provide an early access to differential diagnosis and direction of 

molecular assessment to diagnose the patients. 
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Figure legends 

Figure 1. Patterns of muscle involvement in different LGMD and MFM diseases (at 5–15 years of 

disease duration) based on non-published clinical experience among the authors. Black, early and 

most severely involved muscles; Grey, later or moderately involved muscles; White, relatively 

spared muscles. Glu, gluteus maximus and medius; RF, rectus femoris; VL, vastus lateralis; VM, 

vastus medialis; VI, vastus intermedius; Sa, sartorius; Gr, gracilis; AM, adductor magnus; AL, 

adductor longus; Sm, semimembranosus; St, semitendinosus; BF, biceps femoris; GM, 

gastrocnemius medialis; GL, gastrocnemius lateralis; So, soleus; TA, tibialis anterior; Pe, peroneus 

longus and brevis. 

 

Figure 2.  Pedigrees of six Finnish and two Italian families. Affected individuals are marked as 

black. Clinically examined patients are marked with a star. 

 

Figure 3. Muscle involvement patterns of various patients and disease durations. 

 

Figure 4 a.  Muscle CT of patient 1 at the age of 68 (approximately eight years of disease duration) 

showing fatty degenerative changes in medial gastrocnemius, soleus, adductor magnus and longus, 

semimembranosus and biceps femoris. 

 

Figure 4 b. MRI of the same patient as in figure 4 a four years later at the age of 72 years (12 years 

of disease duration).  Fatty degenerative changes have advanced in all before affected muscles but 

also vasti muscles and all hamstring and posterior calf muscle groups as well. 
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Figure 5. Muscle MRI of patient 3 at the age of 47 (approximately 17 years of disease duration). 

Advanced dystrophic changes in glutei and  vasti muscles, adductors, semitendinosus and 

semimembranosus, biceps femoris, soleus and both lateral and medial gastrocnemiuses. 

Figure 6. Muscle CT of patient 2 at the age of 44 (ten years of disease duration) showing fatty 

degenerative changes in soleus, adductor magnus and longus, semimembranosus and biceps 

femoris.  
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Table 1. Imaging findings of the Finnish and Italian families (FF 1–6 and IT 1–2) scaled with Fischer’s four-stage scale where 0 marks for unaffected 

muscle and 4 muscle that has been completely replaced by fat and connective tissue.  

Patient (sex) Age of onset Age at imaging Mutation Thigh muscles       Lower leg muscles 

    RF VL AM AL GR SM ST BF SO GM GL TA 

FF1               

III-6 (M) 50 78 MRI*  c.279C>G 0 3 4 4 0 4 4 4 4 4 3 0 

III-8 (F) 60 68 CT* c.279C>G 0 0 3 1 0 1 0 2 1 3 0 0 

  72 MRI c.279C>G 0 1 4 2 0 3 2 3 3 4 1 0 

III-12 (F) 35 62 CT c.279C>G 0 3 4 3 0 3 4 4 3 4 3 0 

  69 MRI c.279C>G 0 4 4 4 0 4 4 4 4 4 4 0 

  72 MRI c.279C>G 0 4 4 4 0 4 4 4 4 4 4 0 

IV-7 (M) 30 32 MRI c.279C>G 0 0 3 2 0 0 0 2 3 1 0 0 

IV-8 (M) 34 44 CT c.279C>G 0 0 3 2 0 0 0 2 3 1 0 0 

IV-9 (F) 30 43 MRI c.279C>G 0 0 2 1 0 1 1 2 2 2 0 0 

  46 MRI c.279C>G 0 0 3 3 0 3 2 3 4 3 0 0 

IV-10 (M) 20 45 MRI c.279C>G 0 0 3 0 0 1 0 3 4 3 0 0 

FF2               

II-4 (F) 50 67 MRI c.279C>G 0 1 2 0 0 1 1 3 NA NA NA NA 

II-7 (M) 45 56 CT c.279C>G 0 0 3 1 0 1 1 3 4 1 0 0 

  58 MRI c.279C>G 0 1 4 2 0 2 2 4 4 3 1 0 

FF3               



III-1 (M) 38 48 MRI c.279C>G 0 1 3 2 0 2 1 2 4 2 1 0 

FF4               

II-2 (F) 40 72 MRI c.279C>G 0 0 3 1 0 2 2 4 4 2 1 0 

III-1 (M) 28 47 MRI c.279C>G 0 3 4 4 0 4 3 4 4 3 1 0 

FF5               

III-1 (M) 30 47 MRI c.279C>G 0 2 4 4 0 4 4 4 4 4 4 0 

FF6               

III-1 35 51 MRI c.279C>G 0 3 4 4 0 3 4 4 4 4 1 0 

IT1               

II-2 (M) 35 40 MRI c.279C>A 0 0 2 1 0 0 1 0 2 0 0 0 

  42 MRI c.279C>A 0 0 2 1 0 1 1 2 2 1 1 0 

  54 MRI c.279C>A 0 1 3 2 0 2 2 3 3 3 3 0 

  68 MRI c.279C>A 0 3 4 4 0 4 4 4 4 4 4 0 

II-6 (M) 22 26 MRI c.279C>A 0 0 1 1 0 1 1 1 2 2 0 0 

  45 MRI c.279C>A 0 0 1 3 0 1 1 2 3 3 3 0 

II-8 (F) 20 22 MRI c.279C>A 0 0 1 1 0 1 1 1 3 3 0 0 

  35 MRI c.279C>A 0 2 1 1 0 1 1 1 4 4 2 0 

III-2 (F) 28 45 MRI c.279C>A 0 2 3 3 0 0 0 3 3 3 2 0 

III-3 (F) 20 23 MRI c.279C>A 0 0 3 3 0 0 0 1 3 0 0 0 

  37 MRI c.279C>A 0 2 4 4 0 4 4 4 4 3 0 0 

  46 MRI c.279C>A 0 2 4 4 0 4 4 4 4 3 2 0 



IT2               

I-1 (F) 60  69 MRI c. 277T>C 0 2 2 0 0 1 1 1 1 0 0 0 

II-2 (F) asymptomatic 51 MRI c. 277T>C 0 1 2 1 0 1 1 2 0 0 0 0 

II-4 (F) asymptomatic 43 MRI c. 277T>C 0 1 0 0 0 1 1 0 0 0 0 0 

II-5 (M) 30 34 MRI c. 277T>C 0 0 3 0 0 1 0 2 4 2 0 0 

  36 MRI c. 277T>C 0 0 3 1 0 1 1 3 4 2 0 0 

  37 MRI c. 277T>C 0 0 4 1 0 1 1 3 4 3 1 0 

  39 MRI c. 277T>C 0 0 4 1 0 1 2 4 4 3 1 0 

  42 MRI c. 277T>C 0 0 4 1 0 1 3 4 4 3 2 0 

 

*, method of imaging. 

RF, rectus femoris; VL, vastus lateralis; AM, adductor magnus; AL, adductor longus; GR, gracilis; SM, semimembranosus; ST, semitendinosus; BF, biceps 
femoris; SO, soleus; GM, medial gastrocnemius; GL, lateral gastrocnemius; TA, tibialis anterior. 
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Abstract 

Limb girdle muscular dystrophies are a large group of both dominantly and recessively inherited muscle 

diseases.LGMD1D is caused by mutated DNAJB6 and the molecular pathogenesis is mediated by defective 

chaperonal function leading to impaired handling of misfolded proteins which normally, without the defect, 

would be degraded and re-cycled.  

We have followed six Finnish families with LGMD1D, some of them for decades, and previously reported 

clinical, genetic and magnetic resonance imaging (MRI) findings of the disease. We analysed 21 muscle 

biopsies obtained from 15 patients in these unrelated families at different time points after the onset of 

symptoms. All biopsies were obtained from the lower limb muscles and processed for routine 

histochemistry, extensive immunohistochemistry and electron microscopy.  

Histopathological findings were myopathic or dystrophic combined with rimmed vacuolar pathology, and in 

the early stages of the disease scattered and often easily overlooked, small myofibrillar aggregates. These 

myofibrillar inclusions contained abnormal accumulation of a number of proteins such as myotilin, αB-

crystallin and desmin on immunohistochemistry, and showed extensive myofibrillar disorganization with 

excess of Z-disk material on ultrastructure. Later in the disease process the rimmed vacuolar pathology 

dominated with rare cases of pronounced larger pleomorphic myofibrillar aggregates. The rimmed vacuoles 

were reactive for several markers of defect autophagy such as ubiquitin, TDP-43, p62 and SMI-31.  

Since DNAJB6 is known to interact with members of the chaperone assisted selective autophagy complex 

(CASA), including BAG3 – a known myofibrillar myopathy causing gene, the molecular muscle pathology 

is apparently mediated through impaired functions of CASA and possibly other complexes needed for the 

maintenance of the Z-disk and sarcomeric structures. 

Keywords: LGMD1D, DNAJB6, myopathy, autophagy, CASA 
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Introduction 

Limb girdle muscular dystrophy (LGMD) 1D is an autosomal dominant myopathy usually with late onset of 

weakness at the age of 30–60 and slow progression, although more aggressive forms can occur [1]. The 

disease affects mainly the lower limb muscles with a particular pattern of preferential involvement [2]. 

Typically the first symptom is difficulty in climbing stairs. Loss of ambulation does not occur until late 

senescence, except for the aggressive form of the disease. Some patients may suffer from dysphagia or 

dysarthria.  Phenotype descriptions and families from different ethnic populations have been reported [3, 4]. 

Myofibrillar myopathies (MFMs) are a group of myopathies that share common morphological findings but 

have different molecular etiologies [5, 6]. MFMs are characterized by a distinct pathological pattern of dark 

and hyaline cytoplasmic changes on trichrome staining corresponding to myofibrillar dissolution and 

accumulation of myofibrillar degradation products causing accumulated expression of several proteins, 

including desmin, myotilin, alphaB-crystallin and occasional amyloid material. On electron microscopy 

pathological alterations are marked in Z-disc structures leading to Z-line streaming and dispersion of dark Z-

disc components [7]. A novel term: Protein aggregate and vacuolar myopathy, comprises a larger spectrum 

of myopathies unified by their pathological features, including the myofibrillar myopathies and various 

rimmed vacuolar myopathies with protein aggregates or inclusions [8].   

We have previously reported preliminary data on muscle biopsy findings in patients with p.F93L mutation in 

DNAJB6 [1, 9] and Sato et al. have reported biopsy findings in five LGMD1D patients [10] with the p.F93I 

mutation. In our current study of a large biopsy material of LGMD1D patients we show consistent 

pathological changes in the routine histopathology that can be used to direct the molecular genetic 

confirmation of the final diagnosis. Moreover, we show that the abnormal protein accumulations follow a 

sequential evolution from the early stage of small central myofibrillar lesions to the later stage of widespread 

myofibrillar disintegration with and autophagic rimmed vacuolar pathology in atrophic degenerating fibers.  
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Materials and methods 

15 patients from six unrelated Finnish families were studied, four of them had two and one patient three 

biopsies, with an age range from 47 to 78 years. Patient data and their clinical findings are presented in table 

1. Clinical examination data was available from 13 patients.  All patients were heterozygous for the DNAJB6 

mutation p. F93L. Pedigrees of the families FF1–6 are presented in figure1. 

Table 1. Clinical summary. 

ll, lower limb; ul, upper limb. Clinical findings at the time of clinical examination, within one year of muscle biopsy 
sample time (or latest biopsy, if many). Creatine kinase (CK) normal upper limits 400 for men, 210 for women. 

 

All together 21 muscle biopsy samples from four anatomically different muscles were collected (VL, GLU, 

S, GM). Fresh-frozen 10µm cryostat sections of muscle tissue were stained with routine histochemical 

techniques [11, 12]. Frozen sections of 6 µm thickness were cut and mounted on superFrost plus slides. 

Immunohistochemical staining was performed with the Ventana BechMark immunoautomate (Roche Tissue 

Diagnostics, Inc. AZ 85755) with antibodies and dilutions detailed in table 2. The immunoreactions were 

visualized with a Ventana peroxidase based detection kit (UltraView Universal DAB detection system kit, 

Roche Tissue Diagnostics, Inc. AZ 85755). Stained sections were dehydrated using a gradient of ethanols 

and xylene and mounted with a solvent based mounting media. 

 

Antibodies applied for immunohistochemical stainings are detailed in table 2. 

Patient  Sex 
Age of  
onset 

Age at 
 muscle biopsy 

Symptoms 
(when examined) CK EMG Other 

FF1        
III-6 M 50 74 ll severe, ul mild 400 na  
III-8 F 60 69 ll mild, ul mild 187 myopathic  
III-12 F 35 47, 63, 72 ll severe, ul moderate 338 myopathic  
IV-7 M 34 46, 48 ll moderate, ul moderate 789 myopathic dysphagia 
IV-8 M 30 38 ll mild, no ul 820 myopathic  
IV-9 F 30 38, 42 ll moderate, ul mild 375 myopathic  
IV-10 M 20 44, 49 ll moderate, ul mild 175 myopathic  
FF2        
III-4 F 50 63 ll mild, no ul 520 myopathic  
FF3        
IV-1 M 38 49, 51 ll, severe, ul moderate 600 myopathic dysarthria, ll pain 
FF4        
III-2 F 40 62 ll mild, slow course “normal” myopathic  
IV-1 M 28 31 ll mild, ul mild 1900 myopathic  
FF5        
IV-1 M 30 47 ll severe, ul mild “normal” myopathic dysphagia 
FF6        
IV-1 M 40 51 ll, severe, ul moderate 800 myopathic  
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Table 2.  Antibodies used in immunohostochemical stainings, their dilutions and supplier. 

 

Ultrastructural studies were performed on ten patients. Muscle specimens were processed for semithin and 

ultrathin sections according to standard methods [13] and examined with JEOL 1400 transmission electron 

microscope (JEOL, Japan). Electron micrographs were taken by Olympus-SIS Morada digital camera 

(Olympus Soft Imaging Solutions, Munster, Germany). 

 

 

 

Antibody Dilution Supplier 

Myotilin 1:50 Leica Biosystems, Novocastra  
ABC 1:10 Leica Biosystems, Novocastra  
Desmin 1:800 Biogenex  
Dystrofin 2 (c-terminus) 1:100 Leica Biosystems, Novocastra  
SMI-31 1:1000 Biosite 
TDP-43 1:175 Proteintech Europe 
P62 (SQSTM1)  1:100 Santa Cruz Biotechnology 
Ubiquitin 1:300 Dako  
LAMP2 1:50 Southern Biotech  
LC3 1:50 Novus Biologicals  
LC3B 1:50 Cell Signaling technology 
VCP 1:600 Thermo Scientific 
FHL-1 1:200 Lifespan biosciences  
DNAJB6 1:100 Abnova 
HSPB8 1:200 Abcam 
BAG3 1:800 Proteintech Europe 
Dystrophin 1 (rod domain) 1:40 Leica Biosystems, Novocastra  
Dystrofin 2 (c-terminus) 1:100 Leica Biosystems, Novocastra  
Dystrophin 3 (N-terminus) 1:20 Leica Biosystems, Novocastra  
Dysferlin 1:200 Leica Biosystems, Novocastra  
α-Sarcoglycan 1:100 Leica Biosystems, Novocastra  
β-Sarcoglycan 1:100 Leica Biosystems, Novocastra  
γ-Sarcoglycan 1:15 Leica Biosystems, Novocastra  
α -Dystroglycan 1:200 Millipore, Upstate  
Caveolin 3 1:150 Santa Cruz Biotechnology 
Merosin Laminin Alpha 2 Chain 1:500 USBiological  
Utrophin 1:20 Leica Biosystems, Novocastra  
Spectrin 1:50 Leica Biosystems, Novocastra  
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Results 

Clinical summary of the patients is presented in table 1.  

On light microscopy general myopathic or dystrophic features of variable severity depending on the stage of 

the disease were observed in all cases: fibrosis and fatty replacement of the muscle tissue, fiber size variation 

with atrophic and occasional hypertrophic fibers and central nucleation (Figure 2a, b). There were occasional 

split fibers, necrotic and regenerating fibers, as well as focal endomysial mononuclear cells (Table 3a). A 

uniform microscopic finding was the presence of distinct areas of myofibrillar abnormalities. In addition, 

rimmed vacuolar pathology was found in all cases. In the early stage pathology these myofibrillar lesions 

were characteristically small in size and often in a few fibers only, making them difficult to distinguish. On 

transverse sections they appeared as rounded dense aggregates on H&E staining and were often more easily 

identified on the modified trichrome stain as dark green areas. In these regions oxidative enzyme stainings 

were often weak, however without very distinct core pathology. On longitudinal sections the myofibrillar 

lesions were wavy in shape extending over several sarcomeres in length. They occurred in fibers with normal 

caliber and were usually not located in the periphery of the fibers. Both fiber types were equally involved. In 

the late stage of the disease the rimmed vacuolar pathology was usually very prominent, and in a few 

biopsies a large number of fibers containing pleomorphic myofibrillar masses reminiscent of a classic 

myofibrillar myopathy were seen (Table 3a). These pleomorphic regions were occasionally congophilic and 

showed apple-green birefringence viewed under polarized light. 

Table 3a. Myopathological findings. Internal nuclei amount assessed as: –, absent; (+), existent in < 1%; +, 
existent up to 5%; ++, existent in 6–20%; +++, existent in over 20% of the fibers. Fibrosis and fatty 
degeneration:  –, no fibrosis, fatty degeneration; +, mildly increased; ++, moderately increased. 
Table 3b. Immunohistochemical findings. –, normal, no immunoreactivity; +, present immunoreactivity; ++, 
prominent immunoreactivity. 

 

On immunohistochemistry moderate or strong expression of several proteins including myotilin, desmin and 

alphaB-crystallin were shown in the myofibrillar lesions with aggregates (Figure 3a, b, c) (Table 3b), and 

dystrophin showed ectopic expression of mild or moderate intensity in the same regions (Figure 3d). The 

extent of the aggregate pathology was variable depending on the stage of the disease. The protein 

accumulations also contained all tested CASA complex proteins such as BAG3, heat shock protein (HSP) 

B8, and DNAJB6 itself (Figure 3e, f, g). The rimmed vacuoles showed material with reactivity for several 

markers of defect degradation and autophagic processing such as ubiquitin, valosin-containing protein 

(VCP), TDP-43, p62 and SMI-31 (Table 3b) (Figure 4a, b, c, d, e). These rimmed vacuolar regions of local 

degeneration were filled with autophagosomes as shown by LC3 reactivity, whereas components of mature 

lysosomes expressing LAMP2 were less abundant or absent in the rimmed vacuolar spaces (Figure 4f, g). 

Antibodies applied for the sarcolemmal proteins showed normal findings (Table 2). 
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On electron microscopy the myofibrillar lesions showed severe structural sarcomere disarrangement 

associated with prominent excess and dispersion of disintegrated Z-disk material (Figure 5). Other frequent 

findings included autophagic regions with vesicles, myeloid figures and debris material, and fibers with 

multiple small vacuoles appearing to arise from the sarcoplasmic reticulum. A rare finding was the presence 

of occasional tubulofilamentous intranuclear or cytoplasmic inclusions in two cases. 

7 
 



Discussion 

The muscle pathology in our study of DNAJB6 mutated LGMD1D shows distinct findings that should 

provide clues for a correct diagnostic approach even in a sporadic patient without known family history. On 

light microscopy the most common finding was the presence of early stage myofibrillar disintegration with 

small myofibrillar aggregates distributed in scattered fibers. Only in rare cases large and pleomorphic 

aggregates more characteristic of typical myofibrillar myopathy were seen. 

Secondary inflammatory changes that often may occur in genetic myopathies were observed in 

approximately half of the DNAJB6 mutant biopsies. However, the endomysial inflammatory cells were few 

in number without larger infiltrates and no invasion in non-necrotic fibers was observed. In addition, there 

was no significant expression of MHC HLA Class I, thus clearly preventing any confusion with sporadic 

inclusion body myositis (s-IBM) despite the rimmed vacuolation. In addition, no significant numbers of 

cytochrome oxidase-negative muscle fibers or ragged red fibers were present. Clinically the involvement of 

hamstrings was always more severe than the quadriceps and without the finger flexor weakness as with s-

IBM. 

The ultrastructural findings in myofibrillar myopathies may show differences in the genetically different 

myopathies [14]. Compared to myotilinopathy the changes in LGMD1D show less frequently 

tubulofilamentous accumulations and no basement membrane thickening, described in myotilinopathy [14]. 

In zaspopathy filamentous accumulations in bundles are frequent and intrasarcoplasmic rods common, but 

were not observed in LGMD1D. Desminopathies characteristically show cytoplasmic electrondense reticular 

granulofilamentous accumulations, in addition to areas with sarcomere disorganization and Z-disk 

alterations. Areas of amyloid-like material often adjacent to granulofilamentous inclusions or in vacuolated 

fibers can also be found in desminopathy, as well as other myofibrillar myopathies [7, 15]. Reticular desmin 

aggregates or amyloid deposits were not found ultrastructurally in the studied LGMD1D biopsies. The large 

complexes of electrodense granulofilamentous accumulations and sandwich formations in desminopathy and 

αB-crystallinopathy and filamentous bundles and extensive Z-disk alterations in myotilinopathy and 

zaspopathy were not observed ultrastucturally in LGMD1D. 

The autophagic degenerative component of the pathology in LGMD1D with the basic features of rimmed 

vacuoles on light microscopy and disorganized myofibrillar structures, Z-line dispersion, and dilatation of 

sarcoplasmic reticulum into vacuolar formations on ultrastructure are not particularly different compared to 

the similar pathology of the other myofibrillar myopathies or s-IBM. However, eosinophilic inclusions in the 

rimmed vacuoles that occasionally may be observed in s-IBM were rare in the LGMD1D samples. 

LGMD1D is caused by mutations in DNAJB6 gene [9]. DNAJB6 belongs to the evolutionarily conserved 

DNAJ / HSP40 family of proteins, which regulate molecular chaperone activity by stimulating ATPase 

activity [16]. DNAJB6 is expressed in many tissues [17] with its highest expression in brain. Its association 
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to skeletal muscle disease was shown in 2012 [9].Our previous studies suggested DNAJB6 involvement in 

the CASA pathway, a major mechanism in protein re-cycling and turnover for the maintenance of Z-disc 

sarcomeric integrity. We have in our previous work found that DNAJB6 interacts with several members of 

CASA complex: BAG3, HSPA8, STUB1 and HSPB8 [9]. In this study we also demonstrate in patient 

muscle biopsies the involvement of these proteins, thus confirming the results shown with the F93I mutation 

[10]. The dominant toxic effect of the mutant F93L decreases the anti-aggregational effect of DNAJB6 and 

makes the whole chaperonal complex in which DNAJB6 is involved less effective, leading to protein 

aggregations and secondary autophagic abnormalities with rimmed vacuolar pathology.  Because of the 

defective DNAJB6 function Z-disc components are disturbed and accumulate first (myotilin, desmin, αB-

crystallin, BAG3) followed by defective autophagy which can be seen as staining of rimmed vacuolar 

markers LC3, VCP, TDP-43, SMI-31 and p62 increasing with disease duration. These findings, when 

observed in the clinical diagnostic praxis, in particular the early changes of smaller myofibrillar aggregates 

in normal sized fibers should direct the further diagnostic efforts towards DNAJB6 and LGMD1D disease.  

As discussed above the pathology is different from the other more prevalent autosomal dominant limb-girdle 

muscular dystrophies; markedly different from the nonspecific pathology in LGMD1B and LGMD1C and 

also distinct from the more closely related LGMD1A myotilinopathy.  

Authors take full responsibility of the data, the analyses and the interpretation. All patients have given their 

informed consent prior to their inclusion in the study. All investigations have been performed in accordance 

of with Declaration of Helsinki and its amendments. This study has been approved by the ethical committee 

of Tampere University Hospital. The authors declare that they have no conflicts of interest.  
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Figure legends 

Figure 1. Pedigrees of Finnish families FF1–6. Black figures represent affected individuals. 

Figure 2a. On H&E staining on gastrocnemius lateralis muscle of 51-year-old male (FF3, IV-1) mild 

endomysial fibrosis as well as fiber size variation, internal nuclei, one atrophic rimmed vacuolated fiber and 

small centrally located myofibrillar aggregates mainly in non-atrophic fibers are evident. 

Figure 2b. In modified trichrome staining of the same muscle the aggregates appear as darker stained areas. 

Figures 3a, b, c. Vastus lateralis muscle of 72-year-old female (FF1, III-12): moderate or strong expression 

of proteins myotilin (a), desmin (b) and alphaB-crystallin (c) in the myofibrillar lesions with aggregates on 

immunohistochemistry. 

Figure 3d. Dystrophin-2 showed ectopic expression of mild or moderate intensity in the same regions. 

Figures 3e, f, g. The protein accumulations showing CASA complex proteins BAG3 (e), HSPB8 (f), and 

DNAJB6 (g). 

Figures 4a, b, c, d, e. The same patient and muscle as in figure 3. The rimmed vacuoles showed material 

with reactivity for several markers of defect degradation and autophagic processing such as ubiquitin (a), 

VCP (b), TDP-43 (c), p62 (d) and SMI-31 (e). 

Figures 4f, g. The rimmed vacuolar regions of local degeneration filled with autophagosomes, shown by 

LC3 (f) reactivity, components of mature lysosomes expressing LAMP2 (g). 

Figure 5. Electron micrograph from the vastus lateralis of a 69-year-old female (FF1, III-8) shows loss of the 

normal sarcomeric structure with excess dispersed wavy Z-disk material. 
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