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Abstract Progressive myopathy of a limb-girdle distri-
bution and bone fragility is a rare autosomal dominant
disorder of unknown etiology. Affected individuals,
within this family, present with various combinations of
progressive muscle weakness, easy fracturing, and poor
healing of long bones. Additional features include pre-
mature graying with thin hair, thin skin, hernias, and
clotting disorders. Electromyograms show myopathic
changes and biopsies reveal non-specific myopathic
changes. Skeletal radiographs demonstrate coarse trab-
eculation, patchy sclerosis, cortical thickening, and
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narrowing of medullary cavities. We report genetic
mapping of this disorder to chromosome 9p21-p22 in a
multigenerational family. A genome-wide scan for the
disease locus obtained a maximal LOD score of 3.74 for
marker GATA87E02 N (D9S1121). Haplotype analysis
localized the disease gene within a 15 Mb interval
flanked by markers AGAT142P and GATASEOG6P. This
region also localizes diaphyseal medullary stenosis with
malignant fibrous histiocytoma (DMS-MFH). Identifi-
cation of the disease gene will be necessary to under-
stand the pathogenesis of this complex disorder.

Introduction

Hereditary myopathy of limb-girdle distribution and
bone fragility is a rare, complex, and debilitating auto-
somal dominant disorder (Mehta et al. 2005). The family
studied here for genetic mapping was originally reported
(Henry et al. 1958) as having autosomal dominant ‘limb-
girdle muscular dystrophy’ with easy fracturability and
poor healing of the long bones. Among affected living
family members and deceased individuals whose medical
records were assessed (three males and four females),
88% of subjects had adult-onset proximal and distal
muscle weakness with a mean age at presentation of
29 years, and 77% had fractures and poor healing of
major long bones beginning at a mean age of 18 years.
Premature graying of hair and thin skin was observed in
several individuals. Electromyograms showed early
recruitment of small amplitude motor unit potentials
and non-specific myopathic changes, and nerve con-
duction studies were unremarkable. Muscle biopsy
specimens revealed non-specific myopathic changes,
with no necrotic regenerating fibers, inflammatory
infiltrates, or structural abnormalities, and immunohis-
tological stains were normal. Serum creatine phospho-
kinase levels were normal-to-mildly elevated. Skeletal



radiographs revealed coarse sclerotic trabeculation with
cortical thickening and narrow medullary cavities of the
long bones. Histopathology of bone showed osteoma-
lacia-like changes in addition to appearances of infarc-
tion in some individuals. Fractures were slow to heal.
Many affected individuals also had osteomyelitis that
was difficult to treat, sometimes leading to amputations.

Materials and methods
Family enrollment

Informed consent was obtained from each volunteer
prior to participation as approved by Children’s Hos-
pital, Boston, MA. The pedigree is of Irish-English
descent and is depicted in Fig. 1. Male-to-male trans-
mission indicated autosomal dominant inheritance.
Genomic DNA was extracted from 5 mls of whole blood
using standard protocols (Watts et al. 2004).

Clinical evaluation

The diagnosis of myopathy was based on proximal
muscular weakness on physical examination and ele-
vated serum creatine kinase activity, and in several
individuals by EMG changes or muscle biopsy findings.
Skeletal disease was identified by radiographic skeletal
surveys including the skull, spine, hips, long bones,
hands and feet, and measurement of serum alkaline
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phosphatase activity. Skin biopsy for collagen studies
was obtained in the proband and was normal in the
laboratory of Dr. Peter Byers, Collagen Diagnostic
Laboratory, University of Washington Health Sciences
Center, Seattle, WA.

Linkage analysis

DNA from 22 individuals underwent a genome-wide
search at the National Heart, Lung, and Blood Institute
Mammalian Genotyping Service (Marshfield, WI). A
total of 402 microsatellite markers spanning the entire
human genome were analyzed. All individuals included
in the analysis were above 18 years of age. The disease
was modeled as an autosomal dominant trait with age-
dependent reduced penetrance. It was assumed that
there were no phenocopies.

Lod score calculations

Four independent risk classes were identified and the
estimated penetrance values were as follows: I, 0-18 years
old, 0.01; II, 19-40 years old, 0.83; III, 41-45 years old,
0.90; and IV, >45 years, 0.95. Because the trait is rare, a
disease allele frequency of 0.00001 was used in the anal-
ysis. Two-point linkage analysis was carried out using the
MLINK program of the FASTLINK computer package
(Cottingham et al. 1993). The marker-allele frequencies
were estimated from the data by means of both observed
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Fig. 1 Haplotype analysis in the pedigree. Individuals having
muscle disease are denoted by blackened, top-right, quarter symbols;
the bone disease is denoted by blackened, bottom-right quarter,
symbols; males are denoted by squares; circles denote females; and a
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diagonal line through a symbol indicates deceased persons. Markers
are listed from telomere (fop) to centromere (bottom). The disease-
linked haplotype is boxed
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and reconstructed genotypes of founders within the
pedigree. Sex-averaged genetic recombination maps were
used to derive the intermarker distances. Genotypes were
reconstructed where necessary. Linkage was considered
established to a locus if an LOD score of at least + 3 was
obtained, and was considered excluded if an LOD score
of less than —2 was found.

Mutation analysis

Primers for PCR amplification and subsequent
sequencing of candidate genes TYRP1 and ADAMS-
TL1 were designed using software at the Primer3
Web site (http://frodo.wi.mit.edu/cgi-bin/primer3/pri-
mer3_www.cgi) to flank all the exon—intron boundaries.
PCR amplification, sequencing reactions, and mutation
analysis were performed as described elsewhere (Watts
et al. 2005).

Results
Clinical findings

Twenty-two living individuals (7 affected, 12 unaffected,
and 3 spouses) representing three generations partici-
pated (Fig. 1). Clinical data was available for seven
living affected subjects (three men and four women) as
well as further clinical information for the six deceased
affected individuals reported by Henry et al. (1958). In
this family with limb-girdle myopathy, a distinctly
unusual feature is fractures that precede the myopathy.
Fractures are primarily of the long bones in the lower
extremities, particularly the femora. Broken bones do
not heal well leading to complications (in particular
osteomyelitis resistant to treatment). Radiographs reveal
coarse, sclerotic trabeculation with increased cortical
thickening of the long bones and narrow medullary
cavities (Fig. 2). Bone fragments taken recently from a
fracture repair of the propositus were embedded without
decalcification in methymethacrylate, sectioned, and
stained with toluidine blue which highlights osteocytes
(purple) and osteoid (blue bands). Some cortical bone
fragments (Fig. 3a) showed irregularly shaped spaces
filled with fibrous tissue, some lined by osteoid. Osteo-
cytes within these areas were prominent and distributed
unevenly. Other bone fragments (Fig. 3b) showed
unremarkable cortical bone with a normal arrangement
of osteons bearing a circular central canal, with a con-
centric array of surrounding small osteocytes. No large
“Pagetoid” osteoclasts or cement (reversal) lines were
present in this specimen to indicate Paget’s disease of
bone (PDB). Although osteomalacia-like changes in
addition to infarction were previously reported in some
individuals, this was not seen in this patient’s specimen.
Fractures had been slow to heal. Many individuals suf-
fered osteomyelitis, which has been difficult to treat,
leading to amputations in some cases.

Fig. 2 Radiograph of the right hip of the proband shows coarse,
sclerotic trabeculation with patchy cortical thickening and reduced
medullary space affecting the femur

Locus mapping

As part of our overall approach to identify the genetic
defect underlying this syndrome, exclusion linkage
studies were undertaken in this multigenerational family
to the LGMD and other myopathy loci (Mehta et al.
2005). The known bone disorders with overlapping
pathological features, such as inclusion body myopathy,
PDB and frontotemporal dementia (IBMPFD), Camu-
rati-Engelmann disease (CED), familial expansile oste-
olysis, juvenile Paget’s disease, and Kenny-Caffey
disease were excluded by sequencing of the genes
encoding VCP (valosin containing protein), TGFBI,
RANK (TNFRSFI11A4), OPG (TNFRSFI11B), and Se-
questosome 1 (SQSTM1), and by the lack of distinctive
radiological features of these conditions, respectively. A
maximal LOD score (Z,,x) of +3.74 was obtained with
marker GATAS87E02N, establishing linkage to chro-
mosome 9p23-p21.1 for the pedigree (Table 1).
Haplotype analysis indicated that two markers,
ATAGI142P and GATAS87E02N, were non-recombinant
with the disease phenotype in the pedigree (Figs. 1, 4).
Affected individuals 4, 5 and 12 define the telomeric
boundary of the region by a recombination event
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Fig. 3 Bone fragments from fracture repair were embedded
without decalcification in methymethacrylate, sectioned, and
stained with toluidine blue. Some fragments of cortical bone show
irregularly shaped spaces filled with fibrous tissue, some lined by
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osteoid (arrows), and an uneven distribution of osteocytes (a).
Other fragments represent unremarkable cortical bone, with a
regular arrangement of a circular, central canal and surrounding
small, inapparent osteocytes (b). Scale bar =200 microns

Table 1 Family 12 pedigree: LOD scores with chromosome 9p markers

Marker (other names) Marker position cM/Mb  LOD score at recombination fraction (6) Zmax  Omax
0.0 0.01 0.05 0.1 0.2 0.3 0.4

GATA187D0IN 21.9/10.22 -9.33  —-18 -0.55 -0.09 0.18 0.19 0.10 0.19 0.300

AGATI142P Unknown/17.26 1.01 1.19 1.41 140 1.13 074 035 147 0.075

GATARB7E02 N (D9S1121) 44/25.39 3.74 3.67 3.41 307 235 156 0.76 3.74 0.000

GATASEOQ6P (D9S304) 58.3/32.31 —2.38 1.04 1.79 196 1.77 129 0.67 196 0.100

GATA7DI12 (D9S301) 66/69.26 —1.83 1.37 1.80 .75 136 091 046 1.80 0.050

between markers GATAI187D09N and ATAGI142P
(Fig. 4a). A crossover between markers GATAS87E02N
and GATASEOGP that was observed in individuals 4 and
5 defined the centromeric boundary (Fig. 4b).

Accordingly, analysis of the pedigree suggests that
the disease gene maps within a 36.4 cM interval between
markers GATAI87D09N and GATASEOQ6P. Based on
the UC-Santa Cruz (Karolchik et al. 2003) sequence
position, this region is approximately 22 Mb. The dis-
ease region could potentially be further refined between
markers AGAT142P and GATASEOG6P by crossovers in
asymptomatic at-risk individuals, and would reduce the
region to 15 Mb (Fig. 4c¢). Individuals 6, 15 and 27, who
are at 50% risk of inheriting the disorder from an af-
fected parent, currently do not display any feature of the
disease, but have part of the disease haplotype (Fig. 4c),
and may eventually help refine the critical region
depending on their eventual disease status. Given the
progressive nature of this syndrome, there is the poten-
tial to further refine the disease locus by crossovers in
additional individuals in this family, and other families
with similar features.

Candidate gene sequencing

This 9p21-p22 locus has been implicated in a number of
cancer studies, suggesting several tumor-suppressing
genes map to this region (Cannon-Albright et al. 1994;
Harada et al. 1996; Mitelman 1994). Accordingly, two

candidate genes are of particular interest given the
phenotype of this disorder; ADAMTS-like 1 (ADAM-
TSL1) (Hirohata et al. 2002), and the tyrosinase-related
protein 1 (TYRPI) (Abbott et al. 1991).

ADAMTSLI (also known as punctin) is a member of
the ADAMTS family of proteases responsible for
extracellular matrix turnover (Tang 2001) and is highly
expressed only in skeletal musclee. ADAMTSLI is an
especially intriguing candidate gene because another
member of this family, ADAMTS13, which cleaves Von
Willebrand factor is mutated in the clotting disorder
Von Willebrand syndrome (Levy et al. 2001). However,
we sequenced all 16 exons (coding and non-coding) of
the three different splice forms of ADAMTSLI in two
affected individuals from the family. Only one silent base
change (T to A) at position 3 of codon 51 in exon 2 was
identified, which is a known SNP (rs2277160). Further-
more, this base change did not segregate with the dis-
ease. Similarly, for the tyrosinase-related protein 1
(TYRP1) gene, the 7 exons (coding and non-coding)
were screened and no mutations or base changes were
identified.

Discussion

Our genome-wide scan has identified the disease locus
of progressive myopathy of a limb-girdle distribution
and bone fragility to a 36.4 cM interval, mapping be-
tween markers GATAI87D0IN and GATASEO6P.



512

Fig. 4 Kindred haplotypes a

analyzed informative markers

(GATA62FO3M, Q
GATA187D09N, AGAT142P, 4
GATAS7E02N, GATAS5E069 —
and GATA7D12) from the

linkage region. Individual 292 292
numberings are the same as in 88 192
Fig. 1. Phenotypes of affected 204 204
are identified by symbols. a 208 184
Identification of the telomeric 158 143
boundary. b Identification of 229 237

the centromeric boundary. ¢
Refinement of the telomeric
boundary in asymptomatic at
risk individuals
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Notably, this chromosomal region contains the locus
for diaphyseal medullary stenosis (DMS) with malig-
nant fibrous histiocytoma (MFH) (MIM 112250;
DMS-MFH), which has been mapped to chromosome
9p21-p22 between markers D9S1778 and DO9S171
(Martignetti et al. 1999, 2000). However, the precise
genetic defect is not known. This autosomal dominant,
bone dysplasia/cancer syndrome features bone infarc-
tions, cortical growth abnormalities, and pathological
fractures. Approximately 35% of individuals affected
with DMS develop MFH, which is a highly malignant
bone sarcoma (Arnold 1973; Hardcastle et al. 1986).
Clinical features for this disorder overlap with the
skeletal problems of the family reported here (Table 2)
and include pathological fractures with subsequent
poor healing or non-union, progressive wasting and
bowing of the legs, and painful debilitation. The bone
dysplasia in both disorders typically presents during
adolescence and is characterized by cortical growth
abnormalities, including diffuse DMS with overlying
endosteal cortical thickening and scalloping, metaphy-
seal striations, infarctions, and scattered sclerotic areas
of the long bones. With DMS-MFH locus mapping to
the progressive limb-girdle myopathy and bone fragility
locus, this raises the possibility that these two disorders
are allelic.

5 12 28
292 292 288  [284 292 GATAG62F03M
88 184 184 184 196  GATA187D09N
204 200 208 204 208 AGAT142P
208 212 208 212 208 GATAS7E02N
158 158 174 162 143 GATASEO06P
229 221 209 209 209 GATA7D12
5

292 292 288 280 GATA62F03M
38 184 200 188  GATAI187DO9N

204 200 200 204 AGATI142P

208 212 184 184  GATAS7E02N

158 158 16 174  GATASE06P

229 221 233 209 GATA7TD12

15 27
288 292 292  GATA62F03M
184 184 184 GATAI187D09N
208 196 192 AGAT142P
208 184 212  GATAS7E02N
16! 158 154 GATASEO06P
233 229 237 GATA7D12

In this family’s original clinical description (Henry
et al. 1958), the gross histopathology of an irregular
osteoporotic process with coarse trabeculation was
reminiscent of PDB. From this initial and limited clinical
data (six affected males), there were some features of
PDB. In Table 2, we compare several bone disorders
that have similar phenotypic and histological features. It
is evident that there is overlap among all of these con-
ditions, although the disorder investigated here has more
bone features in common with DMS-MFH, but without
malignant transformation. Similarly, Fig. 3 shows no
large Pagetoid osteoclasts or cement lines indicative of
classic PDB. Taken together, our findings suggest that
this family does not have classic PDB and more likely
represents a variation of DMS-MFH, especially given
the fact that these two disorders have overlapping
chromosomal loci.

Analysis in this region of two candidate genes, AD-
AMTSL1 and TYRPI, did not identify any disease
mutations. Other interesting candidate genes that map
on chromosome 9 within the critical region of this syn-
drome of hereditary progressive limb-girdle myopathy
and bone fragility syndrome include Ras-related GTP
binding A (RRAGA) (Schurmann et al. 1995), adipose
differentiation-related protein (ADFP) (Eisinger and
Serrero 1993), myeloid/lymphoid or mixed-lineage leu-
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Table 2 Clinical profiles of IBMPFD, hereditary progressive limb-girdle myopathy and bone fragility syndrome, DMS-MFH, Camurati-

Engelmann disease, and Kenny-Caffey syndrome

Phenotype Disease

Limb-girdle myopathy
and bone fragility

IBMPFD DMS-MFH  Camurati- Engelmann

Kenny-Caffey

Bone dysplasia

Endosteal cortical thickening
Medullary stenosis

Bone infarctions

Pathologic fractures with poor healing
Malignant fibrous histiocytoma
Pre-senile cataracts

Proximal/distal muscle weakness
Premature hair graying

Clotting disorders

Thin skin

Craniofacial defects

Short stature

Hypoparathyroidism -

Alkaline phosphatase Low-normal

X XXX

Tl

X X X —
X X - -
X - X
_ X _ _
X X X X
X (35%) - -
- X (25%) - -
X - X -
- - X
- - X
- - - X
Elevated Normal Normal Normal

kemia (MLLT3) (Nakamura et al. 1993), interferon gene
cluster (Olopade et al. 1992), and methylthioadenosine
phosphorylase (MTAP) (Nobori et al. 1996).

Discovery of the gene associated with hereditary,
progressive limb-girdle muscular dystrophy and bone
fragility syndrome will provide insight into the patho-
genesis of muscle and bone disease revealing biological
processes that control bone and muscle maintenance and
regeneration.

Electronic-database information

Accession numbers and URLSs for data in this article are
as follows:

Online Mendelian Inheritance in Man (OMIM),
http://www.ncbi.nlm.nih.gov.omim  (for IBMPFD
[MIM 167320], DMS-MFH [MIM 112250], Camurati
Engelmann disease [MIM 131300], Kenny Caffey syn-
drome [MIM 244460])
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