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Abstract

Autosomal dominant myopathy, Paget disease of bone, and dementia constitute a unique disorder
(MIM 605382). Here we describe the clinical, biochemical, radiological, and pathological
characteristics of 49 affected (23 male, 26 female) individuals from four unrelated United States
families. Among these affected individuals 90% have myopathy, 43% have Paget disease of bone,
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and 37% have premature frontotemporal dementia. EMG shows myopathic changes and muscle
biopsy reveals nonspecific myopathic changes or blue-rimmed vacuoles. After candidate loci were
excluded, a genome-wide screen in the large Illinois family showed linkage to chromo-some 9
(maximum LOD score 3.64 with marker D9S301). Linkage analysis with a high density of
chromosome 9 markers generated a maximum two-point LOD score of 9.29 for D9S1791, with a
maximum multipoint LOD score of 12.24 between D9S304 and D9S1788. Subsequent evaluation
of three additional families demonstrating similar clinical characteristics confirmed this locus,
refined the critical region, and further delineated clinical features of this unique disorder. Hence,
autosomal dominant inclusion body myopathy (HIBM), Paget disease of bone (PDB), and
frontotemporal dementia (FTD) localizes to a 1.08-6.46 cM critical interval on 9p13.3-12 in the
region of autosomal recessive IBM2.

Keywords

autosomal dominant; hereditary inclusion body myopathy; Paget disease of bone; fronto-temporal
dementia; amyotropic lateral sclerosis; limb-girdle-muscular dystrophy; rimmed vacuoles; IBM2;
chromosome 9p13.3-12

Autosomal dominant hereditary inclusion body myopathies (HIBMs) compose a clinically
and genetically heterogeneous group of disorders characterized by late-onset weakness of
the shoulder and pelvic girdle and normal to slightly elevated serum creatine kinase (CK)
levels (1,2). EMG typically reveals myopathic abnormalities often associated with irritative
changes (2). Myopathic changes include blue-rimmed vacuoles in the cytoplasm and
occasionally in the nucleus.

Clinical and molecular studies have identified at least four loci for HIBM: autosomal
dominant forms IBM1 (MIM 147420), IBM3 (MIM 605637), and a recently identified
HIBM with distal weakness and early respiratory failure (3), and the autosomal recessive
form, IBM2 (MIM 600737). IBM1 encompasses several reports of autosomal dominant
inclusion body myopathy for which the chromosomal locus has not been identified (1,2).
Dominant IBM3, with joint contractures and ophthalmoplegia, has been mapped in a large
Swedish family to chromo-some 17p13.1, a region containing the myosin heavy-chain gene
cluster (4). Subsequent studies of affected individuals in this family identified a mis-sense
mutation in the motor domain of MYHC2A, the major myosin isoform found in the
abnormal muscle fibers (5). Recessive IBM2 has been finely mapped to a region on
chromosome 9p13-p12 (6,7). This region overlaps with the locus for Nonaka myopathy
described in a Japanese family presenting with a recessive form of distal myopathy with
rimmed vacuoles (DMRV [MIM 605820]), and it has been suggested that IBM2 and Nonaka
myopathy are allelic variants (8).

Paget disease of bone (PDB) is a common disorder, seldom seen before the age of 50 years,
characterized by abnormal, overactive osteoclasts that are unusually large, excessively
multinucleated and often contain paramyxovirus-like inclusions (9). Despite frequent
familial occurrences of PDB, genetic linkage to chromosome 18q has only recently been
established for one extremely rare autosomal dominant variant of PDB (PDB2 [MIM
602080]) called familial expansile osteolysis (FEO) (10). Mutation in the TNFRSF11A
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gene, which encodes RANK (Receptor Activator of Nuclear Factor kappa-B), causes
FEO(11). RANK is a transmembrane receptor essential for osteoclastogenesis, and is
activated by its ligand, Osteoclast Differentiation Factor (ODF). More recently, in a linkage
study of 24 large French Canadian families, Laurin et a/. mapped two novel loci for
autosomal dominant PDB at 5g31 and 5q35—qter(12).

Frontotemporal dementia (FTD) accounts for a substantial proportion of cases of primary
degenerative dementia occurring before age 65 years (13). Disproportionately impaired
executive or other frontal lobe functions, associated with changes in behavior and conduct,
early in the course of the illness with relative sparing of memory and visuospatial abilities
provide strong support for the diagnosis of FTD (14, 15). There is localized atrophy of the
frontal and anterior temporal lobes. Perhaps 38—-45% of all FTD cases have a strong
hereditary component and 80% of these have an autosomal dominant inheritance (16). FTD
is genetically heterogeneous, with three loci previously identified. A family in which
affected members developed disinhibition-dementiaparkinsonism-amyotrophy complex was
linked in 1994 to a locus on chromosome 17 (17). Subsequently, the disease in 8/25 families
with similar features was found to map to chromosome 17¢g21-22 (MIM 600274) (18, 19).
Sequencing of the tau gene in the critical region identified missense mutations and mutations
inthe 5" splice site of exon 10 in families demonstrating considerable clinical variability
(20-22). Brown et al. mapped a familial nonspecific dementia to a region of chromosome 3
in a large Danish family (23). Linkage to chromosome 9921-g22 has also been established
in combined autosomal dominant FTD and amyotrophic lateral sclerosis (ALS) (24) (MIM
105550), the gene for which is unknown.

We previously reported a large family (Fig. 1) presenting with the unique combination of
myopathy and PDB (25) (MIM 605382). A series of muscle biopsies in one individual was
indicative of HIBM. Nine other patients had nonspecific myopathic changes. Most affected
individuals had associated PDB, and dementia of the frontotemporal type was present in two
affected individuals. Loci for limb girdle muscular dystrophy (LGMD), PDB, and
amyotropic lateral sclerosis were excluded (25). Additional members of this family as well
as three additional families (Figs. 2, 3, and 4) with combinations of HIBM, PDB, and FTD
were subsequently identified. Clinical delineation of this unique disorder in these four
families, as well as molecular data supporting localization of the gene to chromosome
9p13.3—p12, a novel locus for PDB and FTD, is described in this report.

MATERIALS AND METHODS

Consent was obtained from each subject prior to participation. Clinical studies were
approved by the Springfield Committee for Research Involving Human Subjects. Individuals
included in the analysis were over age 18 years. Members of these families were examined
for muscular weakness, PDB, and dementia through clinical, biochemical, and radiological
studies. A diagnosis of myopathy was based on the presence of weakness on physical
examination and, in some patients, EMG changes or biopsy findings suggestive of
myopathy. Skeletal surveys including skull, spine, hips, long bones, hands and feet for PDB,
measurements of alkaline phosphatase (ALP), and CK were performed at St. John’s
Hospital, Springfield, Illinois. Quantification of bone-specific alkaline phosphatase (B-ALP)
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and osteocalcin levels in serum and pyridinoline/deoxypyridinoline collagen crosslinking
metabolites in urine was performed by Quest Diagnostics (San Juan Capistrano, CA) and
Emory University, (Atlanta, GA), respectively.

Several of the affected individuals underwent comprehensive neuropsychological
assessments comprised of tests assessing language, visuospatial processing, episodic
memory, working memory, executive control, and dementia severity (26). The diagnosis of
dementia in deceased individuals was confirmed from their medical records.

DNA Marker Analysis

Peripheral venous blood was obtained by standard venipuncture. Genomic DNA was
extracted from leukocytes by means of the PUREGENE DNA Isolation Kit (Gentra
Systems; Minneapolis, MN). In cases where blood samples could not be obtained, buccal
scrapings were collected and processed for DNA using standard methods. For individuals
VI:1 and VI:5 of pedigree 1, archival histology specimens or autopsy tissue provided the
source of DNA used in genetic analysis. Specifically, genomic DNA was extracted from 4-
mm histology slides of the patient’s liver. A modified extraction protocol was developed,
using a combination of published tissue extraction protocols (27-29).

Linkage Analysis

RESULTS

DNA from 39 individuals in Family 1 (9 affected, 24 unaffected, 6 spouses) was submitted
for a genome-wide search to 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 in this genome-wide screen. The power to detect
linkage with the available pedigree was evaluated by simulating a marker locus with five
alleles of equal frequency (heterozygosity = 0.8) completely linked to the disease locus
(theta = 0.0) utilizing the SLINK program (30,31). 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. The four
independent risk classes were identified and the estimated penetrance values were as
follows: I, 0-19 years old, 0.01; 11, 20-29 years old, 0.10; 111, 30-34 years old, 0.80; and IV,
>35 years, 0.98. Because the trait is rare, a disease allele frequency of 0.00001 was used in
the analysis. Two-point linkage analysis was carried out using the MLINK program of the
FASTLINK computer package (32). Multipoint linkage analysis was carried out with
SIMWALK?2 (30,31). The marker-allele frequencies were estimated from the data by means
of both observed and reconstructed genotypes of founders within the pedigrees. Linkage was
considered established to a locus if a positive LOD score of 3 was obtained and was
considered excluded if a LOD score of —2 was obtained.

Clinical Studies

Forty-nine affected individuals (23 males, 26 females), ranging in age from 10 years to 69
years, have been identified in the four autosomal dominant families (Tables 1 and 2). Of the
affected individuals, 44/49 have myopathy, 21/49 have PDB, and 18/49 have dementia.
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Physical examination reveals proximal muscle weakness of the limb muscles with distal
weakness or winging of the scapulae (Fig. 5) in some individuals. Affected individuals walk
with an exaggerated lumbar lordosis and have difficulty lifting their arms above their head
and going up stairs. Tendon reflexes are often diminished. Onset of weakness is usually in
adulthood, at a mean age of 42.7 years (range 3-66 years), but varies widely, even within
families. The pattern of weakness is often patchy and mildly asymmetric and may occur in
proximal, distal, or facial muscles. Proximal weakness was present in all patients with
myopathy. Mild distal weakness, affecting either foot dorsiflexion or small hand muscles,
was found in several patients. Weakness was noted in some, but not other family members in
muscles of the face, tongue, posterior neck, scapular fixators, and intrinsic muscles of the
hands. The most common change on EMG was myopathy with brief small polyphasic action
potentials found in all affected patients who were studied. Irritative features, fibrillations,
and positive sharp waves were also seen in most patients. Nerve conduction studies were
normal. Muscle biopsies reveal myopathic changes and/or rimmed vacuoles. CK levels were
not very helpful in screening for myopathy, as they were abnormal in only 4 individuals
[mean 163.6 U/L, range 35-1145 U/L (hormal 20-222 U/L)]. Nerve conduction studies
were normal. The muscle disease is progressive, causing death at a mean of 58 years due to
respiratory and cardiac failure.

Paget disease of bone also presents early (mean42.2 years, range 29 — 61 years) with typical
distribution in the spine, pelvis and skull. Laboratory testing reveals elevated alkaline
phosphatase in individuals with PDB [mean 389.3 U/L, range 63-1724 U/L (normal 30-130
IU/L)]. Urine pyridino-line and deoxypyridinoline levels were also elevated in individuals
with PDB. The osteocalcin level was not found to be helpful in evaluating PDB, as it was
elevated in only one affected individual (mean 30.8 ng/mL, range 10-54.6 ng/mL, normal 8—
52 ng/mL).

Onset of dementia in 18 affected individuals occurred on average at 54 years (range 39-62
years). A detailed case history of individual V:23 in Family 1 specifies clinical progression
and neuropsychological testing for FTD. Case histories of 3 living individuals in two
additional families illustrate the variability in the clinical features of the frontotemporal
dementia. History and medical records obtained from deceased relatives indicate that the
dementia is characterized by increased agitation, anomia, apathy, and personality change
with relative sparing of the memory. Many patients reported having visual or auditory
hallucinations. Speech typically becomes more economical, eventually leading to mutism in
some individuals.

Family 1.—Clinical features of this family of German ancestry were previously reported
(25). Eighteen affected individuals have been identified, seven of whom have died
prematurely. The majority have both myopathy and PDB. The muscle disorder was first
diagnosed as Limb-girdle muscular dystrophy (LGMD) due to evidence of proximal
weakness and myopathic changes on muscle biopsy. Subsequently, one individual (1V:17)
had a muscle biopsy showing chronic, patchy myopathic features and rimmed vacuoles, but
no inflammation, a pattern more characteristic of HIBM than of inclusion body myaositis.
The muscle disease is painless; however, several individuals have complained of cramps in
their legs and back. The PDB usually manifests at a relatively early age, before myopathy,
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and is distributed primarily in the spine and pelvis. Dementia has been a prominent
component in past generations. A detailed case report of affected individual (V:23), age 45
years, who inherited dementia and myopathy from his mother is presented below.

Case history.—Individual V:23 was evaluated at the Memory Diagnostic Center (MDC) at
Washington University Medical Center at age 44 years for a 6-year history of the gradual
onset and progression of unexplained language difficulties. There was no history of trauma.
Despite worsening language, he continued to be employed as a delivery person for a
distributing company. Previous evaluations yielded unremarkable serum chemistries, CK,
ALP, blood counts, vitamin By, level, and thyroid status. An electroencephalogram was
unrevealing. A head magnetic resonance image (MRI) study 3 years prior to evaluation
showed mild diffuse cerebral atrophy. Dysnomia, comprehension deficits, and paraphasic
errors were evident on examination; speech generally was fluent but was devoid of content
words. There was no right-left disorientation, finger agnosia, or visuoperceptual deficits. He
was oriented for time and place. Errors were present on simple calculations; for example,
this high school graduate stated that there were “six” nickels in 35¢ and “24” quarters in
$6.75. Psychometric testing was confounded by the language deficits. Adjusting for aphasia,
episodic memory was minimally impaired (e.g., he recalled 3 of 5 items of a name and
address). Scores on standard and verbally mediated brief cognitive tests included 10 for
Mini-Mental State Examination (33) (range from best to worst: 0-30) and 8 for the Short
Blessed Test (34) (range from best to worst: 0-28). Performance on other measures is shown
in Table 3. The neurologic examination was remarkable only for proximal bilateral lower
extremity weakness with a positive Gower’s sign and inability to tandem walk and for the
“frontal release” signs of positive jaw jerk and snout reflex. There were no extrapyramidal
signs. The clinical diagnosis was semantic dementia (subtype of frontotemporal dementia).

Shortly after the initial evaluation, repeat head MRI again showed only mild generalized
atrophy. He was terminated from his job because of comprehension difficulties. Self-care
deteriorated; he inadvertently missed spots when shaving. He did not benefit from a trial of
an oral cholinesterase inhibitor. He was, however, able to operate home appliances and
continued to drive a motor vehicle and shop for a limited number of items. Reexamination 8
months after the initial evaluation confirmed progressive aphasia with inability to repeat,
logorrhea with paraphasias, auditory comprehension deficits for even one-step commands,
alexia, and agraphia, and cognitive test performance worsened on both brief measures; the
Mini Mental State score now was 6, and the Short Blessed Test score was 19. The
neurologic examination was unchanged.

Family 2.—Eleven affected individuals in this family also of German decent have been
identified. All affected individuals have weakness. Variability in the manifestation of the
disease is a striking feature within this family, as different components of the disorder were
present among relatives. The myopathic component in affected individuals had been
diagnosed as LGMD, Kugelberg-Welander syndrome, facioscapulohumeral muscular
dystrophy (FSH), ALS, and most recently as IBM. Muscle in five individuals revealed
features of IBM with rimmed vacuoles. EMGs showed both myopathic and irritative
changes, and individuals IV:7 and V:5 also had myotonic discharges. PDB has been
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identified in three family members and has a typical distribution in the spine, pelvis, and
skull. Dementia had been diagnosed in four now deceased individuals: 1V:13, IV:7, V:5, and
IV:9 with onset at a mean age of 55 years (range 51-61 years) and early demise at age 60.2
years (58-64 years).

Family 3.—Family 3 is a six-generation family of English extraction with 10 affected
individuals, including 6 deceased individuals, and 6 with associated FTD. Many individuals
in the family were diagnosed with “muscular dystrophy.” Rimmed vacuoles were detected in
the muscle of individuals 111:1 and 111:14. EMGs show myopathic and irritative changes. The
majority of the symptoms of the muscle disorder begin at a mean age of 47.6 years (range
39-57 years) and death occurs at a mean age of 63 years (range 59-69 years). Distribution
of the PDB is found in the skull, spine, and pelvis.

Onset of dementia typically follows that of HIBM or PDB and is characterized by a marked
change in personality, anomia, and eventual mutism in most individuals. Two living
individuals in this family have advanced dementia associated with their disease. Individual
I11:11 had early features of dementia at an age of 52 years and characterized by a dramatic
personality change which included apathy, increased agitation, fixation, and confusion.
Symptoms of dementia rapidly progressed within 2 years to apraxia, aphasia, and abulia.
Brain MRI and CT revealed cerebral atrophy with prominence of the cerebral sulci and third
and lateral ventricles. Presenilin-1 gene mutation testing was negative. This individual also
has mild muscle weakness and has asymptomatic PDB of the spine since age 32 years.
Individual 111:14 had difficulty seeing due to visual field constriction at age 46 years and
then began showing signs of dementia characterized by memory loss, apraxia, and
depression. An MRI at 50 years revealed generalized cortical atrophy and a left
occipitoparietal infarction. Testing for Huntington disease and myotonic dystrophy was
negative. Gait disturbance and mild muscle weakness are also present with an EMG showing
myopathic changes and a specimen of muscle revealing myopathy with rimmed vacuoles.

Family 4.—This Jewish family of Romanian extraction has 10 affected individuals, 6 of
whom are deceased. Some members of this family experienced early weakness in proximal
muscles whereas others had early involvement of distal legs or facial muscles. Weakness is
mildly asymmetric in several individuals and posterior neck muscles are severely affected in
advanced stages of the disorder. Two patients have scapular winging typical of FSH
dystrophy whereas other patients with similar degrees of weakness have little or no scapular
winging. Muscle histology reveals myopathic changes with variation in muscle fiber size,
increased endomysial connective tissue, and rimmed vacuoles, but no inflammation. EMGs
show an irritative myopathy with small motor unit potentials, fibrillations, and positive sharp
waves. One individual suffered rapid progression of the muscle disease and was erroneously
diagnosed with ALS (111:7). Dementia has also been a prominent component of the disorder
in this family. Individual 1V:4 is currently wheelchair bound from proximal limb-girdle
weakness and has marked winging of her scapulae. She developed language, behavior, and
cognitive changes in her 60s. When evaluated neuropsychologically at University of
Pennsylvania Medical School recently at age 68 she presented with prominent language
disturbance (primary progressive aphasia) and impaired executive control skills, but
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relatively preserved visuospatial abilities and episodic memory, this pattern being suggestive
of FTD.

Muscle Pathology

Common histopathologic features disclosed by muscle biopsies in these four families
included myopathic changes and rimmed vacuoles. Typical myopathic features were
variation in muscle fiber size and mildly increased endomysial connective tissue in patchy
regions of the specimen. Focal large regions of “myopathic grouping” (Fig. 6) are a
distinctive histopathological feature that is common in HIBM, but unusual in sporadic
inclusion body myositis. Rimmed vacuolar inclusion bodies were present in some patients in
all families. Immuno-staining for components of the dystrophin-sacroglycan complex,
emerin and desmin, was normal in all biopsy specimens studied. Ultrastructural examination
of muscle in Family 2 has been previously reported showing atrophic and vacuolated muscle
fibers containing abundant cytoplasmic paired helical filaments with epitopes of
phosphorylated tau, congophilia, abnormal accumulation of S-amyloid precursor protein
(BAPP) epitopes, and accumulation of apolipoprotein E (ApoE) (35).

Brain Pathology

Autopsy of two affected individuals in Family 3 revealed severe brain atrophy and
degeneration. Individual 111:1 was a 66-year-old woman with proximal weakness and
progressive dementia and individual 11:8 was a 59-year-old man with myopathy, marked
winging of the scapulae, extensive PDB and dementia. Decrease in cortical thickness,
dilatation of the ventricular system, and loss of white matter with small cyst-like spaces
were noted. Microscopically, acute changes consisting predominately of several small
micro-abscesses with a small amount of cerebral edema, focal and minimal thickening of the
meninges, and increased numbers of glial cells involving both white and gray matter were
also reported. Thinning of the cerebral cortex was present. The number of neurons was
reduced and remaining neurons appeared shrunken.

Molecular Studies

Linkage analysis.—L.inkage analysis excluded loci for LGMD, Edstrom myopathy, PDB,
and cardiomyopathy (25). The ALS locus on 21q was also excluded in view of its previous
association with PDB (36). In fact, a genome-wide search showed linkage to chromosome 9
with marker D9S301 (maximum LOD = 3.64) in Family 1. No other region was identified
with a LOD score greater than 3. Table 4 presents the results from two-point linkage
analyses of genotype data from all families obtained with a series of markers spanning
D9S301. The maximum LOD score generated from the combined genotype data was 9.29
for marker D9S1791. Multipoint linkage results from the combined analysis of families 1
and 2 are presented in Fig. 7. A maximum multipoint LOD score of 12.24 was obtained for
the interval defined by markers D9S304 and D9S1788.

Haplotype analysis.—Haplotype analysis using a high density of molecular markers
flanking D9S301 is presented separately for 29 individuals (15 affected) in Family 1 (Fig.
1), 15 individuals (7 affected) in Family 2 (Fig. 2), 16 individuals (3 affected) in Family 3
(Fig. 3), and 7 individuals (4 affected) in Family 4 (Fig. 4).
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A disease haplotype was constructed in each family by determining marker alleles
segregating among affected individuals. All affected members of Family 1 shared a common
haplotype from marker D9S1869 to D9S175 (V:2 and V:18, Fig. 1), a region spanning 43
cM based on the Marshfield sex-averaged genetic linkage map. In Family 2, a disease
haplotype encompassing an 11 ¢cM region flanked by markers D9S43 and D9S301 was
observed among all affected individuals (V1:2, Fig. 2).

In Family 1, meiotic recombination events were observed in unaffected individuals V:7 and
V:24 for markers D9S1853 and D9S234, respectively. Individual V:21 also had an
informative recombination at marker D9S1791; however, the exact site of recombination
was not certain because parental genotype data were unavailable. Individual V:19, who is
clinically unaffected but a carrier for part of the disease haplotype, was excluded from
analysis because of the person’s young age (41 years). Combining the results of families 1
and 2 revealed a critical region for the disease flanked by markers D9S43 (VI1:2, Fig. 2) and
D9S234 (V:24, Fig. 1). If the recombination event in unaffected individual V:21 of pedigree
1 is considered, the disease locus is represented by a 4.09 cM interval flanked by markers
D9S43 and D9S1791.

In Families 3 and 4, all affected individuals share a common disease-associated haplotype
for micro-satellite markers within the interval defined by D9S43 and D9S234. It was noted
that Family 3 shared the same disease alleles with Family 1, indicating a common founder
for these two families. A meiotic recombination event occurring in unaffected individual 1V:
5 of pedigree 4 reduces the critical region defined in Families 1 and 2, to an interval flanked
by marker D9S304 and either marker D9S234 or D9S1791. Marker D9S234 has not been
identified on the draft sequence of the human genome physical map; however, based upon a
likelihood criterion of 1000:1, marker D9S234 maps between flanking markers D9S1874
and D9S1844. Its estimated genetic map position is midway between these two markers.
According to the physical map, the distance between D9S304 and D9S234 is approximately
6.85 million base pairs (bp) (6.46 cM). The interval represented by D9S304 and D9S1791 is
approximately 1.08 cM (Marshfield sex-averaged map) or 4.75 million bp on physical map.
A summary of the haplotype interpretation for all four families is presented in Fig. 8.

Interestingly, a double recombination event involving markers D9S234, D9S1844, D9S1862,
D9S1879, and D9S1800 was observed in Families 1 and 2 (V:12, V:16, V:18, VI:2, VI.3;
pedigree 1 and V:10; pedigree 2), a region excluded from the critical region. Although this is
an unlikely recombination event (probability <0.04%), this region may represent a
recombinational “hotspot” because individuals V:19 and V:24 of pedigree 1 also present
with single recombination events at this site.

DISCUSSION

Hereditary inclusion body myopathy with early-onset PDB and FTD is distinct among the
clinically and genetically heterogeneous family of hereditary myopathies. Striking features
of this syndrome consist of a marked variability in the patterns of muscle weakness, noted
both within and among families, as well as a common pattern of weakness involving
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proximal and distal musculature with mild asymmetry. Onset of the myopathy is typically in
adulthood; however, earlier involvement is documented in some patients.

PDB presenting with either dementia or a neuro-muscular disorder has been infrequently
reported. Specifically, dementia with PDB has been attributed to an uncommon complication
of PDB of the skull, as expansion of diseased bone can compress cranial nerves (37). A
progressive frontal dementia with bone cysts associated with signs of upper motor neuron
involvement has been reported in Nasu-Hakola disease or polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy (38,39), a recessively inherited disorder
(MIM 221770). There is no evidence that Nasu-Hakola disease causes a myopathy, the bone
cysts do not resemble PDB, and the dementia is associated with white matter rather than
gray matter changes. The defective gene for this disorder has been identified as DAP12
located on chromosome 19q13.1(40). In addition, three neuromuscular disorders have been
associated with PDB: muscular dystrophy (41), dystrophia myotonia (42), and ALS (MIM
167320)(36). Interestingly, individuals in the family with ALS reported by Tucker and
colleagues in 1982 also demonstrate late-onset dementia (36). Mutations in the TNFRSF11A
gene, encoding RANK, have been found to cause familial expansile osteolysis, an autosomal
dominant skeletal disease with many features of PDB(11). RANK is a membrane receptor
found on osteoclasts and osteoclast progenitor cells and is involved in osteoclast
differentiation and action. RANK activates NF-xB, a common facilitator significant in many
signaling pathways. RANK action, however, has not been importantly associated with
muscle cells, and individuals with FEO-bearing RANK mutations have not had
neuromuscular disease (43). Interestingly, an increase in NF-xB protein is found in the
muscle fibers of patients with inclusion-body myositis (44). Sporadic inclusion body
myositis (s-IBM) and HIBM are muscle diseases with very similar pathological features,
with the exception of lymphocytic inflammation in s-1BM biopsy specimens. It has been
proposed that possibly NF-xB is one of several facilitators involved in key early signals that
lead to the progression of s-IBM and HIBM (45).

Dementia is a prominent feature of many of the cases of HIBM in the four families
described in this report. Unfortunately, the dementia was examined in detail in only a
handful of these patients. In two of the four living individuals who were examined
neuropsychologically, the dementia was so advanced that it could not be characterized
precisely. Two of the other cases, however, showed a surprisingly similar neurocognitive
profile of pronounced language impairment and executive dysfunction, with surprisingly
preserved episodic memory. This, of course, is the profile that has been associated with
frontotemporal dementia. Recognizing that the antemortem diagnosis of FTD can be
problematic and that the pathology underlying this neurobehavioral disorder is diverse
(46,47), we propose that FTD may have a unique association with HIBM.

The pathological similarities of s-IBM and Alzheimer’s disease have been investigated (48)
and may provide insight into any current association of HIBM and FTD. Proteins such as
amyloid g, ubiquitin, apoE, phosphorylated tau, and presenilin (which accumulate in the
brain of Alzheimer’s disease patients) also accumulate in muscle fibers of s-IBM patients
(45). Unfortunately the brains have not been investigated for these proteins because the
deceased individuals in these families died several years ago. Because HIBM and sporadic
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IBM are pathologically similar in this regard (45) and similar proteins, such as tau (20), are
affected in FTD as well as Alzheimer’s disease, possibly the link between IBM and
dementia results from a common pathogenetic cascade causing cellular deterioration.

Chromosome 9p13.3—p12, the disease locus identified in this study for the new syndrome of
HIBM associated with PDB and FTD, is unique for PDB and FTD. The locus at 9921-¢22
identified for a subset of families with ALS in which individuals also had FTD was a
candidate for the disease; however, informative recombinations were documented between
this locus and the disease state in our families (24,25) (Fig. 8). The IBM2 locus for
autosomal recessive HIBM in Iranian Jewish families, however, maps to chromosome 9p13—
p12 (6,7,49), and is central to the critical region determined in this report. Recently, seven
different mutations in the UDP-A~acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase (GNE) gene have been identified in families with the autosomal recessive form of
HIBM (50). These mutations were not observed in over 300 unaffected non-Middle Eastern
control chromosomes. However, approximately 6.8% of unaffected, unrelated Persian Jewish
individuals were found to be heterozygous carriers of the mutation, a value that fits with the
expected estimated frequency of heterozygotes based on a 1:1500 prevalence of disease in
this population. These data strongly implicate GNVE defects as being responsible for
manifestation of the IBM2 phenotype. Possibly, these phenotypically and genetically similar
but distinct disorders (IBM2 and HIBM/PDB/FTD) are allelic variants, as suggested for
autosomal recessive Nonaka myopathy which also has been mapped to 9p1-q1.

There are several examples in the literature of the pleiomorphic effects of gene mutations in
which dominant and recessive forms of disease can be caused by genetically distinct
mutations within the same gene. The IBM2 gene may, therefore, be a candidate gene for
HIBM/PDB/FTD in view of the shoulder and hip-girdle muscle weakness and mixed
myopathic and neurogenic EMG findings as well as similar findings on muscle biopsy in
both disorders. However, the presence of quadriceps sparing and the absence of PDB and
FTD in IBM2 (51,52) suggest significant clinical differences.

Additional candidate genes that map within the critical region of the syndrome of
HIBM/PDB/FTD on chromosome 9 include talin ( 7LN) (53), tropomyaosin 2 ( TPM2) (54),
NADH dehydrogenase (ubiquinone) 18 subcomplex 6 (VDUFB6) (55), interleukin-11
receptor alpha chain (IL11RA) (56), carbonic anhydrase IX (CA9) (57), ubiquitin-associated
protein (UBAP) [GenBank Accession No. XM_005548], and valosin-containing protein
(\VCP) (58) express proteins that may be involved in cellular and structural functions of
muscle and/or bone cells. Sequence analysis of tropomyosin 2 and NADH dehydrogenase
(ubiquinone) 1b subcomplex 6 (VDUFB6) in two affected individuals did not reveal a
mutation; however, sequence analysis of GNVE and other candidate genes is in progress.

Discovery of the gene associated with HIBM/PDB/FTD will provide insight into the
pathogenesis of muscle, bone, and neurological disease. Perhaps an overlap exists between
the biological processes that control bone and muscle maintenance and regeneration.
Elucidation of the gene defect responsible for HIBM/PDB/FTD should contribute to our
understanding of these systems and possibly result in a treatment for this complex disorder.
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FIG. 3.
Partial pedigree of Family 3 affected with autosomal dominant HIBM and PDB showing

genotype and haplotype analysis for markers on chromosome 9. ¢, IBM; ¢, PDB; <,
dementia. The proband is indicated with an arrow on the left.
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FIG. 4.
Partial pedigree of Family 4 affected with autosomal dominant HIBM and PDB showing

genotype and haplotype analysis for markers on chromosome 9. ¢, IBM; ¢, PDB; <,
dementia. The proband is indicated with an arrow on the left.
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FIG.5.
Figure of a 55-year-old male with proximal myopathy showing atrophy of the deltoid and

striking winging of the scapulae while attempting to raise his arms.
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FIG. 6.
Muscle biopsy analysis. Figure 5A is an H&E stain which illustrates the myopathic features

with variation in fiber size and grouped regions of muscle fiber atrophy. Figure 5B is also an
H&E stain which shows blue-rimmed vacuoles in small and large muscle fibers. Figure 5C
is stained with Congo red and illustrates blue rimmed vacuoles with punctate, blue staining
debris.
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FIG. 8.
Summary of haplotype analysis. Microsatellite markers used in molecular analysis are listed

in order from p-arm to g-arm (top to bottom) on the backbone of chromosome 9. Relative
marker positions are based on assignments from the Human Genome draft sequence and
intermarker distances (cM) were obtained from the chromosome 9 sex-averaged genetic
linkage map (Marshfield). The critical region for HIBM/PDB/FTD is represented by a solid
black bar. The genetic loci for autosomal recessive IBM2 and ALS presenting with FTD are
indicated with diagonally striped bars. The double recombination event affecting markers
D9S234, D9S1844, D9S1862, D9S1879, and D9S1800 is indicated with a gray box
surrounding these markers.
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TABLE 3
Psychometric Performance
Evaluation Norms®  Patient
Verbal fluency (No. animals named in 60s) 18 3
Boston naming test (confrontation naming) 15 4
Word list recall 7 4
Logical memory (episodic memory) 9 4

Trailma king A (speeded psychomotor performance) 42s 110s
Digit symbol (speeded psychomotor performance) 45 22

a . . . .

Based on the performance of 83 healthy control participants age 64-83 years (mean age + standard deviation = 72 + 5 years) in Washington
University’s Alzheimer’s Disease Research Center(59). Values are expressed as means + standard deviations. For all but Trailmaking A, where an
increase indicates worsening performance, a lower score indicates poorer performance.
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