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Abstract

An X-linked myopathy was recently associated with mutations in the four-and-a-half-LIM
domains 1 (FHL1) gene. We identified a family with late onset, slowly progressive weakness of
scapuloperoneal muscles in three brothers and their mother. A novel missense mutation in the
LIM2 domain of FHL1 (W122C) co-segregated with disease in the family. The phenotype was
less severe than that in other reported families. Muscle biopsy revealed myopathic changes with
FHL1 inclusions that were ubiquitin- and desmin-positive. This mutation provides additional
evidence for X-linked myopathy caused by a narrow spectrum of mutations in FHL1, mostly in
the LIM2 domain. Molecular dynamics (MD) simulations of the newly identified mutation and
five previously published missense mutations in the LIM2 domain revealed no major distortions of
the protein structure or disruption of zinc binding. There were, however, increases in the nonpolar,
solvent-accessible surface area in one or both of two clusters of residues, suggesting that the
mutant proteins have a variably increased propensity to aggregate. Review of the literature shows
a wide range of phenotypes associated with mutations in FHL1. However, recognizing the typical
scapuloperoneal phenotype and X-linked inheritance pattern will help clinicians arrive at the
correct diagnosis.
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Introduction

Inherited myopathies are genetically heterogeneous and can be inherited in autosomal
dominant, autosomal recessive or X-linked patterns. Recently, mutations in the four-and-a-
half-LIM domains 1 gene (FHL1, OMIM #300163) on Xq27.2 were reported to cause an X-
linked myopathy [. FHL1, a 32 kDa protein, is highly expressed in skeletal muscle, where it
localizes to sarcomere and sarcolemma, and is expressed at intermediate levels in cardiac
muscle. It plays important but poorly understood roles in muscle growth, differentiation, and
sarcomere assembly, and acts as a modulator of transcription factors. Structurally, FHL1
comprises four complete LIM domains, which are cysteine-rich double zinc finger motifs,
and an N-terminal half LIM domain, which has one zinc finger motif. The reported
mutations predominantly cluster in the second and fourth LIM domains, some affecting the
same or neighboring residues. However, the clinical features of the associated myopathy
vary considerably with respect to age of onset, distribution and severity of muscle weakness,
rate of progression, and expression of disease in females (Table). There is also substantial
variation in pathologic features. FHL1 immunostaining in muscle was decreased or absent in
some cases but was diffusely increased in others. Furthermore, FHL1 accumulations were
detected in many but not all cases. By immunoblot, FHL1 ranged from absent to reduced to
increased. No clear relationship between the genotype and the clinical and pathologic
phenotypes has been recognized. Identification of additional X-linked myopathy families
and mutations may help to clarify the genotype-phenotype relationship. We describe a
family that harbors a novel FHL1 mutation. In an effort to investigate the effects of the
mutations on the structure of the protein we also present results of molecular dynamics
simulations of this mutation and a subset of the previously described missense mutations in
the LIM2 domain.

Patients and Methods

Subjects

We identified family MD15 of Northern European ethnic background with eight members
affected by myopathy (Figure 1). Under a protocol approved by the University of
Washington’s Institutional Review Board, clinical evaluations were performed and samples
were obtained from eight individuals from two generations. Genomic DNA was isolated
from leukocytes by standard methods.

Linkage analysis targeted to the FHL1 genomic region

Genotyping of markers flanking FHL1 was performed using fluorescently-labeled
polymorphic markers DXS1001, DXS1047, DXS1062, and DXS1227 (from ABI Linkage
Mapping Set V2.5, ABI, Foster City, CA) in the eight available members in MD15. PCR
amplifications were carried out using FastStart DNA Taq polymerase (Roche Applied
Science, Indianapolis, IN) under the conditions of initial activation at 95°C for 4min, 30
cycles of denaturation at 94°C for 45sec, annealing at 60°C for 45sec, and extension at 72°C
for 1min. The products were analyzed on an ABI Prism 3130x| Genetic Analyzer using
GeneMapper version 4.0 software.
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Mutation detection

Fragments encompassing each of the six coding exons (exon 2 to exon 7) of FHL1 and their
corresponding splice junctions were amplified using the following forward and reverse
primer pairs given in 5’ to 3’ direction:

exon 2 ATGAGGGAGCCAGATCCAC and AGACATTGCCCCCGAGAG (486 bp);
exon 3 GTCCTCAGACCCCATGGAC and CTCAAGGTGGCTGCAGTG (415 bp);
exon 4 CCCAGGTGTAAGGGACTGTG and ACGTTAGCCCCACCATGA (387 bp);
exon 5 CATCCCCTCACCTCTGGA and TACGTCACAGGGCTGTCGT (382 bp);
exon 6 CCCATGGCTGTTGTGGAG and CAATAGCAGGGGGAGAAGG (441 bp);
exon 7-1 GCTTGTCGGTCTGTGAGTGG and ACTTTGCTGCAGGGTTGC (484 bp);

exon 7-2 AGGGGAAGAGTGGTCCTTCC and AGGGCAGAGTTCTGATGAGG
(426 bp).

Amplifications were performed with FastStart Taq polymerase as described, with optimized
annealing temperatures of 62°C for exon 5 and 58°C for the remaining exons. Direct DNA
sequencing was performed as previously described. Briefly, sequencing reactions were
carried out using BigDye V3.1 Cycle Sequencing Kit (Applied Biosystems) with the same
forward primers as in the PCR amplification and sequencing products were electrophoresed
on an ABI PRISM 3130xI Genetic Analyzer. To confirm the mutation, exon 5 was also
sequenced in reverse.

TagMan SNP genotyping assays were performed to screen for the 366g—c mutation in the
available family members and 228 unrelated unaffected individuals (118 males and 110
females for a total of 338 control x chromosomes). Exon 5 fragments were amplified in
TagMan Genotyping Master Mix (Applied Biosystems), using the protocol provided in the
manual, in a total volume of 10 ml. The sequences of primers are: forward -
AGGAGATCAAAACGTGGAGTACAAG; and reverse -
CTTGCAGTTACTAACAGGTGAAGCA. The sequences of the fluorescent dye-labeled
TagMan hybridization probes, in the reverse direction complementary strands, are: wild-
type allele G - CTTTGTGCCAGACGGT; and mutant allele C - TTTGTGGCAGACGGT.
PCR amplification was carried out with an ABI 7500 Real-Time PCR system under the
condition of an initial denaturation step at 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C
1 min, and a final extension for 1min.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-fixed, paraffin-embedded sections
of an anterior tibial muscle. Sections were deparaffinized and hydrated in gradated xylene
and alcohol. All IHC was performed following antigen retrieval (15 min at 100°C in
phosphate buffer at pH 6.0) and quenching of endogenous peroxidase (3% H,O5 for 15
min). Primary antibodies FHL-1 (AbCam Inc, Cambridge, UK at 1:1,000 dilution),
Ubiquitin (Millipore, Billerica, MA at 1:50,000 dilution) and Desmin (D-EU-10, Sigma, St.
Louis, MO at 1:2,500 dilution) were incubated for 1 hr. Biotinylated anti-mouse secondary
antibodies were subsequently incubated for 40 min and ABC reagent (Vector Laboratories,
Burlingame, CA) for 1 hr. Immunoreactivity was developed using Diaminobenzidine/H,05.
Hematoxylin and eosin (H&E) and modified Gomori trichrome staining were performed by
routine methods on frozen tissues.
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Molecular dynamics studies of the FHL1 LIM2 domain

Results

Models for molecular dynamics (MD) simulations were constructed from the consensus
NMR structure of the second LIM domain of human skeletal muscle FHL1 (PDB ID: 1x63).
The protein was trimmed to remove unstructured regions at either end, leaving residues 98
through 158 and the two zinc atoms. Mutations were introduced individually by a procedure
that optimized the initial conformations of the new side-chains while holding the rest of the
structure constant. The protein was embedded in water to fill a sphere with a radius of 23.5
A, and the energy of the system was minimized locally by an all-atom MD trajectory of 4 ps
at 30 K, using a slightly modified version of the ENZYMIX force field. The temperature
then was raised to 310 K, and MD trajectories were propagated for a 15-ns equilibration
period, during which relatively stiff force constants for stretching and bending of the Zn-
ligand bonds were maintained. At the end of this period, the Zn-ligand force constants were
decreased to values just sufficient to keep the Zn-S and Zn-N distances in the wild-type
protein close to those in the NMR structure and crystal structures of other proteins with
similar zinc centers (see Supplementary Information for additional details on this and other
aspects of the simulations). MD trajectories with the relaxed force constants then were
propagated for 12.5 ns at 310 K. All the MD results presented below pertain to this last set
of trajectories. Structures were saved every 20 ps for analysis.

Pedigree and clinical features

The pedigree of family MD15 is shown in Figure 1. The parents in generation | were first
cousins. Our study focused on I1-2 and her children. A more distant branch of the family
was not available for evaluation. Disease in this family is characterized by a progressive
scapuloperoneal myopathy syndrome. The age of onset ranged from 32 to 36 years with
progression to wheelchair use in the 40-50s. Life span did not appear to be appreciably
decreased.

The proband (I11-1 in Fig. 1) is a 59 year-old man who developed weakness of his legs at
approximately age 36. Previously he had been athletic and had an occupation requiring
frequent long distance walking. In retrospect he believes his physical strength became
difficult to maintain at age 18-20, but he was on the wrestling team in college and played
softball without difficulty to age 36. At age 36 he noted falling several times while walking
and weakness of his legs while walking uphill or climbing stairs. Examination at age 37
showed winging of the right scapula and mild weakness of the extensors of his toes and feet.
Moderate calf hypertrophy was noted. A serum creatine kinase (CK) was mildly elevated at
210 units (upper limit of normal 186 units in that laboratory at that time) and
electromyography (EMG) showed diffuse denervation potentials in both proximal and distal
muscles of his lower limbs. A muscle biopsy at age 39 was reported to show myopathic
changes with rimmed vacuoles. His weakness progressed slowly over the next 20 years and
he began using a wheelchair at age 48 and required a motorized wheelchair by age 50.
Repeat EMG was reported as consistent with a myopathic process. Repeat serum CKs
ranged from 750 to 1020 units (normal <200). Examination at age 52 showed bilateral
winging of the scapulae, weakness and atrophy of the triceps and biceps muscles, marked
weakness of both proximal and distal muscles in both lower limbs. Cranial nerves were
normal. Facial strength was normal. His strongest muscles were in his forearms and hands.
Tendon reflexes were hypoactive. Sensation was intact. His initial diagnosis of possible
spinal muscular atrophy was later changed to a scapuloperoneal syndrome. At age 59 he had
normal facial muscle strength, some residual motor function of hand/finger flexors, knee
flexors and ankle flexors, but was otherwise profoundly weak in all other muscle groups.
Respiratory function was compromised with an FVC 27% of predicted, use of mouthpiece

J Neurol Sci. Author manuscript; available in PMC 2011 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 5

ventilator during the day and BIPAP at night. Genetic tests for the common mitochondrial
DNA mutation (m. 8344A>G) for MERRF, dystrophin deletions and facioscapulohumeral
(FSH) muscular dystrophy were normal.

The proband has two similarly affected younger brothers. His 54-year old brother (111-8 in
Fig. 1) was very physically active and played football in college. At age 32 he was
asymptomatic but had an elevated serum CK (400 units) obtained when his older brother
had become symptomatic. At age 36 this man noted a decreased ability to play basketball.
He first noted weakness in his feet and ankles, followed later by weakness of his shoulder
muscles. In his early 40s he began using bilateral ankle foot orthotics (AFO). Examination at
age 48 showed a waddling lordotic gait with bilateral foot drop. He had evidence of both
proximal and distal weakness in his lower limbs that was more prominent distally. Facial
strength was normal. He had bilateral winging of the scapulae and weakness of shoulder
elevation, biceps and pectoralis muscles. Forearm and hand muscles were strong. Tendon
reflexes were depressed. No calf hypertrophy was noted. Sensation was intact and plantar
reflexes were down. His disease continued to progress and he required a wheelchair at age
52.

The youngest brother is now 49 years old (I11-10 in Fig. 1). He had been athletic and played
football in high school. At approximately age 32 he noticed leg weakness while running and
playing softball. At age 40 an examination revealed mild weakness of shoulder muscles and
prominent weakness of foot extensors. Facial strength was normal. He had bilateral calf
hypertrophy. Tendon reflexes were absent. An EMG was compatible with myopathy and a
serum CK was 766 units. At age 43 he was wearing bilateral AFOs and was noted to have
bilateral winging of the scapulae, bilateral foot drop, mild proximal weakness of his legs
with normal sensation and down-going plantar reflexes. By age 47 he was using a motorized
scooter.

The mother (11-2 in Fig. 1) is presently 79 years old and was examined at age 73. Her only
complaint at that time was mild chronic diffuse pain and limited range of motion of her right
shoulder. Her only findings on physical examination were mild winging of the right scapula,
bilateral large calves and depressed ankle tendon reflexes. An EMG demonstrated low
amplitude, short duration motor unit action potentials consistent with a myopathy. Presently
she uses a walker for ambulation.

The family by report has two similarly affected male maternal first cousins (111-14 and 111-15
in Fig. 1) whom we have not examined. Their mother (11-6) used a walker in her 60s, had
weakness of neck extensors and died of a stroke at age 68. A maternal uncle (11-3) was also
reported to be affected. No affected members of this family have had complaints or clinical
signs suggestive of cardiac disease, in contrast to the families described recently by Gueneau
etal. [7].

Genotype Analyses

Although autosomal dominant inheritance could not be excluded, the pedigree was
consistent with X-linked inheritance of disease as there were no male-to-male transmissions.
Recently, mutations in the FHL1 gene have been associated with a form of X-linked
myopathy (Table). To investigate if FHL1 might be responsible for disease in MD15, we
performed a targeted linkage study using all eight available subjects in the family and four
markers spanning the critical region of FHL1 on Xg27.2. Genotyping and manually
constructed haplotypes of the region bordered by markers DXS1001 (75.79¢cM) and
DXS1227 (88.33cM) revealed that the three affected sons shared a disease-associated
haplotype inherited from their mother, while the three unaffected sons inherited the other X-
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chromosome haplotype (data not shown). This result is consistent with linkage of disease in
MD15 to the FHL1 gene locus.

Identification of an FHL1 mutation

After confirming linkage of myopathy in MD15 to the FHL1 locus, we screened subjects in
the family for FHL1 mutations. The six protein-coding exons in FHL1 and their splice
junctions were PCR-amplified and sequenced in the proband (111-1 in Fig. 1) and his mother
(I1-2 in Fig. 1) in MD15. A hemizygous G to C transversion was identified in nucleotide 366
(366g—c) (Fig. 2) in the proband and in heterozygous state in the mother. This sequence
change predicts substitution of cysteine for tryptophan in residue 122 (W122C). Tryptophan
122 is evolutionarily conserved in all mammals and invertebrates. We performed SNP
genotyping with probes for wild-type G and mutant C alleles to screen the other family
members. Both affected siblings of the proband (111-8 and 111-10 in Fig. 1) carried the
hemizygous mutation of G to C nucleotide change and all three at-risk unaffected members
had the wild-type sequence. This nucleotide change was not detected in 338 control X-
chromosomes. Given the variability in phenotype in FHL1-related myopathy families
reported to date, we then screened the FHL1 coding region in two other families with
myopathy that, consistent with X-linked inheritance, did not have instances of male-to-male
transmission; no pathologic nucleotide changes were identified in those families.

FHL1 accumulation in muscle

H&E staining of an anterior tibial muscle biopsy from the proband at age 39 revealed
myopathic changes with rimmed vacuoles (Fig. 3A and F). Muscle fiber size was markedly
variable with numerous small rounded atrophic fibers and enlarged hypertrophic fibers and
fiber splitting. Fascicles had increased endomysial fibrosis. Central nuclei were increased in
number and some cells contained multiple central nuclei. Scattered necrotic and atrophic
fibers were observed. Scattered intrasarcoplasmic eosinophilic inclusions were present in
some fibers. Significant inflammation or neurogenic changes were not seen. Modified
Gomori trichrome staining demonstrated similar findings (Fig. 3E). To study mutant FHL1
expression and localization, IHC analysis of FHL1 was performed in paraffin-embedded
muscle from the proband and an age-matched normal control. In contrast to the control
muscle, which was negative for FHL1 immunostaining, in the proband, subsarcolemmal and
intracytoplasmic immunoreactivity to FHL1 was observed in some atrophic fibers (Fig. 3B).
The inclusion bodies were also positive for desmin (Fig. 3C) and ubiquitin (Fig. 3D). The
quality of morphology with IHC staining is compromised by the PFA fixation and paraffin
embedding, whereas structural abnormalities are clearly seen with H&E (Fig. 3F) and
modified Goromi trichrome staining (Fig. 3E) previously performed on frozen tissues.
Unfortunately, frozen tissue is no longer available from the patient for IHC study or
menadione_ nitroblue_ tetrazolium (menadione-NBT) staining.

Predicted structural effects of FHL1 LIM2 missense mutations

Molecular dynamics (MD) simulations of the second LIM domain were carried out with
wild-type (wt) FHL1, the W122C mutant described here, and five of the mutants that have
been described previously: W122S, H123Q, H123Y, C132F and C153Y. Histidine 123 is
one of the four ligands of the first Zn atom in the domain, whereas cysteines 132 and 153 are
ligands of the second Zn. Patients with these mutations present phenotypes ranging from
milder disease with onset ages in the 40s (in W122C) to very severe myopathy beginning by
age 2 (in H123Q, H123Y and C132F). We undertook the MD studies to explore whether
predictable structural differences resulting from the mutations might account for the variable
severity of the clinical phenotypes. Figure 4 shows the locations of the mutations in
representations of the mean structures during 12.5-ns MD simulations following a 15-ns
equilibration period. Plots of the deviations of the Ca carbons from their original positions,
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the fluctuations of the coordinates about the means, and other quantities derived from the
simulations are given in Supplementary Data (Figures S2—S8). All the models remained well
folded, with both zinc atoms bound to the ligands that had not been mutated. Water stayed
outside the first shell of ligands in the intact zinc sites, and moved in to replace the missing
ligand in the mutated sites (Figure S4). The distance between the two Zn atoms changed by
less than 0.8 A (Fig. S5). The root-mean-square fluctuations of the Co coordinates about
their means also were similar in the wt and all the mutant proteins (Fig. S3). The mean
distance between the Ca carbons of the residues at the ends of the two B-hairpins increased
by 2.1 A in W122S, but decreased by 1.2 A in W122C (Fig. S5). Other minor structural
differences between the wild-type and mutant proteins are evident in Fig. 4, but these are
comparable to the structural fluctuations seen in many proteins and none of them correlated
well with the variations in clinical phenotype among the six mutations.

Probably the most significant effects seen in the MD simulations were changes in the
amount or distribution of non-polar surface exposed to the solvent. Both the total solvent-
accessible surface area (SASA) and the non-polar SASA increased in most of the mutants
relative to the wt protein (Fig. S6). These changes occurred predominantly in two clusters of
residues, one near the N-terminal end of the models (C101, F105, A107-A110) and the
other at the base of the second B-hairpin (S140-P143) (Figs. 5, S7 and S8). The non-polar
SASA in the first cluster increased in the W122S, S122C and H123Y mutants; that in the
second cluster increased in W122S, H123Q, C132F and C153Y (Fig. S8).

Discussion

Mutations in FHL1 now define a distinct but phenotypically variable X-linked myopathy. To
date, 26 different mutations, including missense mutations, a splice-site mutation, deletions,
insertions and a duplication, have been identified. Among them, 18 mutations are in LIM2, 1
in LIM3 and 7 in LIM4. Within LIM2 there are mutational clusters at residues 122, 123 and
153 (Table). In most of the cases, a cysteine or histidine residue that provides a zinc ligand
is directly altered by a missense mutation. In addition, some frame-shift mutations truncate
the protein upstream of one or more of these residues. The rare exceptions are V280M and
X281E, which are located at the C terminus of the protein, and W122S and W122C
(reported in this study), which modify a residue adjacent to a histidyl ligand in LIM2. This
limited spectrum of mutations likely reflects the particular importance of the LIM domains,
and the LIM2 and LIM4 domains in particular, for proper function.

Despite the clustering of mutations, the clinical phenotypes can vary substantially (Table).
The onset ages range from 1 year-old to the 40s, but most develop symptoms by age 20.
Accordingly, the age at which patients become wheel-chair bound also varies considerably;
the youngest was 2 years old and some currently remain ambulant as old as 54 years. Three
toddlers progressed quickly to death between one and four years after the onset [1,5].
However, the course in some early-onset patients was slow and they remained ambulant
after more than 20 years of disease [7]. Most female carriers are asymptomatic and the few
exceptions (7 in 29 families) have later onset and mild myopathy. Notably, the clinical
phenotypes can vary even between different amino acid substitutions at the same residue.
The family with substitution of cysteine for tryptophan at residue 122 reported in this study
has a relatively mild initial clinical phenotype, with onset delayed until the fourth decade,
followed by slow progression to use of a wheelchair late in the fifth to sixth decades. There
is much milder disease in the one examined female. In contrast, substitution of serine at this
same residue (W122S) is associated with onset in the 20s, loss of ambulation in the 30s,
more prominent muscle hypertrophy, and moderate disease in females. In six cases,
mutations of the adjacent codon 123, which affect the zinc-coordinating histidine residue
(H123L, H123Q, H123Y), result in very severe myopathy with onset in infancy to toddler
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age, rapid loss of ambulation and, in some cases, respiratory insufficiency. Overall,
mutations that replace cysteine or histidine at one of the Zn binding sites in domain LIMZ2, in
comparison to those in LIM4, result in more severe phenotypes with very early onset, rapid
progression and loss of ambulation at an early age. Interestingly, mutations (K124RfsX®6,
K157V{sX36, A168GfsX27, C273LfsX11) that presumably produce a truncated protein are
associated with less severe clinical phenotypes ([7,8], Table).

There is considerable variation in the effects of mutations on FHL1 concentration and
intracellular localization, although not all mutations have been studied in this regard (Table).
As shown by western blotting and IHC analyses, the C224W and VV280M mutations in LIM4
result in total or near total loss of FHL1 protein. In our family with a W122C mutation IHC
studies showed muscle sequestration of FHL1 in inclusion bodies containing ubiquitin and
desmin. Similar inclusions were seen in the majority of patients with the other mutations in
LIM2 reported to date. In addition, most L1M2 mutations were associated with inclusion
bodies that stained abnormally by menadione-NBT and these patients therefore were
described as having a reducing body myopathy (RBM). RBM is a rare muscle disorder with
progressive muscular weakness and atrophy, characterized by the histopathologic findings in
myofibers of intracytoplasmic inclusion bodies that reduce NBT and thus stain strongly with
menadione-NBT. The identification of FHL1 mutations in all RBM cases that have been
screened confirms that FHL1 is the causative gene for this disorder. The common clinical
phenotype shared with RBM, the presence of an FHL1 mutation, and the intracytoplasmic
FHL1 aggregates in our patient’s muscle fibers suggests that disease in this family is highly
similar to RBM, but unfortunately no frozen muscle was available from the family in the
current report to evaluate for NBT reducing bodies. FHL1-positive structures in myofibers
previously have been reported to be identical to the menadione-NBT positive reducing
bodies, but we have not been able to document this in the present family [6]. Mutations in
LIM4 and out-of-frame mutations appear to be associated with lack of both reducing bodies
and FHL1 aggregates [7,8] (see Table). As noted above, they are also associated with
moderately severe clinical courses. These features suggest that more severe myopathy
caused by missense mutations in LIM2 may reflect toxic effects of aggregated protein,
rather than loss of protein function.

The variable phenotypes caused by mutations that cluster in the same domain, and
sometimes involve the same or adjacent residues, raise the question of how these mutations
affect the structure of the protein. None of the mutations we considered resulted in gross
unfolding or major distortions of the structure during MD simulations that continued for
12.5 ns beyond a 15-ns equilibration period at 310 K (Figs. 4 and S2). The Zn binding sites
remained largely intact. Since the MD simulations began with the structure of the native
protein, it is possible that kinetic barriers prevented them from reaching the equilibrium
structures of the mutant proteins. More severe structural changes might occur if the
simulations were continued for longer times or were run at higher temperatures. However,
all the mutant proteins displayed a larger amount of non-polar surface in one or both of two
clusters of residues (Figs. 5 and S6-S8). Such hydrophobic patches can lead to protein
aggregation [17-21], and thus might account for the intracellular aggregates of FHL1 seen
in many patients with FHL1 mutations. Variations in the size or shape of these patches
would affect the rate of aggregation, and also might affect specific interactions of FHL1
with other proteins, as Quinzii et al. have noted in connection with the W122S mutation.
Mutations that cause subtle changes in the exposure of B-strands have been linked to
aggregation of several proteins [22].

It is curious that FHL1 mutations are associated with seemingly different inheritance
patterns, despite the marked clustering and the propensity to affect cysteine residues.
Families with C104R, W122C, W122S, C153R or C153Y manifested an apparently X-
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linked dominant inheritance pattern, while those with 127-128insFT or C224W manifest an
apparently X-linked recessive inheritance pattern. However, the majority of mutations in the
LIM2 domain have been reported in sporadic cases, predominantly young females. These
observations support the suggestion by Dobyns that inheritance of X-chromosome-related
traits should not be defined as dominant or recessive, but rather generally as X-linked.
Although a rare disease, mutations in FHL1 should be considered as the cause for
scapuloperoneal myopathy in families in which X-linked inheritance cannot be ruled out,
even in isolated affected females (that is, families such as the one described here without
male to male transmission). Clinicians must be alert to the possibility of this disease because
of the phenotypic overlap with other scapuloperoneal syndromes, FSH and Becker muscular
dystrophies.

In conclusion, the notable clustering of mutations in the LIM2 domain suggests that this
region has special importance for maintenance of the structural integrity of muscles, or that
mutations in this domain result in formation of aggregates with particularly deleterious
properties. Mutations at the same or adjacent residues cause phenotypes that differ markedly
with respect to the muscle groups affected, the presence or absence of hypertrophy, the age
of onset, the rate of progression and the likelihood that females will manifest disease,
possibly because they increase the nonpolar solvent-accessible surface area in ways that
have variable effects on the propensity of FHL1 to aggregate.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pedigree of the family segregating an X-linked scapuloperoneal myopathy. Affected
individuals are shaded. Only the branch on the left side of the figure was available for
evaluation; remaining affected persons are known only through family report. The FHL1
allele at nt 366 is shown within the pedigree symbol for all eight tested individuals (¢ =
mutant nt). Current age or age of death is indicated. Arrow indicates index case.
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Figure 2.

Sequence chromatograms for a portion of exon 5 of FHL1 showing a mutation in the family
with X-linked scapuloperoneal myopathy compared to a control with the wild-type
nucleotide c at nt 366 (A). A hemizygous g to c transversion in an affected subject (B) and
heterozygous g to ¢ change in his mother (C) that predicts substitution of tryptophan for
cysteine in residue 122 (W122C). W122C co-segregated with disease in the family and was
not present in 338 normal control X-chromosomes.
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Figure 3.

Muscle biopsy from a subject I11-1 in the family with FHL1 mutation revealing myopathy
and FHL1 inclusions that are desmin and ubiquitin-positive. In muscle from the proband,
H&E staining (A and F) reveals that muscle fiber size is markedly variable with numerous
small rounded atrophic fibers and enlarged hypertrophic fibers. Central nuclei are increased
in number and some fibers contain multiple central nuclei. Scattered intrasarcoplasmic
eosinophilic inclusions are present in some fibers. In muscle from a normal control, muscle
fiber size is generally equal and nuclei are peripherally placed and central nuclei are
uncommon. There is no increase in fibrous connective tissue. Immunohistochemistry for
FHL1 (B), desmin (C) and ubiquitin (D) shows abnormal dense staining present in some
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atrophic fibers. In a normal control, normal desmin-positive striations are present; no
ubiquitin or FHL1 staining is observed. Rimmed vacuoles (arrow) and eosinophilic
inclusions (arrowhead) are revealed more clearly at higher magnification in E (modified
Gomori trichrome stain) and F (H&E). Scale bars: 100 pm.
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Figure 4.

Structures of the second LIM domain from MD simulations of wild-type FHL1 and the
W122C, W122S, H123Y, H123Q, C132F and C153Y mutants. Each structure shown is the
mean of 625 structures saved at 20-ps intervals during the trajectory. A tube representation
of the wild-type protein is shown in green in each panel, with the indicated mutant structure
superimposed in blue. The mutant sidechain and zinc atoms are shown in space-filling (van
der Waals) representations colored by atom type. The zinc atoms and the N- and C-termini
of the model are labeled in the W122C structure. Over all, the mutant proteins remain folded
in essentially the native conformation, with their Zn sites almost fully intact. A few subtle
changes are indicated by arrows. The figures were made with VMD 1.8.7 [24].
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Figure 5.

A space-filling representation of the 24 LIM domain of wt FHL1, with the residues color-
coded to indicate their mean values of EXNS, a measure of excess, solvent-accessible
nonpolar surface for the protein atoms in and surrounding the residue (see Supplementary
Data, eq. 1). EXNS was calculated with a cutoff radius of 8 A and was averaged over the
625 structures saved during the MD trajectory. In this image, residues that had mean values
of EXNS > 0.1 are colored red and other residues cyan. The viewpoint is rotated 180° about
a vertical axis with respect to the viewpoints in Fig. 4. Key residues and the N- and C-
termini are labeled. The figure was made with VMD 1.8.7 [24].
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