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Facioscapulohumeral muscular dystrophy (FSHD) is a progressive
neuromuscular disorder caused by contractions of repetitive ele-
ments within the macrosatellite D4Z4 on chromosome 4q35. The
pathophysiology of FSHD is unknown and, as a result, there is
currently no effective treatment available for this disease. To better
understand the pathophysiology of FSHD and develop mRNA-based
biomarkers of affected muscles, we compared global analysis of
gene expression in two distinct muscles obtained from a large
number of FSHD subjects and their unaffected first-degree relatives.
Gene expression in two muscle types was analyzed using GeneChip
Gene 1.0 ST arrays: biceps, which typically shows an early and
severe disease involvement; and deltoid, which is relatively un-
involved. For both muscle types, the expression differences were
mild: using relaxed cutoffs for differential expression (fold change
>1.2; nominal P value <0.01), we identified 191 and 110 genes dif-
ferentially expressed between affected and control samples of bi-
ceps and deltoid muscle tissues, respectively, with 29 genes in
common. Controlling for a false-discovery rate of <0.25 reduced
the number of differentially expressed genes in biceps to 188 and
in deltoid to 7. Expression levels of 15 genes altered in this study
were used as a “molecular signature” in a validation study of an
additional 26 subjects and predicted them as FSHD or control with
90% accuracy based on biceps and 80% accuracy based on deltoids.

skeletal muscle | microarray

Facioscapulohumeral muscular dystrophy (FSHD) is an auto-
somal dominant muscular dystrophy affecting ~1 in 7,000
20,000 individuals. It is characterized by progressive weakness and
wasting of facial, shoulder girdle, and upper-arm muscles from
which the disease takes its name, and also trunk, hip, and leg
muscles in some patients (1). One of the hallmarks of FSHD is
asymmetrical and selective degeneration of skeletal muscles. For
example, the biceps muscle is involved early and severely, whereas
the more proximal deltoid muscle is relatively spared. The un-
derlying mechanism of this distinctive sparing of certain muscle
types is unknown. In addition to muscle degeneration, abnor-
malities in retinal vasculature and hearing loss are observed in up
to 49% and 64%, respectively, in some populations (2). Although
possible underlying causes of extramuscular involvement and
characteristic facial weakness have been speculated (3), the
mechanism of these aspects of the disease is also unclear.

FSHD is caused by partial deletion of a critical number of repeat
elements within the highly polymorphic macrosatellite D474 on
the subtelomeric region of chromosome 4q (4, 5). In unaffected
individuals, the D4Z4 array usually consists of 11-100 repeats
(corresponding to EcoRI fragments of 41-350 kb), whereas FSHD
patients carry 1-10 repeats (corresponding to EcoRI fragments of
10-35kb) (6). A small repeat size is associated with greater disease
severity and an earlier age of onset (7, 8). The disease-causing
D474 deletions must, moreover, occur on chromosomal allele
4gA, because deletions on the equally common 4gB allele do not
result in FSHD.
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Several studies have demonstrated the myopathic potential of
double homeobox 4 (DUX4), a gene located within each repeat
element, in skeletal muscle cells. Overexpression of DUX4, as
a result of chromatin relaxation within D4Z4, was initially pro-
posed by Kowaljow et al. (9) to induce toxicity to muscle cells,
potentially leading to muscle degeneration in vivo. Subsequent
studies demonstrated further evidence to support this finding
(10). Recently, genetic analysis of families carrying rare trans-
locations between 4q and 10q chromosomes identified single-
nucleotide polymorphisms (SNPs) in the pLAM region adjacent
to the distal D4Z4 repeat that segregate with FSHD. These SNPs
create a canonical polyadenylation signal on the permissive
chromosomal allele, whereas the nonpermissive alleles lack these
SNPs. DUX4 transcripts expressed from the distal-most repeat
extend into the pLAM sequence and are polyadenylated when the
poly(A) signal SNPs are incorporated into the transcripts, thus
increasing their intracellular stability (11). DUX4, a double-
homeodomain—containing protein, shares similarities with tran-
scription factors paired box 3 (PAX3) and paired box 7 (PAX7)
and is proposed to act as a transcriptional activator (10, 12).

There is currently no pharmacological treatment available for
FSHD, and clinical trials with novel therapeutics have been dis-
couraged by the lack of a recognized mouse model. Clinical trials
have also been discouraged by the fact that FSHD is a highly
variable and slowly progressive disease, whereas the efficacy of
therapeutic interventions is ideally established over short periods
of time. Therefore, molecular biomarkers of FSHD that could be
used to assay responsiveness to therapy would greatly facilitate
FSHD therapeutic development and clinical research. High-den-
sity oligonucleotide arrays reliably quantify the expression levels of
thousands of genes simultaneously and enable identification of
such biomarkers (13). To identify mRNA-based biomarkers, we
performed gene expression analysis in two distinct muscles from
individuals with FSHD and their unaffected first-degree relatives.
Using this unique approach, we identified a “molecular signature”
of FSHD muscles, and by comparing gene expression patterns
between differentially affected muscles, we gained insight into
genes and pathways involved in disease progression that will in-
crease our understanding of pathogenesis in this condition.
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Results

Clinical Observations and Muscle Biopsy Collection. In a protocol
approved by The Johns Hopkins Medicine Institutional Review
Board, families with FSHD were recruited and provided written
informed consent to participate. Skeletal muscle was biopsied in
29 FSHD subjects and 22 unaffected first-degree relatives from
21 independent families (or cohorts), several of which have been
introduced previously (14), with D4Z4 repeat size determined in
all individuals as described previously (15) (Table S1). This par-
ticular study design allows pairwise comparison between affected
and unaffected family members, which can potentially reduce the
effects of gene expression variability caused by genetic differences
between individuals from different familial backgrounds. Muscles
with advanced degeneration are often infiltrated with fat and fi-
brosis, and this can skew the expression patterns specific to
muscle. To diminish potential bias caused by fat and fibrosis, only
mildly affected muscles were included in our study. Furthermore,
because the biceps muscle of FSHD patients is generally more
severely affected than deltoid, we obtained biopsies from both
biceps and deltoid muscles from all individuals with the goal of
comparing gene expression signatures to help pinpoint mecha-
nisms of selective muscle degeneration. Genome-wide expression
profiling was performed on 11 cohorts (13 affected and 12 un-
affected individuals), and the remaining 10 cohorts (16 affected
and 10 unaffected individuals) were used for independent eval-
uation of candidate biomarker genes.

Genome-Wide Gene Expression Profiling of Biceps and Deltoid Muscle
Biopsies. Using GeneChip Human Gene 1.0 ST arrays, we de-
termined genome-wide gene expression profiles of mRNA iso-
lated from FSHD and control biceps and deltoid muscle tissues.
Applying empirical Bayes-moderated ¢ tests, we identified 191
and 110 genes differentially expressed (using fold change > 1.2
and P < 0.01 as criteria for differential gene expression) between
FSHD and control biceps and deltoid tissues, respectively (Fig. 1
and Dataset S1). Of these genes, 79 and 83 were up-regulated,
and 112 and 27 genes were down-regulated in FSHD biceps and
deltoid muscles, respectively. After adjusting for multiple hy-
potheses testing using the false-discovery rate (FDR) method
allowing for up to an estimated 25% of false-positive hits, ex-
pression differences of 188 transcripts in biceps remained statis-
tically significant, whereas in deltoids, only 7 genes passed this
FDR cutoff value. In contrast to previous studies conducted using
oligonucleotide arrays to assess gene expression in FSHD mus-
cles and cells, expression differences observed in our cohorts
were not as dramatic. In biceps, no gene showed more than
a twofold difference between affected and unaffected samples,
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Fig. 1. Volcano plots of expression differences between FSHD subjects and
controls in biceps (A) and deltoid muscles (B). The horizontal axis shows log,
(fold change), with vertical lines indicating cutoffs of 1.2-fold change either
down (red) or up (green) relative to controls. The vertical axis shows —log1o
(P _value), with the horizontal gray line indicating the cutoff of nominal
P = 0.01. Genes that passed both cutoffs and also satisfied FDR < 0.25 are
colored red (down in FSHD) or green (up in FSHD).
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and in deltoid, only a single gene did: HMGCS2 (3-hydroxy-3-
methylglutaryl-CoA synthase 2, mitochondrial). Taken together,
these results demonstrate the impact of D4Z4 deletions on global
gene expression patterns in differentially affected skeletal mus-
cles and provide us with a list of potential disease biomarkers.

Muscle-Type-Specific Patterns of Global Gene Expression. Because of
differential muscle involvement within the same individual, com-
parison of gene expression patterns between biceps and deltoid
allows us to potentially examine the underlying mechanisms of
disease progression at the molecular level. Out of 191 and 110
differentially expressed genes in biceps and deltoids, 29 genes were
dysregulated in both affected muscle types relative to their un-
affected counterparts. These 29 genes showed similar fold changes
in both muscle types. Overall, affected deltoid had 42% fewer
differentially expressed genes compared with affected biceps,
which could be suggestive of a relationship to the state of muscle
pathology or to pathogenesis. Comparing affected biceps directly
to affected deltoid gave many more significant differences, with
359 genes differentially expressed even when controlling for FDR
< 0.25. However, there were also 265 significant differences (FDR
< 0.25) between biceps and deltoid even among unaffected sam-
ples, which included 129 of the 359 genes from the affected biceps
versus affected deltoid comparisons. We also tested directly for
genes with changes in expression between biceps and deltoid that
were significantly different between affected and unaffected
samples. (Note that this is equivalent to testing for genes whose
change in expression between affected and unaffected samples was
significantly different between biceps and deltoid.) There were 125
genes that satisfied the relaxed cutoff of fold change > 1.2 and
nominal P < 0.01, but none was significant at FDR < 0.25. Fig. S1
gives an overview of the changes observed in the between-disease-
state and between-muscle-type comparisons. Overall, these find-
ings suggest that differences in gene expression patterns between
biceps and deltoid might make biceps muscles more susceptible
than deltoid muscle to damage caused by D4Z4 deletions. These
results are also in concordance with earlier work that demon-
strated inherent differences in global gene expression between
distinct types of skeletal muscle in the human (16).

Expression Changes Associated with Residual D4Z4 Repeat Length.
Because FSHD tends to be more severe for patients with fewer
DA47Z4 units, we tested for genes with expression levels that tended
to either increase or decrease with decreasing D4Z4 repeat length.
If there is such an effect, this test should be more sensitive than one
that treats all affected subjects uniformly. Our FSHD samples had
a range from 3 to 7 D4Z4 units estimated from EcoRI/BInl re-
striction-fragment size (Table S1), and for these tests, we capped
the D4Z4 units for unaffected subjects at 9 (described in SI
Materials and Methods). We found 199 genes in biceps and 146
genes (Dataset S2) in deltoid for which the expression level was
associated with the D4Z4 repeat length using cutoffs P < 0.01 and
effect size > 1.2. Here, the effect size was the estimated fold
change corresponding to a loss of four D4Z4 repeats. For most
genes passing the relaxed cutoffs, the simpler affected vs. un-
affected model fit the expression data essentially as well. Several
genes for which the D474 length-dependent model gave the most
pronounced improvement in fit are shown in Fig. S2. Controlling
for multiple hypotheses testing using FDR < 0.25 retained 182 and
13 genes statistically significant in biceps and deltoid, respectively.
Thus, similar to disease phenotype, the observed molecular sig-
natures also appear to reflect D4Z4 residual size-dependent
changes in gene expression in FSHD muscles.

Biological Pathways Disrupted in FSHD Muscles. To explore bi-
ological pathways disrupted in FSHD, we performed Ingenuity
Pathway Analysis (IPA) of the genes differentially expressed more
than 1.2-fold (P < 0.01) in muscles between affected and
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Table 1. Canonical pathways overrepresented among genes
differentially expressed (fold-change, >1.2; nominal P value,
<0.01) in FSHD biceps compared with control muscles according
to IPA

Pathway Ratio* P

Actin cytoskeleton signaling 10/238  2.05 x 107>
ILK signaling 8/193 248 x 10~
Hepatic fibrosis/hepatic stellate cell activation 71147 253 x 1074
Atherosclerosis signaling 5107 1.43x 1073
Leukocyte extravasation signaling 7/199 155 x 1073
Intrinsic prothrombin activation pathway 3/34 2.34 x 1073
Complement system 3/35 3.08 x 1073
Synthesis and degradation of ketone bodies 2/17 3.36 x 1073
Coagulation system 338  3.64 x 1073
Calcium signaling 6/207 4.61 x 1073

*Ratio, no. of differentially expressed genes from microarray out of total no.
of genes associated with the canonical pathway according to IPA.

unaffected individuals. The most significantly altered 10 canonical
pathways in biceps and deltoid are listed in Tables 1 and 2, re-
spectively. Furthermore, molecular networks altered in muscles
from affected individuals are depicted in Fig. S3. The expression
levels of 10 genes {MYHS, ACTA2, ARHGEF6 [Rac/Cdc42 gua-
nine nucleotide exchange factor (GEF) 6], PFN2, LBP, ACTCI
(actin, alpha, cardiac muscle 1), SLC9A1 [solute carrier family 9
(sodium/hydrogen exchanger), member 1], MYL3 (myosin, light
chain 3), ACTNI (actinin, alpha 1), and FGF6} known to play
a role in actin cytoskeleton were altered in affected vs. unaffected
biceps, making this pathway, the members of which have also been
demonstrated previously to be altered in FSHD muscles (17),
a potential biomarker for FSHD. Note that several of these genes
are altered in other muscle disorders including Duchenne mus-
cular dystrophy (DMD) (18, 19), a-sarcoglycan deficiency (aSGD)
(18), and polymyositis (20). Another significantly changed path-
way in biceps was the tissue fibrosis pathway {ACTA2, CCL5
[chemokine (C-C motif) ligand 5], COL1AI (collagen, type I, al-
pha 1), COL3AI (collagen, type 111, alpha 1), LBP, MYHS, and
MYL3}, perhaps reflecting fibrotic infiltration of muscle tissue,
a commonly observed reaction to chronic myopathic processes
(18-21). The expression levels of two collagen genes, COL1A1 and
COL3A1, have been shown to be elevated in affected vastus lat-
eralis (17) and biceps (22) muscles in previous studies as well.
Interestingly, this pathway was not changed in the spared deltoid
muscle. Pathways perturbed in deltoid were slightly different from
those affected in biceps and typically included fewer differentially
expressed genes than the pathways for biceps. The complement
system pathway was the most significantly altered pathway in

Table 2. Canonical pathways affected in FSHD deltoid
compared with unaffected deltoid according to IPA

Pathway Ratio* P

Complement system 4/35 3.16 x 10~
Urea cycle and metabolism of amino groups 3/78 7.21 x 107
Synthesis and degradation of ketone bodies 2117 1.32x 1073
Extrinsic prothrombin activation pathway 2/20 3.45 x 1073
Intrinsic prothrombin activation pathway 2/34 1.19 x 1072
Coagulation system 2/38 1.60 x 1072
Alanine and aspartate metabolism 2/82 1.96 x 1072
Glioma invasiveness signaling 2/60 3.96 x 1072
Glutamate receptor signaling 2/69 3.96 x 1072
Butanoate metabolism 2/127  4.09 x 1072

*Ratio, no. of differentially expressed genes from microarray out of total no.
of genes associated with the canonical pathway according to IPA.

16236 | www.phas.org/cgi/doi/10.1073/pnas. 1209508109

deltoid, with four overexpressed genes [C6 (complement compo-
nent 6), CIOB (complement component 1, q subcomponent, B
chain), CFH (complement factor H), and C34RI (complement
component 3a receptor 1)]. C1QB and CFH levels are also ele-
vated in DMD (18, 19). The complement system is involved in
opsonization, lysis of foreign cells, clearance of immune complexes
and apoptotic cells, activation of inflammation, and augmenting
the antibody response.

Comparisons with Previous Studies. Several microarray studies re-
lated to FSHD have been reported previously, including studies of
FSHD biopsies and cells (17, 22, 23) and studies of expression
changes caused by overexpression of FSHD-related genes in
model organisms or cell cultures (10, 24, 25). Many of these
studies reported stronger expression changes than our study.
There is the possibility that the lists of genes identified as differ-
entially expressed in the earlier studies are, as a whole, subtly
altered in our data, even if no single gene reached significance. To
investigate this possibility, we used ROAST (rotation gene set
testing) (26) to test whether the lists of genes tended to have
higher-than-average up-regulation or down-regulation in our data
and also whether there was higher-than-average misregulation in
either direction. These tests were performed separately for biceps
and deltoid. Significant correlation (P < 0.01) between both up-
and down-regulated genes determined in our study and in studies
of Arashiro et al. (23) and Osborne et al. (17) were observed for
both muscle types. To test the hypothesis of whether over-
expression of DUX4 interferes with the regulation of PAX3/7
target genes, we also compared genes differentially expressed in
FSHD with putative PAX3/7 target genes determined by Kumar
et al. (27) and found a significant tendency for up-regulation of
these genes in FSHD biceps. We also tested whether the genes
that were differentially expressed upon DUX4 overexpression in
the study of Geng et al. (28) were altered in our data. The full sets
of DUX4 targets did have a tendency for misregulation in our
biceps data but without strong consistency in the direction of the
changes. The subset of DUX4 target genes involved in germ cells
and early development did, however, show a highly significant
tendency for up-regulation in our FSHD biceps data, consistent
with the findings of Geng et al. Table S2 summarizes the results of
these tests.

Validation of Array Results with Real-Time Quantitative PCR. The
dynamic range of differential gene expression detection by
microarrays is inherently lower than real-time quantitative (q)
PCR. To verify the accuracy and performance of the microarrays,
as well as the algorithms we used to analyze the array data, we
measured the expression levels of 15 genes using a real-time
qPCR approach. In particular, we focused our analysis on po-
tential biomarker candidates that were selected to include both
strongly up-regulated and down-regulated genes with significant P
values. Comparison of fold-change values determined by arrays
and qPCR for these genes is listed in Table 3. With the exception
of the perinatal myosin heave chain gene (MYHS), fold-change
values determined by arrays and qPCR were in the same range,
with qPCR showing slightly higher values. MYHS appeared to be
more dramatically up-regulated in FSHD muscles, as determined
by qPCR compared with microarrays, likely owing to its low
abundance in adult skeletal muscles and the limited capacity of
arrays to measure low abundance mRNA. Overall, there was
strong correlation between microarray and qPCR results, with
a correlation coefficient of 0.89 and 0.90 in biceps and deltoid
samples, respectively (Fig. 2).

To further evaluate the consistency of the biomarker candidate
genes identified in the first 11 cohorts, we assessed their expres-
sion levels in an independent sample set comprising 25 individuals
from 10 additional cohorts and one additional member of cohort
15. The correlation coefficient between fold-change values of the
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Table 3. Validation of microarray results with real-time qPCR

FSHD vs. control biceps

FSHD vs. control deltoid

Array qPCR-1 qPCR-2 Array qPCR-1 qPCR-2
Gene symbol Gene name FC P FC P FC P FC P FC P FC P
LBP Lipopolysaccharide binding protein —-1.8 0.0002 -2.4 0.03 -1.5 0.32 -1.4 0.03 -2.4 0.009 -1.1 0.78
IDI2 Isopentenyl-diphosphate delta isomerase 2 -1.6 0.0000002 —1.6 0.02 -1.9 0.10 -1.2 0.02 -1.6 0.008 -1.9 0.18
OXCT1 3-Oxoacid CoA transferase 1 —-1.6 0.003 -1.3 0.22 -1.1 0.73 -1.5 0.007 -1.7 0.03 -1.1 0.50
TECRL Trans-2,3-enoyl-CoA reductase-like -1.5 0.000003 -1.4 0.004 -1.6 0.20 -1.1 0.45 —-1.3 0.09 -1.7 0.24
GO0S2 Go/G, switch 2 -1.3 0.06 -1.6 0.1 -2.5 0.01 -1.3 0.02 -2.0 0.05 -2.6 0.006
GLT25D2 Glycosyltransferase 25 domain containing 2 —1.3 0.000004 -1.4 0.02 -1.5 0.04 -1.1 0.08 -1.5 0.009 -1.5 0.19
EXTL1 Exostoses (multiple)-like 1 —-1.3 0.0002 -1.7 0.005 -1.5 0.06 -1.1 0.04 -1.5 0.01 -1.7 0.12
PFN2 Profilin 2 —1.2 0.0002 -1.2 0.05 -1.2 0.14 -1.1 0.06 -13 0.03 -14 0.21
F2R Coagulation factor Il (thrombin) receptor ~ +1.2 0.002 +1.7 0.08 +1.0 0.97 +1.1 0.06 +1.1 0.74 -1.1 0.61
IL32 Interleukin 32 +1.1 0.45 +1.4 0.33 -1.1 0.70 +1.3 0.05 +1.4 031 -1.1 0.81
SLC25A33 Solute carrier family 25, member 33 +1.2 0.0004 +1.3 0.08 +1.0 0.90 +1.1 0.02 +1.3 0.08 +1.0 0.83
SAMHD1 SAM domain and HD domain 1 +1.3 0.001 +1.5 0.009 +1.2 0.23 +1.3 0.0025 +1.1 0.32 +1.4 0.04
MYHS8 Myosin, heavy chain 8, skeletal muscle, +1.5 0.01 +6.1 0.01 +11.5 0.00002 +1.5 0.02 +4.0 0.04 +2.3 0.15

perinatal

ACTA2 Actin, a2, smooth muscle, aorta +1.5 0.0001 +1.9 0.0005 -1.1 0.54 +1.2 0.1 +1.3 0.23 +1.5 0.09
CAB39L Calcium-binding protein 39-like +1.2 0.07 +1.6 0.03 +1.1 0.51 +1.2 0.05 +1.2 0.17 +1.5 0.02

FC, fold change; gPCR-1, qPCR data of cohorts analyzed with microarrays; qPCR-2, independent validation qPCR.

second qPCR data and arrays in biceps and deltoid samples was
0.62 and 0.74, respectively. For some genes, the difference in
expression levels between affected and unaffected samples did
not reach statistical significance, perhaps attributable, in part, to
increased variability from samples with increased fat infiltration
or fibrosis. By combining the Ct values from the 15 genes in the
qPCR panel into a single score using weights chosen based only on
the 11 original cohorts, we were able to classify the validation
samples as FSHD or control with ~90% accuracy for biceps and
~80% accuracy for deltoid (Fig. S4).

Discussion

Although D474 deletions on chromosome 4q were discovered two
decades ago (4), the molecular pathogenesis of FSHD is still ar-
guably the least well-understood of the muscular dystrophies, a fact

A FSHD vs. Control Biceps B FSHD vs. Control Deltoid
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Fig. 2. Correlation between log, fold-change values of 15 validation genes
from microarrays and qPCR for FSHD subjects vs. controls comparisons in
biceps (A) and deltoid muscles (B). The horizontal axis represents the log,
fold change between FSHD and control samples from qPCR and the vertical
axis represents the log, fold change from microarrays. Symbols in each
scatter plot represent individual genes, with the shape of a symbol in-
dicating the statistical significance of the difference between FSHD and
control samples for that gene (square, P < 0.01 in qPCR; triangle, P < 0.01 in
array; open circle, P < 0.01 in both; black dot, P < 0.01 in neither). The solid
gray line with slope 1 indicates perfect agreement, and the dashed gray line
indicates the line of best fit to the data (with slope, intercept, and correla-
tion coefficient as indicated in the plots).
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that is particularly unsatisfying given its relatively high prevalence
in the population. Evidence for abnormal overexpression of the
putative transcription factor DUX4 in FSHD muscles and myo-
blasts (11, 29, 30) invokes the hypothesis that dysregulation of its
target gene expression might result in muscle degeneration. In the
present study, we used a global transcriptomic approach to char-
acterize gene expression patterns in muscle tissues from individuals
affected with FSHD. In addition to identifying gene expression
differences between affected and unaffected individuals, we also
report expression signatures of differentially affected biceps and
deltoid muscles.

One of the most salient features of this study using first-degree
relative controls is that there are very few differences between
normal and diseased muscle. Most of the expression changes
between disease and control were subtle. After adjusting for
multiple hypotheses testing, expression differences of only 7 genes
in deltoid and 188 genes in biceps remained statistically signifi-
cant. Importantly, none of these was a gene in the vicinity of the
4q35 locus such as FRGI (FSHD region gene 1), FRG2 (FSHD
region gene 2), or SLC2544 [solute carrier family 25 (mito-
chondrial carrier; adenine nucleotide translocator), member 4],
suggesting that derepression of genes in cis is not a sequel of D4Z4
contraction. Changes in the expression of DUX4 itself were not
detected, as expected because of its extremely low expression
level. Indeed, DUX4 typically requires specialized nested PCR
assays for detection (11), and its expression in the current cohorts
was recently reported in a separate study (31).

In addition to our study, expression profiling of FSHD muscles
have been assessed previously by three independent studies. Based
on observed expression changes in both muscles and cells, Wino-
kur et al. (22) concluded that dysregulation of genes involved in
myogenic differentiation and genes essential for buffering oxida-
tive stress results in diminished myoblast differentiation coupled
with vulnerability to oxidative stress leading to muscle de-
generation. Although similar changes in the same pathways were
confirmed by Celegato et al. (32) using mRNA and protein ex-
pression analyses, Osborne et al. (17) did not observe differences
in these pathways. They, on the other hand, identified genes
expressed in vascular smooth muscle and endothelium and genes
that promote angiogenesis, potentially explaining some of the
extramuscular symptoms such as retinal vasculopathy commonly
observed in FSHD patients.
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Our study, by design, examined mildly affected muscle, in an
attempt to reveal FSHD-specific expression changes while mini-
mizing expression changes related to infiltration by fibrotic or
adipose tissues, which are common in more severely affected
muscle. Thus, the discrepancy in the number of significantly al-
tered genes between our and earlier studies might be the result
of disease severity of profiled muscles. Moreover, by controlling
for familial relationship when comparing expression levels in
cases and controls, we have attempted to diminish the effects of
interindividual variation on gene expression, which has already
been proven by numerous studies to be under the control of
genetic factors (33, 34). Therefore, the expression differences
observed between FSHD and control muscles would more likely
reflect true pathogenic gene expression profiles suitable for de-
veloping into disease biomarkers. Notably, these candidate bio-
markers are not, for the most part, genes that were identified as
misregulated upon overexpression of DUX4 in cell cultures. We
do, however, see evidence of misregulation of some of the DUX4
target genes, particularly a significant up-regulation of DUX4
targets involved in germ cells and early development (12).

Among the most significantly altered genes in biceps, IDI2
(isopentenyl-diphosphate delta isomerase 2) encodes a skeletal
muscle-specific isozyme of isopentenyl diphosphate isomerase
located in peroxisomes and involved in the mevalonate pathway,
which is essential for cholesterol biosynthesis (35, 36). Its expres-
sion is reduced in affected biceps by 1.6-fold (P = 0.000001),
whereas its expression was not significantly altered in deltoid.
Interestingly, copy-number variation within the chromosomal
locus harboring the IDI2 gene and its homolog IDI] is associated
with amyotrophic lateral sclerosis (37), a fatal neurodegenerative
motor neuron disorder accompanied by severe skeletal muscle
wasting. Note that IDI2 is not reported to be altered in earlier
studies of other muscular dystrophies (18-21) or in a search of all
GEO profiles (38) related to muscular disorders. One other gene
involved in cholesterol biosynthesis (Gene Ontology process
G0:000695), hydroxymethylglutaryl CoA synthase 2 (HMGCS?2)
(39), showed strongly altered expression in FSHD biceps (1.8-fold
up; P = 0.007), as well as deltoid (2.4-fold up; P = 0.0002). In-
terestingly, several other genes involved in cholesterol biosynthesis
were found by Cheli et al. (40) to be deregulated in cell cultures for
FSHD and also for FSHD-2, a form of the disease that is not as-
sociated with D474 contractions in 4q.

Actin cytoskeleton plays an important role in cell motility, axon
guidance, cytokinesis, and phagocytosis. Genes encoding members
of the actin cytoskeleton were enriched among differentially reg-
ulated genes in biceps. In particular, the gene encoding the o2
isoform of actin (4CTA2) is up-regulated by 1.5-fold (P = 0.0001)
in biceps muscles. Osborne et al. (17) also reported 2.5-fold in-
creased expression of ACTA2 in the vastus lateralis muscle of
FSHD patients. Given its consistent overexpression in two in-
dependent analyses of FSHD muscles, the ACTA2 gene could
serve as a potential biomarker of FSHD muscles and perhaps to
assess the degree of disease severity, because its expression levels
in deltoid muscles were not altered to the same extent (1.2-fold;
P = 0.1). Mutations in the actin-binding domain of the perinatal
myosin heavy chain gene MYHS are associated with trismus—
pseudocamptodactyly syndrome, characterized by abnormally
short muscle-tendon units (41). This gene was found to be sig-
nificantly overexpressed in FSHD muscles, as determined by both
arrays and qPCR. Although MYHS is not normally expressed in
healthy muscles beyond the perinatal period, where it is expressed
primarily in the skeletal muscles of the limbs and face, it is reex-
pressed in dystrophic and regenerating muscles (42).

The complement system, which is abnormally regulated in
FSHD deltoid in this study, is a component of the innate immune
system that assists the acquired immune system in fighting in-
fectious diseases or responding to tissue damage. Activation of the
complement system has been observed in"muscles affected with
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various types of muscular dystrophies and myopathies (43), in-
cluding in nonnecrotic muscle fibers in patients with FSHD (44).
The membrane attack complex generated by the members of the
complement system recruits macrophages and neutrophils to the
damaged myofibers leading to tissue necrosis. Microarray anal-
ysis of affected muscles in mdx mice, the animal model for
Duchenne muscular dystrophy, showed up-regulation of genes of
the complement system (45). Three (C10B, C34RI1, CFH) out of
four genes that were changed in deltoid were also up-regulated in
biceps. Therefore, up-regulation of complement system genes in
dystrophic muscles appears to be a common feature of muscular
dystrophies, including FSHD.

Overexpression of DUX4 induces caspase 3/7 activity, conse-
quently leading to cell death in culture (9). Wallace et al. (25)
recently demonstrated using transgenic zebrafish and mouse
models overexpressing the human full-length DUX4 transcript,
that p53 pathway-dependent apoptosis genes were overex-
pressed in skeletal muscles of these organisms. We examined the
expression levels of several p53 pathway-dependent apoptosis
genes [CASP3 (caspase 3, apoptosis-related cysteine peptidase),
BIRCS (baculoviral IAP repeat containing 5), BAX (BCL2-as-
sociated X protein), CASPI (caspase 1, apoptosis-related cyste-
ine peptidase), APAF1 (apoptotic peptidase activating factor 1),
TRP63 (transformation-related protein 63), BID (BH3 interact-
ing domain death agonist), CASP9 (caspase 9, apoptosis-related
cysteine peptidase), BAKI (BCL2-antagonist/killer 1), TRP53
(transformation-related protein 53), BAD (BCL2-associated ag-
onist of cell death), and CASP7 (caspase 7, apoptosis-related
cysteine peptidase)] highlighted in the study by Wallace et al. as
the most significantly up-regulated genes but did not observe
significant differences between FSHD and control muscle bi-
opsies. Although we do not rule out the role of these genes in
FSHD pathogenesis, the expression levels of these genes
changed with forced overexpression of DUX4, whereas the en-
dogenous expression level of DUX4 in FSHD myoblasts appears
to be very low (29).

In addition to identifying genes differentially expressed in dis-
eased versus healthy muscles, we also identified a large number of
genes differentially expressed between two different muscles types,
biceps and deltoid, both dystrophic and healthy. These genes and
pathways could be important targets to investigate the devel-
opmental mechanisms of distinct muscle types, as well as disease
progression in FSHD patients.

The set of 15 genes identified in this study as differentially
expressed in FSHD muscles and validated in an independent
sample set can be considered a molecular signature of the disease.
Development of such an FSHD biomarker will be helpful in
evaluating efficacy of potential therapeutics for treating the dis-
ease in the future.

Materials and Methods

Sample Collection. Biopsy samples were collected from biceps and deltoid
muscles from affected and unaffected family members. All biopsies were
from muscles with at least 4 out of 5 strength on the MRC scale. Histological
evaluation of biopsy samples demonstrated that all were primarily composed
of myofibers with minimal fibrosis or fatty infiltration. Microarray and the
initial gPCR validation data were obtained from 12 FSHD subjects and 13 first-
degree unaffected relatives (Table S1, highlighted in bold). Altogether, 50
total RNA samples were hybridized to arrays. As an independent replication
sample set, we evaluated 25 individuals from 10 additional cohorts, and 1
additional member of cohort 15, using gPCR analysis. DNA-based molecular
diagnosis was confirmed by the University of lowa Diagnostic Laboratories.
A portion of each biopsy sample (ranging between 50 to 200 mg) was
snap-frozen in liquid nitrogen immediately after procurement and stored
at —80 °C for RNA extraction. All participants provided written informed
consent, and this study was approved by The Johns Hopkins Medicine In-
stitutional Review Board.

Rahimov et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209508109/-/DCSupplemental/pnas.201209508SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1209508109

o
&
S
&
<
3
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
g
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

RNA Isolation and First-Strand cDNA Synthesis. Total RNA was isolated from
frozen muscle tissues using TRIzol reagent (Invitrogen). More details are
provided in S/ Materials and Methods.

Microarray Analysis. Gene expression profiling was carried out using the
Affymetrix GeneChip Human Gene 1.0 ST arrays. Microarray data were
collected at Expression Analysis (www.expressionanalysis.com). Further
details on array processing are provided in S/ Materials and Methods.

Microarray Data Analysis. The raw array data were preprocessed and nor-
malized using the Robust Multichip Average (RMA) method (46). Differential
expression between classes was calculated using linear models with the
limma package (47). To adjust for multiple hypothesis testing we applied
FDR (48). The microarray CEL files and normalized probeset-intensity values
were deposited into the GEO database (www.ncbi.nlm.nih.gov/geo) and are
available under accession no. GSE36398. More details on data analysis are
provided in S/ Materials and Methods.
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