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Facioscapulohumeral muscular dystrophy (FSHD) is a neuromuscu-
lar disorder characterized by an insidious onset and progressive
course. The disease has a frequency of about 1 in 20,000 and is
transmitted in an autosomal dominant fashion with almost com-
plete penetrance. Deletion of an integral number of tandemly
arrayed 3.3-kb repeat units (D4Z4) on chromosome 4q35 is asso-
ciated with FSHD but otherwise the molecular basis of the disease
and its pathophysiology remain obscure. Comparison of mRNA
populations between appropriate cell types can facilitate identifi-
cation of genes relevant to a particular biological or pathological
process. In this report, we have compared mRNA populations of
FSHD and normal muscle. Unexpectedly, the dystrophic muscle
displayed profound alterations in gene expression characterized
by severe underexpression or overexpression of specific mRNAs.
Intriguingly, many of the deregulated mRNAs are muscle specific.
Our results suggest that a global misregulation of gene expression
is the underlying basis for FSHD, distinguishing it from other forms
of muscular dystrophy. The experimental approach used here is
applicable to any genetic disorder whose pathogenic mechanism is
incompletely understood.

Facioscapulohumeral muscular dystrophy (FSHD) is an auto-
somal dominant neuromuscular disorder characterized by

progressive involvement of facial and limb girdle muscles and
significant clinical variability (1). Its incidence is 1 in 20,000 with
almost complete penetrance (2). The FSHD genetic locus has
been mapped by linkage analysis to the very distal part of the
chromosome 4 long arm (3–6). FSHD is associated with the
presence of EcoRI fragments shorter than 35 kb belonging to a
polymorphic region and containing a 3.3-kb KpnI tandemly
arrayed repeat (D4Z4), whose size varies in normal individuals
between 35 and 300 kb (7). It thus has been hypothesized that
deletions of the tandemly repeated units generating short alleles
might cause FSHD through a rearrangement of chromatin
structure that silence genes in the vicinity (8). In Drosophila,
there is an analogous phenomenon, termed position effect
variegation (PEV) (9). As a result of PEV, the expression of an
euchromatic gene is altered when it is transposed adjacent to
heterochromatic regions (10). However, no transcribed se-
quences have been identified within the tandemly repeated array
(11–13) and the pathogenic mechanism of FSHD has not been
elucidated.

The molecular basis of biological or pathological mechanisms
might be understood through analysis of the mRNA expression
pattern in a specific cell or tissue. In particular, the isolation of
differentially expressed genes may allow the characterization of
pathways involved in a specific biological function (14) or
pathological process (15, 16).

To define the molecular mechanism responsible for FSHD, we
compared mRNA expression patterns of FSHD and normal
muscle. To isolate genes that are differentially expressed in the
dystrophic muscle we performed PCR-based subtractive hybrid-
ization (17). We generated two subtractive libraries: one con-

taining genes overexpressed in FSHD muscle (FSHD muscle
cDNA subtractive library); the other containing genes under-
expressed in FSHD muscle (normal muscle cDNA subtractive
library). These two libraries were highly enriched in muscle-
specific transcripts. Moreover, we isolated genes whose altered
expression was consistent with the established pathophysiolog-
ical mechanism of the disease. Here we show that a characteristic
feature of FSHD muscle is gross misregulation of gene expres-
sion. Our results provide information useful for ultimately
identifying the genetic defect responsible for FSHD.

Materials and Methods
RNA Extraction and Subtractive Hybridization. Muscle biopsies were
obtained with informed consent from the deltoid muscle of four
FSHD patients, one Becker muscular dystrophy (BMD) patient,
and one amyotrophic lateral sclerosis (ALS) patient and three
sex- and age-matched normal individuals. All of the selected
FSHD patients displayed the same degree of severity of the
disease. The selection of the site for sampling was based on the
clinical examination of the patient’s muscle. Typically, the upper
portion of the deltoid muscle is affected and the lower portion
is spared (1). All samples underwent histological examination. In
particular, the results of the histological analysis of the muscle
sample used in the subtractive hybridization experiment have
been described (18). Total RNA was extracted from frozen
samples by using the TRI Reagent (Sigma). cDNAs were
synthesized from 1 mg of DNase-treated total RNA isolated by
using the Smart PCR cDNA synthesis kit (CLONTECH). In
brief, total RNA was primed with 1 mM of cDNA synthesis
primer (59-AAGCAGTGGTATCAACGCAGAGTACT(30)N21
N-39, N 5 A, C, G, or T, N21 5 A, G, or C) and reverse-
transcribed. When reverse transcriptase reaches the end of the
mRNA, its endogenous terminal transferase activity adds a few
additional deoxycytidine residues. This dC stretch pairs with the
oligo dG at the 39 end of a second oligonucleotide (59-
AAGCAGTGGTATCAACGCAGAGTACGCGGG-39). Re-
verse transcriptase then switches templates and extends to the
end of the second oligonucleotide. First-strand cDNA corre-
sponding to 20 ng of the starting RNA was PCR-amplified with
1 mM amplification primer with sequence corresponding to the
59 end of both oligonucleotides (59-AAGCAGTGGTAT-
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CAACGCAGAGT-39). Long-distance PCR was performed at
95°C for 5 sec, 65°C for 5 sec, and 68°C for 6 min for the optimal
cycle number that yielded exponential amplification. This
method overcomes the scarcity of RNA obtained from the
bioptic material and allows synthesis of full-length cDNA. The
cDNAs from normal and FSHD-affected muscle were used as
tester and driver, alternatively, in two separate subtractive-
hybridization experiments to isolate, respectively, genes overex-
pressed (the FSHD muscle cDNA was the tester) or underex-
pressed (the normal muscle cDNA was the tester) in the FSHD
dystrophic muscle. The experiments were performed by using a
PCR-select cDNA subtraction kit (CLONTECH) as described
(17). This method overcomes the problem of variable mRNA
abundance by introducing a hybridization step that normalizes
sequence abundance. The cDNAs from the FSHD-affected
muscle and one normal muscle were digested with RsaI before
cDNA subtraction and the tester was ligated to adapter DNA.
After two hybridizations with the tester and the driver (8 hr and
14 hr) the resulting mixture was diluted 1:1,000 and PCR-
amplified by using flanking and nested primers to produce a
subtracted and normalized PCR fragment library.

cDNA Library Construction and Analysis. After hybridization, dif-
ferentially expressed transcripts selectively amplified by suppres-
sion PCR (17) were digested with SmaIyEagI and ligated into
pBSSKII vector (Stratagene). Blue-white screening was carried
out in Escherichia coli DH5a cells. A total of 132 partial
sequences of recombinant clones were determined with dye
primers by using the dideoxy chain termination method (19) and
compared with entries in the GenBank database by using the
BLAST homology search program (20). Designation of a gene
identity for an expressed sequence tag (EST) indicates that the
misassignment probability was less than 10235 and the muscle
sequences aligned with 98–100% identity.

Virtual Northern Blots. Five micrograms of PCR-amplified cDNAs
from each sample were fractionated by electrophoresis on a
1.2% agarose gel at 50 V for 4 hr in 13 TBE (90 mM Trisy90 mM
boric acidy2.0 mM EDTA, pH 8.0), transferred onto a Zetabind

Table 1. Sequence analysis of cDNA clones

Clones Category Number

FSHD muscle subtractive
library, 79 (100%)
Known function Human 16 (20%)

Other species 3 (4%)
Total 19 (24%)

Unknown function CDS 3 (4%)
STS 4 (5%)
EST 15 (19%)
Genomic DNA 1 (1%)
No homologies 20 (25%)
Total 43 (54%)

Repetitive elements 17 (22%)
Normal muscle subtractive

library, 53 (100%)
Known function Human 12 (22.5%)

Other species 3 (5.5%)
Total 15 (28%)

Unknown function 31 (59%)
CDS 0
STS 0
EST 19 (36%)
Genomic DNA 1 (2%)
No homologies 11 (21%)
Total 31 (59%)

Repetitive elements 7 (13%)

A total of 132 partial sequences of recombinant clones derived from the two
muscle cDNA subtractive libraries were determined and compared with entries in
GenBank database by using the BLAST homology search program (20). Designa-
tionofageneidentityforanESTindicatesthatthemisassignmentprobabilitywas
less than 10235 and the muscle sequences aligned with 98–100% identity. Com-
plete sequence information for all cDNA clones is available on request
rosella.tupler@umassmed.edu. STS, sequence-tagged sites; CDS, coding se-
quence. Clones were grouped on the basis of their homology or similarity to
published sequences. Clones with homology greater than 95% were considered
identical. Clones at least 60% similar to a gene from a heterologous species were
consideredtohaveasimilar function.Remainingclones,whichdidnotfit intoany
of the above categories, were considered novel genes.

Table 2. Summary of cDNA clones corresponding to genes with known function

Category FSHD muscle subtractive library Normal muscle subtractive library

Muscle structure proteins TM-a chain (slow skeletal muscle) (M) (FC 30) b-MHC (fast skeletal muscle) (M) (NC 24)
Myoglobin (M) (FA 24)
Titin (M) (FB 34)
Nebulin (M) (FC 40)

Regulatory factors Human homologue to yeast RAD 6 (FG 16) XP-C repair complementing protein (NC 2)
Histone 4 acetyl transferase (M) (FA 9) Core binding factor beta transcriptional coactivator (NB 13)
Nonhistone chromosomal protein HMG17 (FF 31) Myocyte enhancer factor 2C (M) (ND 17)

Early growth response-1 factor (NH 23)
RING finger protein (NA 27)

Human apobec-1 binding protein (FC 1) Eukaryotic initiation factor 4B (NA 34)
Human ribosomal protein L7 (NB 8)

Serine-threonine phosphtase 2C a (FA 44) Tyrosine phosphatase (CAAX) (NA 21)
Platelet glycoprotein IV (NF 23)
Thrombomodulin (NG 19)

Mitochondrial proteins Adenine nucleotide translocator 1 (M) (FE 45)
Manganese superoxide dismutase 2 (FG 28)
Carbonic anydrase II (M) (FG 35)

Other Vacuolar H(1) ATPase (FA 13) H-capping protein (M) (NC 6)
Dihydro lipoamide dehydrogenase (FA 10)
Adenylosuccinate synthetase (M) (FC 31)

Known human genes from both libraries were grouped according to biological function. Four categories were identified. Three of them (muscle structure,
mitochondria, and other) relate to basic activities of the muscle cell. The fourth, regulatory factors, includes components affecting mainly transcription,
posttranscriptional processes, translation, and signal transduction. M, muscle-specific gene.
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membrane (Bio-Rad) by alkaline blotting and hybridized with
the indicated 32P-labeled cDNA probes at 65°C in a 0.5 M
NaHPO4, 7% SDS solution. Use of PCR-amplified cDNAs
circumvents the scarcity of total RNA obtained from the bioptic
materials and provides information similar to those obtained
from bona fide Northern blots (21).

Expression Analysis. Northern blots carrying poly(A)1 mRNA
from human multiple tissues (CLONTECH) were hybridized
with the indicated radiolabeled cDNA probes at 68°C for 1 hr in
ExpressHyb (CLONTECH) hybridization solution to define
their expression pattern.

Protein Profile Analysis. The composition in myosin heavy chain
(MHC) isoforms was determined in single muscle fibers by
SDSyPAGE. Three bands in the MHC region, corresponding to
three isoforms (MHC-1, MHC-2A, and MHC-2B) were sepa-
rated and detected by silver staining (Amersham Pharmacia).
The isoform composition of tropomyosin (TM) was determined

in small fragments of bundles by gel electrophoresis on 15%
polyacrylamide gels according to the procedure described by
Giulian et al. (22). Three TM isoforms were identified by
immunoblotting using a primary mouse mAb against sarcomeric
TM (Sigma). TM bands were visualized by an enhanced chemi-
luminescent method (Bio-Rad).

Results
Construction and Analysis of Subtractive Libraries. To isolate genes
that are abnormally expressed in FSHD muscle, we performed
PCR-based subtractive hybridization (17) by using poly(A)1

mRNA isolated from deltoid muscle biopsies of one normal
individual and one FSHD patient. We generated two subtractive
libraries: one containing genes overexpressed in FSHD muscle
(FSHD muscle cDNA subtractive library); the other containing
genes underexpressed in FSHD muscle (normal muscle cDNA
subtractive library).

Partial sequences of 79 clones derived from the FSHD muscle
cDNA subtractive library and 53 derived from the normal muscle
cDNA subtractive library were analyzed for homology in Gen-
Bank and European Molecular Biology Laboratory databases.
As summarized in Table 1, 24% of the isolated cDNAs did not
correspond to any known gene or sequence (ESTs, sequence-
tagged sites, or coding sequences). Of the known genes, a
significant number (41%) were muscle specific (Table 2), and
29% of the identified ESTs were isolated from heart and skeletal
muscle cDNA libraries. This finding suggests that the two
subtractive libraries are highly enriched in muscle-specific tran-

Fig. 1. Transcription profiles of isolated cDNAs. Autoradiograms of multiple
tissue Northern blots hybridized with clones FA9, FA21, FB19, NA14, NC3, and
ND17. The exposure time ranged from 12 hr to 1 week, indicative of different
abundance mRNAs. Clones FA9 and FB19 detected mRNAs of 1.4 and 7.3 kb,
respectively, highly expressed in skeletal muscle and heart. Clones FA21 and
NC3 detected mRNA transcripts of 4.5 and .9.5 kb, respectively, uniquely
expressed in skeletal muscle and heart. Clone NA14 detected a 0.7-kb mRNA
abundantly expressed in skeletal muscle, heart, and pancreas. Clone ND17
detected two mRNAs, 7.5 and 4.5 kb, primarily expressed in skeletal muscle,
heart, and brain.

Fig. 2. Expression of cDNA clones in FSHD and normal muscle (NL). Blots
containing an equal amount of PCR-amplified cDNA from normal and FSHD-
affected muscle mRNAs were hybridized with 32P-labeled cDNA clones. FA9
and FB19 were derived from the FSHD muscle cDNA subtractive library.
Hybridization using radiolabeled FA9 revealed two bands of 1.4 and 1.2 kb. In
the FSHD muscle the 1.4-kb species was of lower intensity, whereas in the FSHD
muscle the 1.2-kb species was predominant. Hybridization with FB19 detected
a single 7.3-kb band only in the FSHD muscle cDNA. Clones NA7, NA14, NB2,
NB11, NC3, and ND17, derived from the normal muscle cDNA subtractive
library, correspond to reverse-transcribed mRNAs underexpressed in the FSHD
muscle. NA7 detected two bands of 2.4 and 2.2 kb in the normal muscle,
whereas the 2.4-kb band was absent from the FSHD muscle. NA14 detected
one 0.7-kb band in normal muscle cDNA, which was absent from FSHD muscle.
NB2 and NB11 detected, in each case, two bands of 2.9 and 2.4, and 1.8 and 1.6
kb, respectively, that were absent from FSHD muscle. NB11 and NC3 detected
one band of 2.2 and 4.5 kb, respectively, in the normal muscle, which was less
intense in FSHD muscle. ND17 cDNA revealed two bands, 7.5 and 4.5 kb. The
7.5-kb signal was less intense in FSHD muscle.
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scripts. To confirm this idea, Northern blot analysis was per-
formed with several cDNAs (FA9, FA21, FB19, NA14, NC3, and
ND17) by using a panel of poly(A)1 mRNAs isolated from
various human adult tissues. Fig. 1 shows that all six cDNA
probes detected transcripts expressed primarily or exclusively in
heart and skeletal muscle.

To verify that the identified genes also were differentially
expressed, eight cDNAs were used to probe a ‘‘virtual’’ Northern
blot containing immobilized, PCR-amplified cDNA derived
from normal and FSHD mRNA (see Materials and Methods).
Fig. 2 shows that all eight genes were, as expected, differentially
expressed: clones FA9 and FB19, isolated from the FSHD muscle
cDNA subtractive library, were overexpressed in FSHD muscle;
clones NA7, NA14, NB2, NB11, NC3, and ND17, isolated from
the normal muscle cDNA subtractive library, were underex-

pressed in FSHD muscle. These results confirm that the majority
of the genes present in the two libraries were indeed differen-
tially expressed.

Analysis of Muscle-Specific Structural Proteins. The deregulation of
muscle-specific transcripts implied that genes encoding muscle
structural proteins also would be affected. Consistent with this
possibility, Table 2 shows that TM, b-MHC, myoglobin, nebulin,
and titin mRNAs also were altered in the FHSD muscle. To
confirm that there was also deregulation at the protein level, we
analyzed the protein profile of normal and FSHD muscle by
silver staining or immunoblotting. Fig. 3 shows that the fast
isoform MHC-2B (silver staining) and the fast form of the TM-a
(immunoblotting) were absent from the FSHD muscle.

Comparison to Other Neuromuscular Disorders. To verify that de-
regulated expression of muscle-specific genes distinguishes
FSHD from other neuromuscular diseases, we analyzed the
expression of FA9, NA14, and NC3 in BMD and ALS. These
diseases arise from two different types of molecular pathophys-
iology. In BMD, the dystrophic process results from mutations
in the dystrophin gene that alters the interaction between the
cytoskeleton and sarcolemma, causing muscle degeneration
associated with muscle cell death and regeneration (23). In ALS,
an atrophic process occurs in muscle caused by lack of electrical
stimuli and resultant a-motor neuron death (24). The results of
Fig. 4 show that expression of the three genes in these other
neuromuscular diseases was normal.

Analysis of Other FSHD Patients. To verify the generality of the
deregulated expression of muscle-specific genes observed in
FSHD muscle, we extended the expression analysis of FB19,
NA14, and NC3 to three other FSHD patients and a normal
control. The results of Fig. 5 show that FB19 is overexpressed and
NA14 and NC3 are underexpressed in the dystrophic muscles of
all three FSHD patients. We conclude that expression of muscle-
specific genes is misregulated in FSHD.

Discussion
FSHD is a complex disease with a peculiar involvement of
muscle groups, highly variable severity, and unpredictable pro-

Fig. 3. Analysis of muscle-specific structural proteins in FSHD muscle fibers.
MHC isoforms in bioptic samples from a control subject (NL) and a FSHD
patient were detected by silver staining. The fast isoform MHC-2B is absent
from the FSHD patient muscle (Left). TM isoforms from the same samples were
detected by immunoblotting, using a specific anti-TM antibody (Sigma). The
TM-a fast is not present in the FSHD patient muscle (Right).

Fig. 4. Transcription profile in other neuromuscular disorders. Representa-
tive differentially expressed transcripts in FSHD muscles (FA9, NA14, and NC3)
were used to probe blots containing PCR-amplified cDNAs from muscles
affected by BMD and ALS. NL, normal control.

Fig. 5. A comparable transcription profile in muscle from multiple FSHD
patients. Representative differentially expressed transcripts (FB19, NA14, and
NC3) were used to probe blots containing PCR-amplified cDNA isolated from
FSHD-affected muscle.
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gression. In light of this complexity, our experiments sought to
identify genes relevant to the abnormal muscle phenotype.
Differential screening of mRNA populations between normal
and affected tissues is a potentially powerful strategy for iden-
tifying genes involved in a particular pathological process. In this
report we show that profound changes in gene regulation occur
in the dystrophic muscle of FSHD patients. The differentially
expressed transcripts could represent genes whose expression
depends on the mutated gene or genes that are linked to
functional changes secondary to the dystrophic process. At this
stage we do not know the primary cause of the global alteration
of gene expression in FSHD. It is nevertheless attractive to
speculate that a genetic defect in a transcription factor might be
the underlying basis of the FSHD dystrophic process.

Interestingly, we found that a significant number of the
abnormally expressed genes encode transcription regulators: for
example, HMG 17, a nonhistone chromosomal protein (25);
HHR6, the human homologue to yeast RAD6 (26); and a new
histone 4 acetyl transferase (27) (FA9) are overexpressed in
FSHD muscle. Five genes encoding transcription factors are
underexpressed in FSHD muscle, including ND17, which corre-
sponds to human myocyte enhancer factor 2C (MEF2C), known
to play an important role in myogenesis (28). The deregulated
expression of these factors could explain the wide spectrum of
genes that are abnormally transcribed in FSHD muscle. Con-

sistent with this idea is our analysis of muscle contractile proteins
(Fig. 3) and the prevalence of hypertrophic slow muscle fibers
type 1 in histological sections (data not shown). Thus, the
ultimate consequence of the deregulated gene expression is loss
of normal muscle molecular architecture, explaining the estab-
lished pathophysiology of the disease (1).

The finding that genes whose expression is altered in FSHD
are expressed normally in BMD and ALS indicates that global
misregulation of muscle-specific gene expression is not a com-
mon feature of neuromuscular disease but rather is specific to
FSHD. The discovery of several additional muscle-specific genes
suggests that this experimental approach can help elucidate the
molecular basis of muscle cell biology and uncover new mech-
anisms leading to muscular dystrophy. This experimental strat-
egy may make it possible to achieve a general view about
complex mechanisms occurring in an affected tissue and is a
straightforward approach to analyzing a complex disease phe-
notype.
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