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The primary cause of Duchenne muscular dystrophy (DMD) is a
mutation in the dystrophin gene leading to the absence of the
corresponding RNA transcript and protein. Absence of dystrophin
leads to disruption of the dystrophin-associated protein complex
and substantial changes in skeletal muscle pathology. Although
the histological pathology of dystrophic tissue has been well
documented, the underlying molecular pathways remain poorly
understood. To examine the pathogenic pathways and identify
new or modifying factors involved in muscular dystrophy, expression microarrays were used to compare individual gene expression
profiles of skeletal muscle biopsies from 12 DMD patients and 12
unaffected control patients. Two separate statistical analysis methods were used to interpret the resulting data: t test analysis to
determine the statistical significance of differential expression and
geometric fold change analysis to determine the extent of differential expression. These analyses identified 105 genes that differ
significantly in expression level between unaffected and DMD
muscle. Many of the differentially expressed genes reflect changes
in histological pathology. For instance, immune response signals
and extracellular matrix genes are overexpressed in DMD muscle,
an indication of the infiltration of inflammatory cells and connective tissue. Significantly more genes are overexpressed than are
underexpressed in dystrophic muscle, with dystrophin underexpressed, whereas other genes encoding muscle structure and
regeneration processes are overexpressed, reflecting the regenerative nature of the disease.

Downloaded by guest on September 21, 2021

T

he muscular dystrophies are a group of clinically and genetically heterogeneous myopathic disorders characterized by
progressive degenerative changes in skeletal muscle fibers. This
group of genetically distinct disorders shares clinical and pathological characteristics but varies in severity, inheritance pattern,
and molecular defect. Duchenne muscular dystrophy (DMD) is
the most common of these disorders, affecting 1 in 3,500 male
births. DMD is caused by mutations or deletions in the dystrophin gene leading to its reduction at the mRNA level and
absence at the protein level. The cloning of the dystrophin gene
led to the characterization of dystrophin as a large cytoskeletal
protein associated with a protein complex [the dystrophinassociated protein complex (DAPC)] that links the cytoskeleton
to the extracellular matrix. The DAPC is a large multicomponent
complex that includes the dystroglycans, the sarcoglycans, the
syntrophins, and sarcospan. The DAPC is disrupted in many
other forms of muscular dystrophy and mutations in genes
encoding DAPC components other than dystrophin are associated with the limb-girdle muscular dystrophies (see refs. 1–3
for review).
In skeletal muscle fibers, the DAPC spans the sarcolemma
forming a structural link between the extracellular matrix and
the cytoskeleton via the laminin-binding protein, ␣-dystroglycan,
and the actin-binding protein, dystrophin. It has been proposed
that this link allows the DAPC to stabilize the membrane against
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contraction-induced damage. The generally accepted model for
muscular dystrophy is that disruption of the DAPC breaks a
mechanical linkage crucial for sarcolemmal integrity. Physical
sarcolemmal breaks or calcium leak channel openings then
elevate intracellular free calcium, triggering calcium-activated
proteases and fiber necrosis (4). However, the DAPC has been
implicated in other roles. There is evidence that the DAPC is
involved in signaling via its interactions with Grb2, calmodulin,
and neuronal nitric oxide synthase (NOS) (5). Other evidence
suggests that the DAPC may act as a scaffold to spatially
organize cell signaling network components necessary for myofiber homeostasis (6). Roles for DAPC signaling in microvascular function (7, 8) and muscle fiber type determination have
also been suggested (9). The role of the DAPC in normal muscle
and how its function is disrupted in dystrophic muscle, although
emerging, are still unclear. Additionally, mutations in nonDAPC protein encoding genes, such as calpain 3 (10) and
caveolin 3 (11), have been shown to cause muscular dystrophy,
substantiating the theory that more than one molecular pathway
contributes to the disease phenotype.
The histological picture of dystrophic muscle differs substantially from that of unaffected muscle. In dystrophic muscle, there
is muscle fiber necrosis and incomplete regeneration, variation
in fiber size, centralization of nuclei, proliferation of connective
and adipose tissue, infiltration of immune cells, altered metabolic capacity, reduced blood supply, activation of apoptotic
pathways, and presumably other, unknown, processes (12). Despite knowledge of the primary genetic defects and a welldocumented histological pathology, the molecular pathology
leading to muscle cell degeneration in the muscular dystrophies
is poorly understood. None of the existing models for the role of
the DAPC, or how disruption of the DAPC leads to the disease
phenotype, can account for all of these features, suggesting
additional processes are at work.
Large-scale parallel gene expression analysis allows the examination of the molecular pathophysiological pathways of dystrophic
muscle in a physiological context and the comparison of how these
pathways differ from those in normal muscle. This information
allows observations from histological pathology to be contrasted
with molecular pathological findings (13). Several important caveats notwithstanding (14–17), a profile of the transcriptome across
the diseased and healthy states might highlight the involvement of
a previously unsuspected regulatory and兾or pathological pathway.
Additionally, quantitatively minor components with important
control functions might be identified.
This powerful tool has been the basis of a number of recent
publications in which dystrophic muscle is compared with unAbbreviations: DMD, Duchenne muscular dystrophy; DAPC, dystrophin-associated protein
complex; TGF, transforming growth factor; ECM, extracellular matrix; IGF, insulin-like
growth factor; NOS, nitric oxide synthase.
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Materials and Methods
Patient Samples. Twelve quadriceps biopsies from DMD patients
were compared with 12 quadriceps biopsies from unaffected
controls. The 12 DMD biopsies were from young (5- to 7-yearold) males. The unaffected biopsies were primarily from young
males (seven biopsies) but included three from adult males and
two from females (one child, one adult). The unaffected controls
expressed normal levels of dystrophin. The DMD patients
showed clinical symptoms consistent with a DMD diagnosis, and
the biopsies were shown to be dystrophin deficient by immunofluorescence and兾or Western blotting. All biopsies were obtained under institutionally approved protocols.
Target Preparation and Array Hybridization. Total RNA was ex-

tracted from muscle biopsies (70–120 mg) by using Trizol
(Invitrogen). After resuspension in DEPC-treated water, RNA
was prepared for hybridization to Affymetrix (Santa Clara, CA)
HG-U95Av2 arrays according to the manufacturer. Doublestranded cDNA was synthesized (Superscript Double-Stranded
cDNA Synthesis kit, Invitrogen) and used in an in vitro transcription (IVT) reaction with biotin-labeled nucleotides (Enzo
BioArray High Yield RNA Transcript Labeling kit, Affymetrix).
Purified (RNeasy kit, Qiagen, Chatsworth, CA), fragmented
(35–200 nucleotides) biotinylated cRNA, together with IVT
controls (according to Affymetrix recommendations) was hybridized to HG-U95Av2 GeneChips for 16–18 h at 45°C. Standard posthybridization wash and double-stain protocols used an
Affymetrix Fluidics Station 400. The GeneChips were scanned
in an Affymetrix兾Hewlett–Packard G2500A Gene Array Scanner and the resulting signals quantified and stored.
Data Processing. Affymetrix GeneChip Ver. 5.0 software (MAS5.0)

was used for raw data processing and custom software for
additional noise analysis and quality control (http:兾兾db.chip.
org). MAS5.0 reports hybridization intensity by an aggregate
non-negative numerical quantity, signal intensity. Duplicate
experiments in which a single hybridization mixture is split and
hybridized to two GeneChips were performed periodically for
reproducibility assessment.
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Statistical Analysis. Two separate statistical methods were applied
to assess differential gene expression between the two disease
classes. Both techniques determine whether a probe set exhibits
a significant change of its reported signal intensities across the
two classes as compared with changes in difference or fold within
the classes or amongst replicates. The term data or signal
intensity henceforth denotes the normalized signal intensities.

Method 1: To identify probe sets with significant intensity differences
between disease classes. A standard two-tail unequal variance t test

was applied to the unaffected control data set vs. the DMD data
set (24). The threshold was set at P ⬍ 0.0001 and the results
sorted by ascending P value.
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Method 2: To determine the differentiability of a probe set by its signal
intensity fold change. To identify genes with significantly different

fold change between disease classes, the approach described by
Zhao et al. was applied (14). For each probe set, the reported
signal intensities (aj in the unaffected control class and bj in the
DMD class) are ordered by increasing size. The geometric fold
mean () and variance (2) of the probe set between these two
classes are defined as follows:
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The natural logarithm is applied to maintain numerical symmetry. Additionally, for each probe set control and DMD are
calculated as follows
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control and DMD are the geometric average log fold arising from
measurement variation within each disease class. noise is the
greater of these two quantities. Because aj and bj are ordered,
noise is non-negative. The gene is said to be overexpressed in
DMD muscle with a significant fold change when:
 ⫺  ⬎ 0.2,

 ⬎  noise

and underexpressed when:

 ⫹  ⬍ ⫺0.2,  ⬍ ⫺noise.
The choice of 0.2 is arbitrary. It was selected in association with
a permutation test to determine the false discovery rate (25). For
each probe set, the class labels were shuffled, the preceding
analysis repeated, and the number of significantly overexpressed
probe sets counted. This procedure was iterated 12,000 times,
and the false discovery rate found to be 0.0023.
Quantitative TaqMan RT-PCR. Two-step RT-PCR was performed

on serial dilutions of quadriceps muscle RNA from seven of the
12 DMD biopsies used for microarray analysis and four of the 12
unaffected control biopsies. RT-PCR was performed on the ABI
PRISM 7700 Sequence Detection System by using random
hexamers from the TaqMan Reverse Transcription Reagents
and RT Reaction Mix (Applied Biosystems) to reverse transcribe
the RNA, and TaqMan Universal PCR Master Mix and Assayson-Demand Gene Expression probes (Applied Biosystems) for
the PCR step. A standard curve for serial dilutions of 18S rRNA
was similarly generated. The relative standard curve method
(Applied Biosystems) was used to calculate the amplification
difference between DMD and unaffected controls for each
primer set.
Results

Data Analysis. The sensitivity of microarray-generated data to

noise from experimental variables is well documented (26) and
is compounded when the samples in the analysis are genetically
heterogeneous. These variables can be offset by a sufficiently
large sample size (24 in this case), appropriate experimental
approach, and statistical analysis.

Background and Normalization. Although the MAS5.0 standardizes
the overall intensity of each GeneChip to a user-defined target
intensity, the resulting data sets are not normalized with respect
to each other (Fig. 1 a and b). The signal intensities were
therefore normalized, before any analysis, via a linear regression
technique (14, 17, 27), wherein the signal intensities in each
PNAS 兩 November 12, 2002 兩 vol. 99 兩 no. 23 兩 15001
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affected muscle. The majority of these studies have used a mouse
model of muscular dystrophy (18–22), but a comparison of gene
expression differences in DMD patients has also been published
(23). We present a more extensive study of DMD patients. Here,
the biopsies are not pooled, as has been previously published
(23); instead, each muscle biopsy (12 DMD and 12 unaffected)
is analyzed independently, and two separate statistical analyses
are used in combination to derive a common list of differentially
expressed genes. Thus the power of a large sample size is used
to offset individual genetic variability and experimental noise.
We confirm the differential expression of 42 genes identified in
previous studies and add 63 genes previously unidentified as
differentially expressed in DMD muscle.

Fig. 1. (a) The raw signal intensity data from two control samples and three DMD samples are plotted against a third control sample demonstrating that the
raw MAS5.0 standardized data sets are not normalized with respect to each other. (b) After linear regression normalization, the signal intensity plots have a linear
regression with a slope of one through the origin against a reference data set. (c and d) Normalized expression values for 12 control (cases 1–12 on graph) and
12 DMD (13–24) patients are plotted, as independent data points, for two genes that are overexpressed (c) and two genes that are underexpressed (d) in DMD
patients.

experiment are transformed so that their scatter plots have a
slope one through the origin with respect to a reference data set.
The reference data set is comprised of the average probe-byprobe signal intensities from an unaffected control experiment
and a DMD experiment that have maximal average correlation
coefficients against all other experiments within their disease
class. Normalization corrects any uniform linear aberrations
of the reported signal intensities between any two replicate
measurements.
A difficulty in interpreting microarray data is that the signal
intensity measurements reflecting mRNA expression levels can
vary substantially between experiments. This is partly due to
genetic heterogeneity, a factor of particular significance with
human tissue, and partly due to idiosyncrasies in the probe or
target preparation, hybridization and scanning. However, differences in expression between the two data sets can be identified (Fig. 1 c and d). To distinguish significant and substantial
differential expression from this variation, two independent
statistical methods were applied to assess differential gene
expression.
Method 1: Differences. A standard two-tail unequal variance t test

was applied to the two data sets (24). The threshold was set at
P ⬍ 0.0001 and the results sorted by ascending P value (Table 3,
which is published as supporting information on the PNAS web
site, www.pnas.org). Two hundred forty-three probe sets, representing 235 different genes, were identified. Of these, 176
probe sets (173 genes) were overexpressed in the DMD patients
vs. the unaffected class, and 67 probe sets (62 genes) were
underexpressed. This method identifies genes with significant
differences between the two data sets, but it does not consider
the extent of the differential fold expression.

Downloaded by guest on September 21, 2021

Method 2: Geometric Fold Change Analysis. One hundred eighteen

probe sets (representing 112 genes) were found to be significantly overexpressed and 21 genes underexpressed in the DMD
disease class with respect to the unaffected controls (Table 4,
which is published as supporting information on the PNAS web
site). The false discovery rate was 0.0023. Thus, by chance alone,
15002 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.192571199

less than one of the 139 probe sets identified as differentially
expressed may represent a false positive.
Final List of Genes. To assure a minimal number of false positives,

only the 110 probe sets (representing 105 genes) commonly
yielded by the two methodologies were admitted into the list of
genes differentially expressed in DMD muscle compared with
unaffected muscle. These 105 genes were clustered into functional groups and ranked by probability (Table 5, which is
published as supporting information on the PNAS web site).
Some genes are represented on the GeneChip by more than one
probe set; e.g., collagen type I ␣ 2 is represented by three probe sets,
all of which are identified as differentially expressed by both analysis
methods. However, this was not the case for all transcripts represented by multiple probe sets. A small number of genes showing
consistency across their multiple probe sets were detected by only
one or the other analytical method (Table 1).

RT-PCR Validation. The differential expression of 12 genes was
confirmed by quantitative RT-PCR analysis of seven DMD
Table 1. Genes multiply identified by one statistical analysis
method but not by the other
Gene

Probe set

RXRG

Probe 1
Probe 2
Probe 1
Probe 2
Probe 1
Probe 2
Probe 1
Probe 2
Probe 1
Probe 2

Protein kinase C, 
EEF1A1L14
Osteopontin
Phospholipase A2

t test analysis:
Probability

Geometric analysis:
Fold change

5.30E-06
6.99E-05
3.32E-05
5.66E-05
4.87E-05
8.5E-06
45.5
11.7
8.7
5.7

Probabilities of differential expression, from t test analysis, or fold change
values, from geometric analysis, for genes multiply identified by one statistical
analysis method but not identified by the other.
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biopsies and four unaffected biopsies. Fig. 2 shows the amplification traces for two of these genes, biglycan and embryonic
myosin, in two of the DMD and two of the unaffected biopsies.
RT-PCR fold change values for each gene were calculated and
tabulated (Table 2), along with the fold change values obtained
from geometric fold change analysis of the microarray data. The
fold change values derived from each method differ slightly,
partly because the sample set used for the RT-PCR analysis is
different, but primarily because microarray analysis is not an
absolute measure of gene expression. Interestingly, one of the
genes confirmed, by RT-PCR, as overexpressed in DMD muscle
was osteopontin. The differential expression of osteopontin was
in some doubt, as both probe sets representing its transcript are
identified as differentially expressed only by geometric fold
change analysis (Table 1).
Discussion
Overview. Although the histological pathology of dystrophic

skeletal muscle is well described, the causative molecular path-

Table 2. Genes whose differential expression was verified by
TaqMan RT-PCR
Gene

Downloaded by guest on September 21, 2021

Embryonic myosin
Perinatal myosin
Proenkephalin
Runt-related transcription factor 1
Lumican
Biglycan
Transforming growth factor ␤
Guanidioacetate N-methyltransferase
Leiomodin 1
Monoamine oxidase B
Phosphodiesterase 4D
Osteopontin, probe sets 1 and 2

Microarray
fold change

RT-PCR
fold change

⫹55.0
⫹18.0
⫹8.0
⫹6.4
⫹6.1
⫹4.2
⫹3.0
⫺2.1
⫺3.2
⫺3.3
⫺4.8
⫹47.5
⫹11.7

⫹100.4
⫹52.4
⫹11.9
⫹2.2
⫹2.3
⫹5.1
⫹1.5
⫺5.2
⫺5.2
⫺3.6
⫺6.0
⫹15.1

Fold change values from geometric fold change analysis of microarray data
and standard curve analysis of RT-PCR data are given for each gene.
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Muscle Regeneration. Although adult skeletal muscle is considered a terminally differentiated tissue, it contains populations of
mononuclear cells that can undergo several cycles of differentiation and are able to terminally differentiate into mature
myofibers. Muscle damage activates these cells to proliferate and
fuse forming replacement muscle fibers. Muscle regeneration
can be seen at the molecular level in DMD patients by overexpression of genes encoding components of the cytoskeletal
microtubules (myosins), intermediate filaments (desmin in muscle and vimentin in mesenchymal tissues), and microfilaments
(actins), as well as genes encoding actin-interacting proteins
PNAS 兩 November 12, 2002 兩 vol. 99 兩 no. 23 兩 15003
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Fig. 2. TaqMan RT-PCR results for biglycan and embryonic myosin (MYH3).
For each gene, profiles of product appearance from two DMD (red traces) and
two unaffected biopsies (black traces) are shown. The x axis indicates the
number of cycles to product appearance. In both cases, product amplification
from the DMD biopsy preceded amplification from the unaffected biopsy,
verifying that both biglycan and embryonic myosin are overexpressed in DMD
muscle versus unaffected muscle.

ways are poorly understood. To examine the pathogenic pathways, Affymetrix HG-U95Av2 GeneChips were used to compare
individual gene expression profiles of skeletal muscle biopsies
from 12 DMD patients to 12 unaffected controls. Two stringent
statistical analysis applications were used to evaluate the data.
Geometric fold change analysis identified genes whose expression levels substantially changed between DMD and unaffected
skeletal muscle (14). A two-sample t test of unequal variance
confirmed that the degree of differential expression is statistically significant and assigned a probability of differential expression to each gene (24). One hundred five genes with statistically
significant differential expressions were identified by both methods, and the differential expression of a subset of these genes was
confirmed by quantitative RT-PCR. Over 50% of these genes
have not previously been identified as differentially expressed in
dystrophic versus normal skeletal muscle (Table 5). These genes
increase our knowledge of DMD expression patterns and augment our understanding of the involvement of specific pathways
The histological appearance of dystrophic muscle differs
substantially from normal muscle. Dystrophic muscle shows
necrosis and regeneration, fiber size variation, proliferation of
connective and adipose tissue, infiltration of immune cells,
altered metabolic capacity, and reduced blood supply amongst
other processes (12). A striking feature of the data presented is
the extent to which the molecular differences correlate with the
histopathological differences.
As expected, dystrophin is substantially underexpressed in
DMD muscle (28, 29). Significantly more genes are overexpressed in dystrophic muscle than underexpressed, compared
with unaffected muscle. This now consistent finding (20, 22) is
attributed to an increase in protein turnover due to the degenerative and regenerative nature of the disease. Many muscle
structure genes, and genes normally expressed only in developing
muscle, are overexpressed in DMD muscle, again reflecting
regeneration. Immune response signals and extracellular matrix
genes are also overexpressed in dystrophic muscle reflecting
infiltration of inflammatory cells and connective tissue.
In contrast to work in mdx mice, where there was an overwhelming inflammatory response (22), there was little evidence
of such a response in our studies, probably due to phenotypic
differences. The dystrophin-deficient phenotype of mdx hindlimb muscle is milder than that of DMD patients. mdx hindlimb
muscle undergoes a period of intense necrosis and regeneration
at ⬇3–4 weeks of age (30, 31), after which muscle damage
appears to plateau, and, despite the lack of dystrophin, displays
only mild weakness.
The results presented here differ substantially from previous
DMD microarray studies (23), likely due to differences in data
analysis and experimental design. In this study, data are reported
from a large number of individual patients, rather than from
pooled samples from different patients. This approach increases
the statistical power of the study and reduces the influence of
single samples. As variation between patients is a significant
variable (Fig. 1 a and b), pooling of samples from different
patients may prevent the detection of important biological
variation.
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(villin 2, debrin 1, and actin-regulated protein 2兾3 complex).
Many of the isoforms overexpressed are the same ones that are
highly expressed in embryonic or developing muscle. For example, K-␣-1 tubulin is overexpressed in DMD muscle and constitutively expressed throughout development (32). Embryonic and
perinatal myosin heavy chains (MYH3 and MYH8) are developmental isoforms of skeletal muscle myosin heavy chains; their
expression is a hallmark of muscle regeneration after birth and
a hallmark of muscular dystrophies. Like MYH3 and MYH8,
␣-cardiac actin is overexpressed in DMD muscle and is also a
specific isoform that is transiently expressed during muscle
development and regeneration (23, 33).
A number of other muscle structure and regeneration genes
are also overexpressed, including tubulin, myosin, myoferlin
[previously shown to be up-regulated at the sarcolemma in mdx
mice (34)], and calsequestrin 2. It is unclear why more muscle
structure genes are not overexpressed in this or other studies.
Here, it may be a result of the stringent statistical analyses.
Dystrophin and leiomodin 1 (a member of the tropomodulin
family) are the only muscle genes underexpressed in DMD
skeletal muscle. However, there is precedence where a change in
expression at the RNA transcript level is not a prerequisite for
change at the protein level. For instance, the sarcoglycans, which
are decreased at the protein level in DMD patients (35–38) are
not observed to be decreased at the mRNA level.

an extracellular calcium-binding glycoprotein that binds to several members of the ECM and is thought to regulate cell
interaction with the extracellular milieu in response in injury
(47), is also overexpressed in DMD skeletal muscle of these 12
patients. SPARC has been implicated in the regulation of a
number of growth factors (including TGF␤ and basic fibroblast
growth factor, bFGF) (48, 49) and is involved in the myogenesis
of skeletal muscle (50).
Secreted phosphoprotein 1 (Spp1; osteopontin), a macrophage product that enhances synthesis and turnover of extracellular matrix, is substantially elevated in dystrophin-deficient mdx
muscle (22). In our study, Spp1 is identified as overexpressed by
only one of the two statistical methods (Table 1), but its
overexpression in DMD muscle was confirmed by RT-PCR
(Table 2). Because both probe sets representing Spp1 are
identified by geometric fold change analysis, we believe it is
overexpressed in DMD muscle. Spp1-deficient mice show altered collagen fibrillogenesis in wound healing (51), supporting
a role for Spp1 in regulating collagen synthesis and accumulation
after myocardial infarction (52). The elevation of free phosphate
has been shown to induce Spp1 production, which may explain
its up-regulation in damaged tissue (53). A chemotactic role has
also been suggested for Spp1 (54), suggesting that it may
influence both fibrotic and inflammatory responses in dystrophic
muscle.

Extracellular Matrix. Connective tissue infiltration is considered a

Signaling Pathways Involved in DMD. Genes encoding growth
factors and growth factor related proteins are differentially
expressed in DMD vs. control skeletal muscle. Overexpression of
these factors may be the cause of connective tissue and extracellular matrix proliferation. One such overexpressed growth
factor is TGF␤. The interaction of TGF␤ with various members
of the extracellular matrix has been discussed in detail. Insulinlike growth factor 2 (IGF2) has previously been reported as
overexpressed in dystrophic muscle (18, 22, 23). Although we do
not see overexpression of IGFs, we see an increase in expression
of two IGF regulators: IGF-binding protein 4 (IGFBP4), which
may inhibit IGF-mediated proliferation; and serine protease 11,
which cleaves IGFBPs, thus inactivating them.
Dystrophin-deficient muscles show reduction in NOS protein
(NOS1) expression (55, 56). Because NO functions as an antiinflammatory and cytoprotective molecule, it has been proposed
that loss of NOS from dystrophic muscle exacerbates muscle
inflammation and fiber damage by inflammatory cells. Analysis
of transgenic mdx mice expressing normal levels of NOS in
muscle showed that normalization of NO production reduces
macrophage concentrations in mdx muscle, substantially prevents muscle membrane injury, and decreases in serum creatine
kinase concentrations (57).
A decrease of NOS mRNA expression in dystrophin-deficient
muscle has not been reported here or previously (20, 22, 23),
indicating that the reduction of NOS in dystrophic muscle is a
posttranscriptional or -translational effect. An increase in dimethylarginine dimethylaminohydrolase 2 (DDAH2) expression is
observed in DMD muscle. DDAH2 metabolizes asymmetric
methylarginines, which, in turn, act to inhibit NOS, suggesting
that DDAH2 may be an indirect regulator of NOS (58).

secondary response that may further compromise muscle function in DMD. Here, 14 known extracellular matrix genes are
identified as overexpressed in DMD skeletal muscle versus
normal, whereas none are identified as underexpressed, consistent with the histopathology of DMD muscle and with previous
reports (20, 22, 23). Up-regulation of the primary fibril-forming
collagens (types I and III) is observed, as is up-regulation of
additional fibrillar (type V) and nonfibrillar (type VI) collagens
and genes that regulate collagen processing or encode various
extracellular matrix proteoglycans. It has been reported that
COL1A2, -3A1, -6A1, and -6A3 are targets of the transforming
growth factor ␤兾Smad3 pathway (39). Transforming growth
factor (TGF)␤ is overexpressed in these 12 DMD patients.
Interestingly, cathepsin K, a member of the papain family of
cystein proteases that is responsible for degradation of collagen
type I, is also overexpressed, perhaps indicating an attempt to
counteract collagen deposition.
Chondroitin sulfate proteoglycan 2 (versican), heparin sulfate
proteoglycan 2 (perlecan), biglycan, and lumican are extracellular matrix (ECM) proteoglycans that are overexpressed in
DMD skeletal muscle. Versican, a member of the lectican family
of ECM proteoglycans, is expressed early in muscle myogenesis
as well as in regenerating muscle (40). Transcription of perlecan,
a member of the testican family of ECM proteoglycans, is
up-regulated by TGF␤ (41). Perlecan has a function in growth
promotion via its interaction with basic fibroblast growth factor,
bFGF2 (42).
Biglycan and lumican are members of the small leucine-rich
proteoglycan (SLRP) family of ECM proteoglycans. Lumican
interacts with collagen in interstitial collagenous matrices. Biglycan also interacts with collagen (43) and is known to form a
connection between the extracellular collagenous matrix and the
DAPC (44). Thus the increase in biglycan expression might
compensate for the absence of dystrophin by stabilizing the
interaction between the DAPC and the extracellular matrix.
Injured tissue has been showed to express more biglycan,
collagen types I and III (and metalloproteinase I), than normal
undamaged tissue (45). Biglycan, along with other SLRPs, has
been suggested to have an additional signaling role via interaction with TGF␤ (46).
SPARC (secreted protein, acidic, cysteine-rich; osteonectin),
15004 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.192571199

Conclusion
The development of microarray technology allows large-scale
gene expression analysis projects to be undertaken enabling the
examination molecular pathways in a physiological context. As in
any developing field, a consensus of how best to use its power,
through experimental design and analytical approach, has yet to
emerge. Our approach of profiling each patient biopsy individually and using a combination of independent statistical methods
to analyze the resulting data identifies differentially expressed
genes while minimizing false positives. The results that have been
Haslett et al.
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obtained are encouraging. Not only are they verifiable by
quantitative RT-PCR, but they are also consistent with the
histopathology of the disease. Dystrophin is significantly underexpressed in DMD muscle; known components of the proliferating connective tissue are overexpressed, as are genes encoding
components of the immune response; developmentally regulated
muscle structure genes are shown to be overexpressed in DMD
muscle, as predicted by the presence of regenerating muscle
fibers. In short, we have elucidated molecular pathological
findings characteristic of the disease and consistent with the
observations from histological pathology. We have identified
many genes whose function in muscle is unknown that are
differentially expressed in DMD skeletal muscle. These include
ESTs and genes of unknown function but also various transcription factors and genes known to encode proteins involved in
signaling pathways. Our hope is to place these genes in pathophysiological pathways. Further analysis is required to achieve

