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Tseng, B. S., P. Zhao, J. S. Pattison, S. E. Gordon, J. A.
Granchelli, R. W. Madsen, L. C. Folk, E. P. Hoffman,
and F. W. Booth. Regenerated mdx mouse skeletal muscle
shows differential mRNA expression. J Appl Physiol 93:
537–545, 2002. First published April 19, 2002; 10.1152/
japplphysiol.00202.2002.—Despite over 3,000 articles pub-
lished on dystrophin in the last 15 years, the reasons under-
lying the progression of the human disease, differential mus-
cle involvement, and disparate phenotypes in different
species are not understood. The present experiment em-
ployed a screen of 12,488 mRNAs in 16-wk-old mouse mdx
muscle at a time when the skeletal muscle is avoiding severe
dystrophic pathophysiology, despite the absence of a func-
tional dystrophin protein. A number of transcripts whose
levels differed between the mdx and human Duchenne mus-
cular dystrophy were noted. A fourfold decrease in myostatin
mRNA in the mdx muscle was noted. Differential upregula-
tion of actin-related protein 2/3 (subunit 4), �-thymosin,
calponin, mast cell chymase, and guanidinoacetate methyl-
transferase mRNA in the more benign mdx was also ob-
served. Transcripts for oxidative and glycolytic enzymes in
mdx muscle were not downregulated. These discrepancies
could provide candidates for salvage pathways that maintain
skeletal muscle integrity in the absence of a functional dys-
trophin protein in mdx skeletal muscle.

Duchenne muscular dystrophy; dystrophin; GeneChips; mi-
croarrays

DYSTROPHIN SERVES AS A membrane-associated protein
that interfaces with cytoskeletal actin networks, sig-
naling, and transmembrane proteins (14, 22). Inher-
ited abnormalities of the dystrophin protein have been
associated with different phenotypes. For example, pa-
tients with Duchenne muscular dystrophy (DMD)
(complete loss of function with dystrophin abnormal-
ity) lose the ability to walk by the age of 12 yr and
eventually succumb to respiratory failure by the sec-

ond or third decade of life, whereas Becker muscular
dystrophy patients (partial loss of function with dys-
trophin abnormality) are still able to walk at the age of
15 yr and typically do not undergo respiratory failure
until after the fourth decade (6). In contrast, the mus-
cles of DMD patients appear to undergo continuous
cycles of degeneration and regeneration, with a grad-
ual failure of regeneration. Histological examination of
DMD muscle fibers has created the concept that the
manifestation of this gene defect triggers a pathologi-
cal cascade, including the following: 1) membrane fra-
gility, 2) aberrant calcium homeostasis, 3) mechanical
susceptibility to injury, 4) activated degradative mech-
anisms (e.g., calpain), 5) fibrofatty replacement, 6) fail-
ure of regenerative and/or repair systems, and 7) oth-
ers, including vascular ischemia (6, 14, 22). However,
the absence of dystrophin is not always this devastat-
ing, especially in other mammalian species.

A genetic homolog model of DMD is the mdx mouse,
first identified as dystrophin deficient in 1989 (21). The
causative mechanism is a point mutation in exon 23,
resulting in a premature stop codon (15). The mdx
mouse has the critical hallmarks of DMD, including
loss of dystrophin-associated proteins, a susceptibility
to contractile-induced damage, elevated serum creat-
ine kinase, and muscle-fiber degeneration (34). How-
ever, whereas the mdx mouse shows a complete loss of
function of the dystrophin protein, it has a mild clinical
course compared with DMD, with an early episode of
widespread skeletal muscle necrosis at 3–4 wk of age.
The mdx muscle then shows subsequent regeneration
followed by a relative resistance to further degenera-
tion of skeletal muscle for a period of some months,
with only minor physical impairments (decreased vol-
untary wheel-running) (9, 47), although increased dis-
abilities do appear after 11 mo of age. The progression
of the murine disease appears to be slower, with very
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delayed fibrofatty infiltration (13, 31). It is our hypoth-
esis, previously stated by Infante and Huszagh (22),
that the mdx mouse staves off severe disability with
differential gene effector(s) and/or responder(s) that
protect 16-wk-old mdx muscle from damage, and that
this differential expression will show discordant ex-
pression profiles with DMD. The goal of this report was
to use a global mRNA expression profiling to compare
and contrast the response of human and mouse skele-
tal muscle to the same biochemical defect (dystrophin
deficiency). We focused on mdx muscle that had suc-
cessfully regenerated (e.g., static stable phase of the
disease) and compared these findings with a previous
report of 6- to 9-yr-old boys with active DMD disease
(10). The differentially expressed transcripts are po-
tential candidates for conferring protection to murine
dystrophin-deficient muscle and are, therefore, possi-
ble therapeutic targets for modulation in the progres-
sive skeletal muscle dystrophinopathies in humans.

METHODS

Animals. Normal [C57Bl10 (black 10)] and mdx [C57Bl10
(black 10) mdx/mdx] mice were bred by Dr. Joseph A.
Granchelli (University of New York at Buffalo, New York)
from the original breeding pairs supplied by Jackson Labo-
ratories (Bar Harbor, MA).

RNA processing. Sixteen-week-old males were killed by
cervical dislocation. Sixteen weeks of age was selected to
target mdx skeletal muscle in its relative “benign” steady-
state condition, after the acute degeneration-regeneration
phase at �3–4 wk of age. Gastrocnemius muscles were ex-
cised and flash-frozen in isopentane cooled with liquid nitro-
gen. Both gastrocnemius muscles from a single mouse formed
one observation, with n � 4 for control and n � 4 for mdx
groups. All muscle samples were processed in parallel and
hybridized such that muscle mRNA from each individual
animal was applied to an individual array. Muscles were
powdered in liquid nitrogen with mortar and pestle and then
in TRIzol (GIBCO BRL, Gaithersburg, MD) by using a Poly-
tron (Kinematica, Lucerne, Switzerland) on setting 7 for
three pulses of 15 s. Total RNA was extracted according to
the guanidine thiocyanate method of Chomczynski and Sac-
chi (11). Poly(A)� mRNA was isolated from total RNA by
using OligoTex columns (Qiagen, Valencia, CA). One micro-
gram of mRNA was allowed to hybridize with an oligo T7-
(dT)24 primer for cDNA synthesis (Genset Oligos, Hunts-
ville, AL) followed by first- and second-strand synthesis with
Superscript Choice (GIBCO BRL). The resulting cDNA was
transcribed in vitro with biotinylated nucleotides from a
BioArray high-yield kit (Enzo Diagnostics, Farmingdale,
NY). A final cleanup of the cRNA was performed with an
RNeasy kit (Qiagen). Biotinylated cRNA samples were hy-
bridized to Affymetrix murine genome U74Arev2 arrays and
analyzed by fluorescent intensity scanning according to Af-
fymetrix protocols (Affymetrix Expression Analysis Techni-
cal Manual). The hybridization and scanning of the arrays
was performed in the laboratory of Dr. Eric P. Hoffman at
Children’s National Medical Center (Washington, DC).

GeneChip array analysis. Of the 12,488 gene sequences
offered on the Affymetrix murine genome U74Arev2 Gene-
Chip array, �6,000 have been functionally characterized in
the mouse UniGene database (build 74). Additionally,
�6,000 expressed sequence tag (EST) clusters were also
analyzed on these arrays. The probe set for each transcript

consists of 16 different, perfectly matched (complementary)
25-base segments corresponding to different regions along
the length of a transcript. Similarly, 16 mismatched pairs,
which do not complement perfectly the transcript’s sequence,
containing one incorrect base, are used as a measure of
nonspecific binding. The mismatched probes’ fluorescence
intensity is subsequently subtracted (like background) from
the perfect-match intensity to yield a more accurate reading
of a transcript’s relative expression. All preliminary analyses
of each array were carried out with Microarray suite 4.01
(Affymetrix). The average difference intensity information
for each gene was exported into Excel or Access (Microsoft,
Redmond, CA). Statistical analyses were done in Excel. Some
genes did not show measurable expression, and their aver-
age-difference intensity values were near or below zero. For
those that were less than zero, average intensity values had
to be reset to a small, positive value to perform statistics. We
chose to reset such values to 20 average difference-intensity
units. Others have performed similar corrections (33, 46).

Two scans were taken of each array: a preconjugate anti-
body scan (S1) and a scan after biotin, streptavidin, and
phycoerythrin amplification (S2). If probe sets were deemed
to be “saturated” on the S2, then the normalized (postscaling)
average difference values of S1 were used for that probe set.
We deemed a probe set to show evidence of saturation for
seven genes when a comparison analysis of S1 vs. S2 for the
same GeneChip showed a significant difference between av-
erage difference values (e.g., the normalized average differ-
ence value was not reproduced between S1 and S2 for the
same probe set). Finally, all remaining calls with a false
discovery rate (FDR) of �0.01 and a change greater than
twofold were screened for the number of positive probe pairs
contributing to the average differences, where at least one-
half of the 16 probe pairs for each gene must have been
positive to make our final published list in Table 1.

Statistical methods. First, an unequal variance, two-tailed
t-test was used to compare transcript expression intensities
between control and mdx groups (values are expressed as
means � SE; n � 4) for 12,488 mRNAs. Second, the FDR
procedure (3) was used as a criterion for deciding which t-test
results should be called significant. By setting the FDR
criterion at 0.01, 1% (on the average) of the results called
significant by the t-test may not be true rejections of the null
hypothesis.

To determine which mRNAs were differentially expressed,
a new statistical method was employed that consists of a
simple, sequential Bonferroni-type procedure to account for
the large number of tests done by controlling the FDR for
independent test statistics (3). Others have previously ap-
plied this approach for microarray analysis (8, 12, 45). The
FDR is a new approach to multiple-hypotheses testing, such
as for thousands of mRNAs. The FDR is the expected propor-
tion of true null hypotheses rejected out of the total number
of null hypotheses rejected (3). Multiple-comparison proce-
dures controlling the FDR are more powerful than the com-
monly used multiple-comparison procedures based on the
family wise error rate (3). FDR controlling procedures are
especially suited to large multiple-comparison problems,
which compensate for the lack of power in existing proce-
dures (3).

RESULTS

The wet weight of the gastrocnemius in mdx mice
(158 � 9 mg) did not differ (21% greater, P � 0.13) from
that in control mice (130 � 13 mg). Sixteen-week-old
mdx mice have previously been reported to have 17, 21,
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Table 1. mRNAs differentially expressed in 16-wk-old mdx gastrocnemius muscle
compared with age-matched controls

Name Accession No. I/D
Fold

Change
Student’s t-test

P Values
FDR-adjusted

P Values

�-Actin cardiac M15501 I 6.1 3�10	5 0.0042
ADP-ribosylation-like factor 6 interacting protein AW122878 I 2.1 4�10	5 0.0049
Amyloid � A4 precursor binding protein AF020313 I 5.5 9�10	6 0.0030
Annexin A1 M69260 I 3.5 9�10	6 0.0030
Annexin A1 M69260 I 4.4 4�10	5 0.0048
Annexin A1 AV003419 I 3.9 5�10	5 0.0052
Apolipoprotein C1 Z22661 I �12 2�10	4 0.0096
B-cell leukemia/lymphoma 2-related protein A1b U23778 I 6.5 1�10	4 0.0090
Calcyclin calcium binding protein A6 X66449 I 2.0 1�10	5 0.0033
Capping protein (actin filament) gelsolin-like X54511 I 3.4 1�10	4 0.0090
Caspase 3 U54803 I �21 1�10	5 0.0033
Caspase 11 Y13089 I �12 8�10	6 0.0028
Cathepsin B* M65270 I 3.5 4�10	5 0.00063
Cathepsin H* U06119 I 11 3�10	6 0.0020
Cathepsin K AJ006033 I 3.3 3�10	5 0.0042
Cathepsin L* X06086 I 2.3 7�10	8 0.00030
Cathepsin S AJ223208 I 18 2�10	4 0.0100
CD52/CD80 M55561 I 9.8 1�10	7 0.00045
Cell surface glycoprotein CD53 X97227 I �75 2�10	4 0.0100
Clathrin light chain 2 U91848 I 2.1 6�10	5 0.0060
CMRF35 leukocyte immunoglobulin-like receptor AW060457 I 4.9 4�10	5 0.0048
Collagen type VI �3-subunit AF064749 I 4.5 6�10	6 0.0026
Complement component factor H M12660 I 2.1 9�10	7 0.0010
Complement component 4 within H-2S X06454 I 2.3 2�10	4 0.0097
Complement inhibitory protein CD59 U60473 D 2.5 5�10	5 0.0060
Complement receptor 3 �-subunit MAC-1 M31039 I �8.6 2�10	5 0.0042
Coronin AW123801 I �12 3�10	5 0.0044
Cyclin D3 M86183 I 4.4 1�10	5 0.0033
Cyclin-dependent kinase inhibitor 1 AP21 AW048937 I 3.4 1�10	4 0.0084
Cystatin B U59807 I 2.4 2�10	5 0.0042
Cysteine rich intestinal protein M13018 I 2.2 3�10	6 0.0020
Cytochrome b245, �-polypeptide AW046124 I 6.9 2�10	8 0.00013
Dok2, downstream of tyrosine kinase 2 AF059583 I 4.6 2�10	4 0.0096
Ena-vasodilator stimulated phosphoprotein U72519 I 3.0 2�10	5 0.0042
Endoplasmic reticulum protein 29 AI835644 I 2.6 2�10	4 0.0100
Epithelial membrane protein 1 X98471 I 3.4 2�10	4 0.0097
EST/unknown function AI848671 I 2.3 1�10	5 0.0033
EST/unknown function AI849082 I 3.4 5�10	5 0.0057
EST/unknown function AI854154 I 3.0 7�10	5 0.0064
EST/unknown function AI465845 I 2.8 7�10	5 0.0065
EST/unknown function AW060556 I 4.2 7�10	5 0.0066
EST/unknown function AI853900 I 2.2 1�10	4 0.0079
EST/unknown function AI504338 D 2.6 1�10	4 0.0092
EST/unknown function AI509811 I 2.1 2�10	4 0.010
Eukaryotic translation elongation factor 1 �1 M17878 I 3.8 1�10	4 0.00063
Fibronectin 1* M18194 I 3.5 1�10	5 0.0033
Folate receptor 2 M64817 I 2.8 3�10	5 0.0042
Follistatin-like M91380 I 3.2 9�10	7 0.0010
Guanidinoacetate methyltransferase AF010499 I 3.1 1�10	5 0.0033
H19 fetal liver protein X58196 I 2.9 6�10	6 0.0006
Heme-oxygenase decycling 2 AF054670 I 4.1 1�10	4 0.0090
Histocompatibility 2 class II antigen A � X52643 I 23 2�10	8 0.00013
Histocompatibility 2 class II antigen �1 M21932 I �10 6�10	6 0.0026
Histocompatibility 2 class II antigen I–E X00958 I 5.5 5�10	6 0.0025
Histocompatibility 2 2T region locus 23 Y00629 I 2.4 9�10	5 0.0075
Histocompatibility 2Q region locus 2 X58609 I 2.9 1�10	4 0.0091
Homology of 89% to human actin-related protein 2/3 AW212775 I 2.5 3�10	6 0.0042
Homology of 91% to rat calponin AW125626 I 2.3 9�10	5 0.0075
Homology of 92% to rat cytochrome P-450 AA212964 I 4.1 1�10	4 0.0096
Homology of 82% to human membrane-spanning 4-domains,

subfamily A, member 6A AI504305 I 16.0 7�10	6 0.0028
Homology of 97% to mouse 26S protein regulatory subunit S12 AW120643 I 2.5 1�10	4 0.0077
Homology of 94% to human thyroid hormone receptor-associated

protein 240 AI049144 I 2.0 1�10	4 0.0094
HSP cognate 70 (testis) L27086 D 2.9 1�10	5 0.0033

Continued

539MDX MRNA EXPRESSION

J Appl Physiol • VOL 93 • AUGUST 2002 • www.jap.org



Table 1.—Continued

Name Accession No. I/D
Fold

Change
Student’s t-test

P Values
FDR-adjusted

P Values

HSP70 M12571 D 5.1 3�10	6 0.0020
HSPC280 AA833425 I 6.0 2�10	5 0.0035
Integral membrane protein 2B U76253 I 2.1 2�10	5 0.0042
Interferon-
 induced Mg11 U15635 I 4.3 8�10	6 0.0028
IQ motif containing GTPase activating protein 1 AW209098 I 2.4 8�10	5 0.0069
Kidney cell line derived transcript 1 U13371 I 2.4 2�10	5 0.0034
Kinesin-related protein AW121381 D 2.2 3�10	5 0.0042
Legumain AJ000990 I 4.6 5�10	5 0.0052
Leukocyte specific protein 1 D49691 I 5.3 5�10	5 0.0052
Leptin receptor gene-related protein A AJ011565 I 2.3 2�10	4 0.0098
Long chain fatty acyl-CoA synthetase U15977 D 2.1 5�10	5 0.0057
Lysosomal thiol reductase IP30 precursor AI844520 I 17 4�10	5 0.0049
Lysozyme M* M21050 I 13 5�10	6 0.0025
Mannose-6-phosphate receptor X56831 I 2.0 9�10	7 0.0010
Mannosidase 2, �1 X61172 I 2.1 2�10	5 0.0042
Mast cell chymase 2 M68899 I 5.1 3�10	5 0.0045
Microsomal glutathione S-transferase 3 AI843448 D 2.4 3�10	5 0.0047
Moesin AI839417 I 2.5 5�10	5 0.0057
Myogenin* X15784 I 4.0 6�10	5 0.0063
Myoglobin X04405 I 2.2 2�10	4 0.00059
Myosin-binding protein H U68267 I 2.7 6�10	5 0.0061
Myosin light-chain cardiac ventricles X12972 D 3.7 2�10	5 0.0033
Myostatin/growth differentiation factor 8* U84005 D 4.0 4�10	5 0.0049
Nebulin-related anchoring protein U76618 D 2.2 5�10	5 0.0057
Neutrophil cytosolic factor 2 p67phox AB002664 I �25 2�10	5 0.0034
Neutrophil cytosolic factor 4 U59488 I �11 2�10	4 0.0100
Nuclear matrix attachment DNA binding protein U05252 D 2.2 1�10	4 0.0092
Ortholog of 98% to rat �-1,2-N-acetylglucosaminyltransferase II AI117848 I 2.3 9�10	5 0.0076
(Gnt II)
Ortholog of 92% to human cathepsin B* AW212271 I 2.3 2�10	5 0.0042
Ortholog of 93% to human calreticulin AI047107 I 2.3 4�10	5 0.0051
Ortholog of 93% to rat dithiolenthione-inducible gene-1 (DIG-1) AA596710 I 5.8 7�10	6 0.0028
Ortholog of 96% to rat epididymal secretory protein E1 precursor AB021289 I 4.0 2�10	5 0.0041
Ortholog of 85% to human fatty acid coenzyme ligase long chain 5 AI838021 I 2.3 3�10	5 0.0042
Ortholog of 95% to human protein tyrosine phosphatase, receptor

type C AW122012 I 3.4 2�10	4 0.010
Ortholog of 93% to human Rab8 AI842492 I �8.5 8�10	6 0.0028
Orzin AA790307 I 9.6 2�10	5 0.0034
Paired related homeobox 2 X52875 I 3.4 1�10	4 0.0083
Peroxiredoxin 4/antioxidant enzyme AOE372 U96746 I 3.7 6�10	5 0.0059
Peroxisomal biogenesis factor 11a AF093669 D 2.2 4�10	5 0.0051
PFTAIRE protein kinase 1 AF033655 I 4.3 9�10	5 0.0077
P glycoprotein 2 (multidrug resistance protein) J03398 D 2.2 2�10	6 0.0016
Phospholipid transfer protein U28960 I 4.1 5�10	5 0.0057
Plastin 2 L D37837 I �14 7�10	5 0.0066
Procollagen type III, �1* X52046 I 7.1 8�10	5 0.0031
Procollagen type VI, �1 X66405 I 2.3 5�10	5 0.0053
Properdin factor X12905 I 9.8 2�10	5 0.0042
Prosaposin U57999 I 2.0 2�10	4 0.0096
Protein kinase C delta binding protein AW048944 I 1.6 2�10	4 0.0096
Purine-nucleoside phosphorylase U35374 I 3.3 1�10	4 0.0092
PW1 zinc finger transcription factor AV353105 I 2.8 3�10	5 0.0042
Ribonuclease RNase A family 4 AI840339 I 2.7 1�10	4 0.0094
Ribosomal protein mitochondrial S7 AW122030 I 5.9 1�10	5 0.0033
S-adenosylmethionine decarboxylase 1* D12780 D 5.1 5�10	5 0.0017
S-adenosylmethionine decarboxylase 2 Z23077 D 5.5 2�10	4 0.0098
S100 calcium-binding protein A4 M36579 I 3.7 3�10	7 0.00071
S100 calcium-binding protein A11 U41341 I 3.2 5�10	5 0.0057
S100 calcium binding protein A13 AV007820 I 4.6 3�10	5 0.0042
Serine/cysteine proteinase inhibitor clade H Serpinh 1 member 1s X60676 I 2.5 1�10	4 0.0087
Serping 1 complement component factor 1 inhibitor AF010254 I 2.5 2�10	5 0.0035
SOX11 AF009414 I 6.0 2�10	4 0.0098
Spermidine/spermine N1-acetyl transferase L10244 I 3.1 9�10	5 0.0076
Src-associated adaptor protein AB014485 I �41 8�10	5 0.0072
STAT 6 L47650 I 3.7 1�10	4 0.0090
TCFCP2-related transcriptional repressor AA734817 D 4.0 2�10	4 0.0098
Tenascin C* X56304 I 3.0 2�10	4 0.0100

Continued
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and 0% larger extensor digitorum longus, soleus, and
plantaris muscles, respectively, than age-matched
mice (20).

Extracted RNA per milligram of muscle wet weight
was twice as high (P � 0.0004) in the mdx (2.4 � 0.12
�g RNA/mg muscle) than in the control (1.2 � 0.11 �g
RNA/mg muscle) muscle, verifying an earlier report
(29). Equal quantities of mRNA from each mouse’s
gastrocnemius muscles were applied to each of the
GeneChip microarrays. Results in Table 1 are thus the
relative amount of mRNA per microgram of RNA ex-
tracted from each mouse’s muscle and hybridized on an
array. Because extracted RNA per whole gastrocne-
mius muscle was more than twice (P � 0.0006) in mdx
(371 � 15 �g RNA/whole muscle, n � 4) than in the
control (155 � 7 �g RNA/whole muscle, n � 4) group,
the fold increase of mRNAs for the entire mdx muscle
would actually be greater than fold increases reported
in Table 1. Thus the underestimated fold changes in
Table 1 are due to their differences in RNA abundance,
which differed between control and mdx muscles. In
four control and four mdx muscles, 5,304 � 111 and
5,977 � 430 genes, respectively, were detected as
“present” above background with the use of Affymetrix
Microsuite 4.01 software on the U74Arev2 GeneChip
arrays. One muscle sample in each group was tested in
duplicate to verify chip-to-chip reproducibility. All raw
data and interpretation files are available on the Chil-
dren’s National Medical Center Microarray website
(http://microarray.cnmcresearch.org).

With the use of a FDR of 0.01, 137 transcripts had a
P � 0.0002 in the unequal-variance t-test and a twofold
change, which were considered significant (Table 1).
Eighty-six percent (i.e., 124) of the significant differ-
ences represented in Table 1 were upregulated tran-
scripts in mdx muscle, compared with control, and 14%
(i.e., 23) were downregulated. With the FDR set at 1%,
137 results were found significant. Therefore, we can
expect approximately 1 of these 137 results (on the
average) to be wrongly rejected, a true null hypothesis.
One hundred fifteen of these mRNAs were associated
with known descriptions or attributes indicating cell-

type specificity and/or function, whereas 22 were ESTs.
Of these ESTs, 14 were homologous or orthologous to
known genes in other species, and 8 had no known
similarities. No mRNAs in Table 1 were found to have
a discordant directional change compared with 13 pub-
lished analyses for mRNAs and proteins from mdx
muscles. In agreement with previous reports, the re-
sults show increases in mRNAs from mdx muscles for
myogenin (44), �2-tubulin (44), H19 (44), lysozyme M
(16, 44), �1(III) procollagen (18, 44), and cathepsin B
(16), whereas decreases in mRNAs for S-adenosyl-
methionine decarboxylase (44) and myostatin (44)
have also been reported. The results in Table 1 also
agree with the immunohistochemical level increase
reported for tenascin C (41), fibronectin (26), myogenin
(23), cathepsin B (40), cathepsin H (40), and cathepsin
L (40). Comparisons to published human DMD mRNA
analyses identified novel discordant directional changes
in mRNA for �-thymosin, calponin, follistatin-like,
myogenin, guanidinoacetate methyltransferase, and
mast cell chymase (Table 2). Fold changes for many
genes for metabolic proteins were less in 16-wk-old
mdx than control muscles (Table 3).

DISCUSSION

Despite thousands of publications on dystrophin, the
reasons for the progression of the human disease, dif-
ferential muscle involvement, and different pheno-
types in various species are not fully understood.
Sander et al. (39) described this dystrophin mechanis-
tic mystery as follows: “Despite a wealth of recent
information about the molecular basis of DMD, effec-
tive treatment for this disease does not exist because
the mechanism by which dystrophin deficiency pro-
duces the clinical phenotype is unknown.” The strategy
employed in the present study was to identify those
mRNAs that were differentially expressed in a mouse
model (mdx) without full-length dystrophin protein,
but whose skeletal muscle at 16 wk of age shows
successful regeneration. One hundred thirty-seven
mRNAs were found to be different from age-matched

Table 1.—Continued

Name Accession No. I/D
Fold

Change
Student’s t-test

P Values
FDR-adjusted

P Values

TGF-� L19932 I 2.8 9�10	5 0.0076
Thymosin, �4 U38967 I 2.3 5�10	7 0.00063
Tubulin �2* M28727 I 3.1 1�10	6 0.0013
Tubulin �2 M28739 I 4.7 2�10	6 0.0014
Tubulin �3 AW050256 I 2.0 2�10	4 0.0098
Tum-transplantation antigen P198 X51528 I 2.6 3�10	5 0.0042
Ubiquitin-specific protease UBP41 AF079565 D 2.6 2�10	5 0.0038
VCAM-1 M84487 I �7.0 8�10	6 0.0028
VLDL receptor AA408956 D 2.3 1�10	4 0.0089
Williams-Beuren syndrome chromosome 5 homolog WBSCR5 AW125574 I �8.5 4�10	5 0.0048
Xenotrophic and polytrophic retrovirus receptor 1 AI648965 D 2.8 1�10	4 0.0090

Fold changes are relative to control where control � 1.00, I, fold increase; D, fold decrease. Student’s t-test results are shown. False
discovery rate (FDR) adjusted P values are given. MAC-1, membrane attack complex-1; EST, expressed sequence tags; HSP, heat shock
protein; TGF, tubuloglomerular feedback; VCAM-1, vascular cell adhesion molecule 1; VLDL, very low-density lipoprotein. *Matches similar
directional change reported in the literature for 11 mRNAs or proteins in mdx skeletal muscle. No discordances in directionality with
previously published mdx were found. �, 1 of the samples had an average difference �10.

541MDX MRNA EXPRESSION

J Appl Physiol • VOL 93 • AUGUST 2002 • www.jap.org



normal mice of the same strain. A second strategy was
then to compare the 137 differentially expressed mdx
transcripts with those previously found discordant in
DMD muscles (10) (i.e., having altered expression in
mdx, but not in DMD, muscle at a time when a relative
rescue from further degeneration was occurring in the
mdx muscle). The goal was to identify candidate genes
that may confer protection against dystrophin-defi-
ciency-induced myofiber damage. Our initial effort may
be limited by the comparison of a single-time-point

mouse microarray data against human DMD microar-
ray data because of differences in the following: spe-
cies, age, temporal disease course, muscle specificity,
posture, diet, nocturnal habit, and statistical methods.

Dystrophin and its associated proteins function to
link the intracellular actin cytoskeleton of muscle to
laminins in the extracellular matrix. The actin-fila-
ment binding activity of dystrophin has been well char-
acterized, where multiple actin binding sites cause a
side-by-side alignment of actin filaments along dystro-

Table 2. Comparison of changes in mRNAs from control in skeletal muscles between mdx mice and Duchenne
muscular dystrophy patients

Gene I/D
mdx Mouse,
fold change I/D

Human,
fold change

Human
Accession No.

Actin-related protein 2/3 I 2.47 I 3.5 (subunit 1A) AF006084
(subunit 1B) No change (subunit 4) AF006087

Thymosin, �4 I 2.33 No change D82345
Calponin I 2.28 No change D17408

No change D83735
Follistatin-like I 3.22 No change U06863

D89937
Myogenin I 4.04 No change X17651
Guanidinoacetate

methyltransferase I 3.08 D 3.45 Z49878
Mast cell chymase 2 I 5.05 No change M64269

Human fold changes are from Ref. 10.

Table 3. Comparison of fold changes in mRNAs from control for metabolic proteins between 16-wk-old mdx
and Duchenne muscular dystrophy

Duchenne Muscular Dystrophy mdx

Name
Fold

change
Fold

change Accession no. Name

NADH-ubiquinone oxidoreductase (51-kDa) 	6 	1.33 AI837493 NADH-ubiquinone oxidoreductase (49-kDa subunit)
NADH-ubiquinone oxidoreductase flavoprotein 	3 	1.42 AI835847 NADH-ubiquinone oxidoreductase (13-kDa subunit)

	1.49 AI853863 NADH-ubiquinone oxidoreductase (9-kDa subunit)
	1.71 AI835847 NADH-ubiquinone oxidoreductase (13-kDa subunit)

Mitochondrial NADH dehydrogenase-ubiquinone
Fe-S protein 8

	5 	1.74 AA590675 Mitochondrial NADH dehydrogenase-ubiquinone
Fe-S protein 8

Phosphoglycerate mutase 	4 	1.30 AF029843 Phosphoglycerate mutase, muscle
Mitochondrial aldehyde dehydrogenase I 	4

	1.16 AI647493 Mitochondrial aldehyde dehydrogenase 2
	1.40 AV329607 Mitochondrial aldehyde dehydrogenase 2
	1.77 U07235 Mitochondrial aldehyde dehydrogenase 2

Glutamine oxaloacetate transaminase (M37400) 	4 	1.02 X07302 Glutamine oxaloacetate transaminase
Glutamine oxaloacetate transaminase (M22632) 	2
Glycogen phosphorylase 	3 	1.70 AI850363 Glycogen phosphorylase
Phosphorylase kinase-1 	3 	1.58 J03293 Phosphorylase kinase,
Succinyl CoA synthetase 	3 	1.29 AF058955 Succinyl CoA synthetase, �-subunit
Cytochrome-c oxidase subunit Va 	2

	1.32 V53157 Cytochrome-c oxidase subunit Vb
	1.56 U08439 Cytochrome-c oxidase subunit VIaH

1.53 U08440 Cytochrome-c oxidase subunit VIaL
	1.50 AF037370 Cytochrome-c oxidase subunit VIIa-H
	1.26 AF037371 Cytochrome-c oxidase subunit VIIa-L
	1.80 X52940 Cytochrome-c oxidase subunit VIIc

Aconitase 	2 1.26 X61147 Aconitase
Lipoprotein lipase 	2 	2.86 M63335 Lipoprotein lipase

	2.00 AA726364 Lipoprotein lipase
3,2-CoA-isomerase 	2 	1.37 Z14050 3,2-CoA-isomerase
Somatic cytochrome-c 	2 	1.54 X01756 Somatic cytochrome-c
Glycogenin 	2 	1.52 AW049730 Glycogenin

	1.90 AV357306 Glycogenin

Duchenne muscular dystrophy fold changes are from Ref. 10.
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phin and protect actin filaments from depolymeriza-
tion in vitro (35, 36). This interaction leads to a strong
association of 
-actin filaments with the plasma mem-
brane, but this association is completely lost with dys-
trophin deficiency (37). Thus our observations of the
differential upregulation in the more benign mdx than
in the more devastating DMD of some actin-associated
mRNAs whose proteins regulate actin polymerization
suggest a new hypothesis of a potential rescuing role by
the cytoplasmic actin remodeling, which can be subse-
quently tested. Transcripts for actin-related protein
2/3 (subunit 4), �-thymosin, and calponin were all
increased in the mdx muscles but, although present on
the human microarray, were not increased in the DMD
muscle (Ref. 10; Table 2). The actin-related protein 2/3
complex is the cellular factor that generates new actin
filaments (branching) in a site-directed, signal-con-
trolled fashion at the leading edge of motile cells (4, 28)
and forms identical branches in vitro (32). Alteration of
the bimodal spatial stability by cytoskeletal actin net-
work remodeling with branching processes near the
cell membrane has been proposed by Sambeth and
Baumgaertner (38) to be essential for the induction of
a spontaneous breaking of isotropic cell motion ob-
served in processes such as the amoeboid crawling of
animal cells in advancing neural growth cones. Sup-
porting this actin remodeling postulate is the 2.3-fold
increase in �-thymosin mRNA, as �-thymosin binds to
actin monomers, facilitating their polymerization into
filaments (14). Future experiments at the protein level
would be required to test this hypothesis of whether
these mRNA differences are reflections of the differ-
ences in the severity of the phenotype in the absence of
intact dystrophin protein or due to differences between
species.

Myostatin mRNA in mdx muscle was only 25% of the
level found in controls (Table 1). Tkatchenko et al. (44)
previously detected myostatin mRNA downregulation
in the mdx mouse using suppression subtractive hy-
bridization but made no mention of its possible signif-
icance. We have also observed decreased myostatin
mRNA in DMD skeletal muscle (unpublished observa-
tions). Myostatin is a transforming growth factor-�
family member that acts as a negative regulator of
skeletal muscle mass, because mice without this gene
exhibit hypertrophy (27). This adaptation might play
some role in the sporadic vs. widespread fiber hyper-
trophy and/or maintenance of muscle mass and func-
tional rescue of mdx muscle, which is known to be a
factor in the compensatory strength of mdx mice. The
enhanced regenerative capacity of mdx muscle is in
concordance with the upregulation of myogenin
mRNA, a key myogenic differentiation gene for skele-
tal muscle fiber development (23). Future experiments
should test the candidate genes identified here at the
protein level and should functionally test their relative
impact on dystrophic muscle.

Other mRNAs were differentially expressed between
mdx and DMD muscles. For example, mast cell chy-
mase mRNA was increased fivefold in mdx muscle
(Table 2) but was unchanged in DMD muscle (10). At

the 16-wk-old age selected, mdx muscle essentially has
no fibrosis (7) compared with the 6- to 9-yr-old subjects
with DMD. Mast cell chymase activates matrix metal-
loproteinases (which degrade the extracellular matrix)
and processes precollagenases, whose product de-
grades collagen and cleaves fibronectin (43). Mast cell
inhibitors resulting in extracellular matrix degrada-
tion provide a potential mechanism for improving mdx
muscle strength (19). Whereas guanidinoacetate meth-
yltransferase mRNA increased 3.1-fold in mdx muscle,
it was decreased fourfold in DMD muscle (10). As
guanidinoacetate methyltransferase catalyzes the last
step in creatine biosynthesis, we speculate that its
increase in mdx muscle could reflect a crucial cellular
response that increases at an mRNA level (and poten-
tially at the protein level) in an attempt to compensate
for the leak and loss of creatine kinase (30). Markers of
apoptosis (increased caspase, decreased 70-kDa heat
shock protein) and increased protein degradation
(cathepsins, lysosomal proteins) occurred in the 16-wk-
old mdx muscles, suggesting continuing remodeling.

In muscle biopsies from male 6- to 9-yr-old Duchenne
patients, Chen et al. (10) observed a greater than
twofold downregulation of 26 mRNAs for proteins that
are involved in mitochondrial function and energy me-
tabolism, which they suggested indicated a generalized
mitochondrial dysfunction and “metabolic crisis.” Mi-
tochondrial dysfunction has been reported previously
by using a variety of assays in both human dystrophy
patients and animal models (1, 17, 25). Another differ-
ence between mdx and DMD muscles is the amplitude
of decrease of those transcripts for mitochondrial and
metabolic enzymes changed in the 16-wk-old mdx mus-
cle (Table 3). Previously in DMD muscle, mitochondrial
and metabolic transcripts have been reported to de-
crease two- to sixfold (10), whereas many of the same
mRNAs showed less than a twofold decrease in mdx
muscle (Table 3 and Ref. 17). However, because RNA
per gram of 16-wk-old mdx muscle was twice that of
age-matched controls, the estimated concentration of
mRNA for mitochondrial transcripts per gram of 16-
wk-old mdx muscle is essentially unchanged (½
mRNA/RNA times 2� RNA/g � unchanged mRNA/g),
in contrast to the decrease found in DMD muscle (10).

The extensive signaling and cell receptor mRNAs (29
different transcripts) altered in mdx muscle call atten-
tion to far more complex signaling changes to produce
these differences in mRNA responses due to the loss of
functional dystrophin expression than heretofore ap-
preciated. A number of these mRNAs showed largefold
changes. For example, the mRNA of the cell-surface
glycoprotein CD53 increased 71-fold in mdx muscle.
CD53 is a transmembrane-4 superfamily (TM4SF) pro-
tein (see Ref. 48 for references). TM4SF proteins can
regulate cell signaling, motility, and tumor cell metas-
tasis. TM4SF proteins also tend to assemble into pro-
tein complexes at the plasma membrane, where they
may recruit growth factor ligands and phosphatidyl-
inositol 4-kinase into proximity with integrins. The
Src-associated adaptor protein (RA70) mRNA in-
creased 41-fold in mdx muscle. RA70 is highly homol-
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ogous to human Src kinase-associated phosphoprotein
(SKAP55) and, according to Kouroku et al. (24), may
play an essential role in the Src signaling pathway in
various cells. The p67phox mRNA increased 25-fold in
mdx muscle. The assembly of a membrane-associated
flavocytochrome b559 with the cytosolic proteins
p47phox and p67phox and the small GTPase Rac (1 or 2)
activate the superoxide (superoxide anion)-generating
NADPH oxidase of phagocytes (1). These changes in
signaling transcripts may provide new directions for
investigation.

The present approach identified mRNAs differen-
tially expressed in only mdx or DMD muscles. Because
both lack appropriate expression of dystrophin protein
with different phenotypes, mRNA differences between
mdx and DMD muscles provide the basis for testable
hypotheses as to how mdx muscle is salvaged from the
early deleterious fate of the DMD muscle. The number
and varied gene function of the identified mRNAs dif-
ferentially expressed in mdx muscle suggest that there
may be a complex interplay of groups of genes that may
provide key insights elucidating the more benign and
less devastating pathological mechanisms involved
with mouse mdx, unlike human dystrophin-deficient
muscular dystrophy.
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