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00137.2003.—Autopsy specimens are often used in molecular bio-
logical studies of disease pathophysiology. However, few analyses
have focused specifically on postmortem changes in skeletal muscles,
and amost al of those investigate protein or metabolic changes.
Although some structural and enzymatic changes have been de-
scribed, the sequence of transcriptional events associated with these
remains unclear. We analyzed a series of new and preexisting human
skeletal muscle data sets on =12,500 genes and expressed sequence
tags (ESTs) generated by the Affymetrix U95Av2 GeneChips from
seven autopsy and seven surgical specimens. Remarkably, postmor-
tem specimens (up to 46 h) revealed a significant and prominent
upregulation of transcripts involved with protein biosynthesis. Addi-
tional upregulated transcripts are associated with cellular responses to
oxidative stress, hypoxia, and ischemia; however, only a subset of
genes in these pathways was affected. Overexpression was aso seen
for apoptosis-related, cell cycle regulation/arrest-related, and signal
transduction-related genes. No major gene expression differences
were seen between autopsy specimens with <20-h and 34- to 46-h
postmortem intervals or between pediatric and adult cases. These data
demonstrate that, likely in response to hypoxia and oxidative stress,
skeletal muscle undergoes a highly active transcriptional, and possi-
bly, trandational phase during the initial 46-h postmortem interval.
Knowledge of these changes is important for proper interpretation of
gene expression studies utilizing autopsy specimens.

autopsy; surgical; microarrays, gene expression

CELLULAR CHANGES OCCURRING iNn postmortem muscle have been
the subject of several studies, as they have a significant impact
in clinical research and forensic science. Structural, metabolic,
and other protein changes have been investigated using pri-
marily electron microscopy, histochemistry, and sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in
a range of different species, and to a lesser extent, in human
skeletal and cardiac muscle (2, 4, 11, 38). Some key postmor-
tem changes include the accumulation of toxins, ischemia or
anoxia, alteration of pH, membrane damage with diffusion,
disruption of homeostasis, and eventually cessation of cellular
biosynthetic activity. More specifically, anoxia leads to accu-
mulation of lactic acid, which in turn decreases the tissue pH
with increasing postmortem interval. The cellular pH isimpor-
tant in determining the level of activity of specific subsets of
proteases and consequently the level of protein degradation
(28). The integrity of the plasma membrane has aso been
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shown to be compromised after death, thus allowing the
diffusion of ions in and out of the cell (39). The increase of
intracellular ion levels, and especially of Ca?", stimulates a
series of molecular events such as the activation of calmodulin,
calmodulin binding proteins, and Ca?"-dependent proteases,
(e.g., calpain) (24, 45). Histochemical studies of postmortem
muscle have detected the rapid disappearance of glycogen and
phosphorylase, the increase of glucose and lactate concentra-
tions, and varying levels of enzymatic deficits including, for
example, isocitric dehydrogenase, cytochrome oxidase, and
B-hydroxybutyrate dehydrogenase (2, 4).

In animal models it has been shown that the postmortem
interval, the storage temperature, and the administration of
protease inhibitors shortly before death have a significant
impact on postmortem modifications in muscle (38). Overall,
electron microscopy of rat skeletal muscle at a storage temper-
ature of around 20°C and without protease inhibitor treatment
revealed the following: swollen mitochondria by 2 h postmor-
tem; loss of ribosomes and glycogen, rupture of the | bands,
and appearance of small membranous bodies by 12 h; and
collapse of the | bands, loss of Z lines and appearance of large
membranous bodies by 24-48 h (11). At the same temperature,
rat skeletal muscle myofibrillar protease activity increased
linearly with postmortem time of storage, whereas creatine
phosphokinase activity decreased linearly with time (27). Gly-
cogen has been shown to degrade rapidly after death, whereas
glucose and lactate concentrations increase (4). At the tran-
scriptional level a small number of individual genes have been
studied in autopsy of heart and/or skeletal muscle, predomi-
nantly in the context of heart disease (17, 35, 47). However, the
sequence of transcriptional events that occur postmortem re-
mains unclear.

Several microarray-based studies of gene expression in nor-
mal and diseased states have been performed on human skel-
etal muscles obtained at biopsy or autopsy (1, 8, 20, 21, 33) and
on murine skeletal muscle obtained immediately postmortem
(30, 32, 37, 40). These studies identified a number of genesin
various functional categories that are differentialy expressed
in the disease states, suggesting that major alterations in tissue
have far-reaching consequences for gene expression. Skeletal
muscle tissue obtained at autopsy would be expected to have
similarly extensive changes compared with tissue obtained at
biopsy. However, no gene expression studies addressing this
particular issue have been published to date, either in humans
or mice.

We studied seven autopsy and seven surgical human skeletal
muscle specimens using oligonucleotide Affymetrix GeneChip
arrays (U95Av2) that contain representative sequences from
over 12,000 known genes and expressed sequence tags (ESTS).
The data sets from 12 of these 14 samples have been previously
published as part of the normal control baseline in a study on
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nemaline myopathy (33). In that study, significant disease-
related gene expression changes were identified, particularly in
the glycolytic energy metabolism pathway (decreased), in
connective tissue-related genes (increased), and in muscle
satellite cells (increased). The aim of the current study was to
understand gene expression changes that occur in normal
human muscle postmortem and to relate these to histological
reports and previous studies at the protein and metabolic levels.
Remarkably, our findings provide evidence for a very active
transcriptional phase in skeletal muscle during the first 46 h
postmortem. Although these tissues are clearly subject to
ischemia and hypoxia, genes for only some components of the
ischemia and hypoxia-response pathways are transcriptionally
upregulated under these conditions. These data provide an
important baseline for future studies of diseased muscle ob-
tained surgically and at various portmortem intervals.

MATERIALS AND METHODS

Human samples and microarray experiments. Affymetrix Gene-
Chip data sets from 12 snap-frozen skeletal muscle specimens, from
individuals unaffected by muscle disease (surgical specimens T142,
T146, T147, T172, T180, and T181; autopsy specimens T149, T160,
T170, T177, T178, T179) were generated as previously described (33).
Two additional skeletal muscle specimens were prepared specifically
for this study (T256, surgical specimen from a 38-yr-old female; and
T289, autopsy specimen from a 1-yr-old male). The postmortem
interval of the autopsy specimens ranged between 16 and 46 h (Table
1). Tissue was most commonly obtained from the quadriceps, but
other muscles are also represented (Table 1). An effort was made to
match the ages of the individuals whose specimens were used. Three
surgical and three autopsy specimens were from children younger
than 4 yr, whereas four surgical and four autopsy specimens were
from adults older than 37 yr. All samples were obtained under
institutionally approved human subjects protocols.

RNA extraction (6-8 g from each tissue sample), target prepara-
tion, and hybridization to Affymetrix U95Av2 GeneChips, were
performed as previously described (33). The U95Av2 GeneChip
contains 12,626 annotated genes and ESTs. The data are available at
the Gene Expression Omnibus (GEO) web site under the series
number GSE595 (http://www.ncbi.nlm.nih.gov/geod/).

Data analysis. The data sets originating from the 14 specimens
were first processed by the Affymetrix MicroArray Suite 5.0 software
(MAS5.0), and signal values (reflecting expression levels) and
“present/absent” calls (an Affymetrix computed measure representing
confidence in gene expression presence) were computed for each

Table 1. Clinical and histopathological information

Postmortem

Surgical/Autopsy ~ Tissue Sample No. Age/Sex Muscle Type interval

Surgical T146 1yr/M  quadriceps

Surgical T142 2yr/lF  quadriceps

Surgical T147 4yr/F  quadriceps

Surgical T181 37yr/lF quadriceps

Surgical T256 38yr/F  biceps

Surgical T180 58yr/M  biceps

Surgical T172 60yr/M  quadriceps

Autopsy T149 0.08yr/M  quadriceps 18h

Autopsy T160 2.8yr/M  quadriceps 43h

Autopsy T289 lyr/M  quadriceps 46h

Autopsy T178 55yr/F  skeletal 16h

Autopsy T170 65yr/M  quadriceps <45h

Autopsy T177 67yr/M  pectoral 34h

Autopsy T179 72yrIM  skeletal 20h

M, male; F, female.

probe set. The signa values were not normalized at this stage,
although signal values were adjusted to an overall target intensity of
1,500. The correlation coefficients (r) were calculated for all 14 data
set pair wise comparisons.

For hierarchical clustering, we used average linkage as previously
described, with centered linear correlation as a measure of similarity
(19). This approach clusters both specimens and probe sets on two
different axes. The selected filters removed probe sets with an “ab-
sent” call across all 14 samples or a standard deviation (SD) =1,000.
The SD filter is applied to facilitate the clustering of samples, by
removing probe sets with very similar expression across al samples
that are therefore likely to act as noise in the specific type of analysis.
The resulting 2,116 probe sets were processed using the Cluster and
TreeView Software (18).

A permutation analysis was performed to eval uate the robustness of
the sample clustering. Hierarchical clustering was run seven addi-
tional times, each time removing one randomly chosen data set from
each of the two main clusters that were originally identified (autopsy
and surgical). Thus two different data sets were removed for each of
the seven permutations.

Significance analysis of microarrays (SAM) was used to identify
significant fold changes between autopsy and surgical specimens as
described (41). Prior to this analysis all data sets were normalized to
a slope of 1 with a reference data set. The reference data set was
created by taking the average expression of each probe set between
the two data sets (one autopsy and one surgical) with the highest
average correlation coefficient to all other data setsin their group (i.e.,
within the autopsy or surgical sample group, respectively). A two-
class unpaired data analysis was performed using a A threshold of
1.72 [the“ A" parameter as described by Tusher et . (41), enablesthe
user to examine the effect of the false-positive rate in determining
significance] and a fold threshold of 2 [where “fold” is calculated as
(average expression in autopsy specimens)/(average expression in
surgical specimens)]. Probe sets were considered significantly
changed in autopsy compared with surgical samples if they were
selected at false discovery rate (FDR) cutoff of =1.66%.

The SAM analysis was repeated using only quadriceps-derived
specimens (n = 9), to control for muscle type-dependent changes. The
list of significantly changed genes in autopsy vs. surgical quadriceps
samples was highly similar to the list obtained for al 14 specimens,
with the same functional categories showing significant change (=3%
size variation between them) and ~50% overlap between individual
probe sets. The high correlation seen between specimens of different
muscle types by hierarchical clustering (Fig. 1) and correlation coef-
ficient analysis (r = 0.84-0.98), together with the high similarity in
the significantly changed molecular pathways in all 14 specimens
compared with the 9 quadriceps samples, suggest that the muscle
types studied are directly comparable. Therefore, for the purpose of
this study all 14 specimens were considered together.

Correlation coefficient analysis was used to identify probe setswith
high r values and therefore similar expression patterns across all 14
data sets. Thisanalysis was applied to the un-normalized signal values
of al probe sets with unknown molecular functions that were signif-
icantly changed between autopsy and surgical specimens. The corre-
lation coefficients against all 12,626 probe sets on U95Av2 Gene-
Chips were calculated, and a cutoff of =0.900 was applied to select
for highly correlated probe sets.

Supplementary Tables S1 and S2, containing complete results of
the SAM and the correlation coefficient analyses, are available online
at the Physiological Genomics web sitet and at http://www.chb-
genomics.or g/lbeggsiab/.

The Supplementary Materia for this article (Tables S1 and S2) is available
online a http://physiolgenomics.physiology.or g/cgi/content/full/00137.2003/
DC1.
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Fig. 1. Hierarchical clustering of seven autopsy and seven surgical skeletal
muscle samples. The dendrogram generated by TreeView (at top) isindicative
of the correlations between data sets for the 14 surgical (Sur) and autopsy (Aut)
specimens (middle). Bottom: signal strengths for a representative gene cluster,
in which each row reflects the expression levels (red = high expression,
green = low expression) of one probe set across all samples.

RESULTS

Quiality controls were applied to ensure that the RNA from
both surgical and autopsy specimens was equally intact. These
steps included visual evaluation of the total RNA sizes by
agarose gel electrophoresis and assessment of the cRNA
amount hybridized to the GeneChips by comparison of the
measurements obtained for probe sets representative of 5’ and
3’ ends of control genes. All samples had an A260/280 absor-
bance ratio between 1.9 and 2.1 as measured on the spectro-
photometer. The band intensity ratio for 28S to 18S rRNA was
close to 2 as seen on the agarose gels, and signal ratios below
2 for 3’ vs. 5’ probe sets for B-actin and glyceraldehyde-3-
phosphate dehydrogenase genes (well within the Affymetrix
recommendations) as seen after hybridization to the Gene-
Chips. In brief, skeletal muscle samples up to 46 h postmortem
yielded intact, high-quality RNA.

Hierarchical clustering identified two major sample clusters:
one consisting predominantly of surgical and one of autopsy
samples. However, some overlap was evident between the two
sample types, as one member of each group clustered with the
other groups (Fig. 1). This overlap was reproducible and seen
in al seven dendrograms generated during the permutation
analysis. The postmortem interval of the autopsy samples did
not appear to have an impact on their correlation coefficients.
Hierarchical clustering demonstrated that age, muscle type (see
MATERIALS AND METHODS), and postmortem interval did not
appear to have amajor role, and therefore surgical and autopsy
samples of al ages and types were considered together for the
purpose of further anaysis. It is of particular interest that
autopsy specimens ranging from 16 to 46 h postmortem had
such similar expression patterns, suggesting that further major
transcriptional changes do not occur during the postmortem
interval from 16 to 46 h. An independent calculation of the
correlation coefficients showed a similar range of r values
within each group (r = 0.83-0.98 for surgical and r =
0.86-0.96 for autopsy) and dlightly lower across groups (r =
0.76-0.96), comparable to previous analyses of patient and
control specimens (33).

The SAM program was used on the 14 normalized data sets
to identify significant transcriptional differences between sur-
gical and autopsy specimens. We identified 140 probe sets as
significantly overexpressed (FDR = 1.66%) in autopsy vs.
surgical samples (Supplementary Table S1). None of the
downregulated probe sets were considered significantly
changed at this FDR cutoff. The fold change of the upregulated
probe sets ranged between the selected lower cutoff of 2-fold
[seen for the genes tubulin-specific chaperone E (TBCE);
eukaryotic translation initiation factor 3, subunit 6 (EIF35);
and S-adenosylmethionine decarboxylase 1 (AMD1)] and
27.33-fold [seen for the gene v-maf muscul oaponeuraotic fibro-
sarcoma oncogene homolog F (MAFF)]. The 140 upregulated
probe sets were assigned to functional categories according to
their Gene Ontology (GO) annotations. The four main catego-
ries included cell death (n = 11), metabolism (n = 35), cell
maintenance (n = 46), and cell communication (n = 21) (Fig.
2). Because of the large size of certain subgroups within the
four categories, some of these are presented as independent
categories. In total seven functiona categories were created:
metabolism (n = 35 probe sets), transcription (n = 26), cell
cycle (n = 23), cell communication (n = 13), apoptosis (n =
11), other (n = 22), and unknown (n = 15) (Supplementary
Table S1). Of the seven functional categories, some had major
distinct subgroups, which are represented in Fig. 2. Genes with
more than one molecular function were placed under al rele-
vant functional categories. The metabolism-related genes were
predominantly involved in protein metabolism such as biosyn-
thesis (n = 9), protein targeting/modification (n = 7) and
proteolysis (n = 5), amine metabolism (n = 4), and nucleic
acid metabolism (n = 4). Although GO usualy classifies
transcription under nucleic acid metabolism, we have created a
separate group, due to their large number, to include all
transcription-related probe sets. The majority of cell cycle-
related genes were associated with cell cycle arrest (n = 6) and
regulation (n = 7), and a small number were M- or S-phase
related (n = 2 and 5, respectively). The cell cycle category had
the highest average fold change (4-fold) compared with all

B Apoptosis

M Protein Metab
EBiosynthesis
[Nucleic acid
WCell cycle

W Cell organization
[0 Transport

- MCell surface s.t.*
[Pintracellular s.t.*
[CICell-cell signaling
[JUnknown

Number of
genes

*5.t.=signal transduction
(:\\ gl

Go annotation

Fig. 2. The main functional categories showing significant overexpression in
autopsy specimens as determined by significance analysis of microarrays
(SAM). Functional categorization of the genes was based on the Gene
Ontology (GO) annotations.
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other categories, with cell cycle regulation and arrest showing
the highest fold changes in their category. Severa cytoskele-
ton-related (n = 8) and metal ion binding probe sets (n = 5)
were also significantly upregulated, but because of the small
size of these groups they were classified under “ Other”.

The 125 known genes showing significant overexpression
were further analyzed with Osprey (3) to identify possible
networks of interaction with other genes. Osprey generates
gene interaction networks based on information retrieved by
the General Repository for Interaction Data sets (the GRID,
http://biodata.mshri.on.ca/grid), which in turn compiles
gene annotations provided by the Saccharomyces Genome
Database (http://www.yeastgenome.org/). Four interaction
networks with three or more interactions with known genes
were identified through this analysis (Fig. 3). They were
associated with the following significantly changed genes:
CCAAT-box-binding transcription factor (CBF2), similar to S,
cerevisiae Sec6p and Rattus norvegicus rsecé (SEC6), sin3-
associated polypeptide 30 kDa (SAP30), and RAD51 homolog
(RecA homolog, Escherichia coli) (S cerevisiae) (RAD51).
Each network contained between 5 and 24 known genes. Based
on GO annotations, all of these genes are involved in cell
growth and maintenance, and the majority also has a metabolic
role (Fig. 3). More specificaly, al CBF2 interacting genes
were cell cycle related, all SEC6 interacting genes were me-
tabolism related, with 4/6 genes also involved in protein
transport, and 6/7 SAP30 interacting genes were metabolism
and/or transcription related. The RAD51 network consisted of

@ Cell organization and biogenesis @ Cell growth and maintenance
@ Metabolism ® Cell cycle
@ Nucleic acid metabolism Transport

Protein metabolism

RNA processin
@ Protein degradation P 9

Fig. 3. Interaction networks of four significantly changed genes as identified
by Osprey. Each gene known to interact with the four upregulated genes
(appearing in the core of each network) is indicated by an arrow and is
functionally categorized based on the GO annotations. The direction of the
arrows indicates which protein has been shown to bind another.

at least 24 known genes, of which 20 were metabolism related
(nucleic acid metabolism = 9 genes and protein degradation =
3), and 6 were transport related. The majority of these inter-
actions have been identified by affinity precipitation, a few of
them by synthetic lethality, and five of them by the yeast
two-hybrid experimental system. Of the 38 genes identified by
Osprey, only 5 had representative probe sets on the U95Av2
GeneChips, and none of them was significantly changed or
highly correlated, at the transcriptional level, with the 4 central
genes in these networks (r range —0.62 to +0.58). The fold
changes for the five genes ranged between —1.61 (RAD52) and
+4.00 (CPA2), with RAD52 and CPA2 being the only two
genes exceeding the =1.5-fold cutoff.

The 15 significantly upregulated probe sets of unknown
molecular function were further studied by correlation coeffi-
cient analysis against all 12,626 probe sets. Twelve of the
probe sets correlated to one or more probe sets by r = 0.900
(Supplementary Table S2). When the top 50 correlations for
each of the unknown probe sets were considered, a large
number of them coincided with the 125 known genes identified
above. The number of correlations to known genes per un-
known probe set ranged between 30/50 (38683 _s at) and 7/50
(34739 at and 32835_at) (Supplementary Table S2).

DISCUSSION

Human skeletal muscle specimens obtained at autopsy are
often used for diagnostic or research purposes. Previous studies
have anadlyzed the structural and biochemical changes that
occur in postmortem tissue, yet molecular alterations, includ-
ing those involving gene expression, have only been examined
for a handful of genes. This study is the first to describe
large-scale differences in gene expression between human
skeletal muscle obtained at autopsy and biopsy.

Hierarchical clustering and correlation coefficient analysis
enabled us to perform a primary global analysis of the 14 data
sets. These analyses classified the specimens into autopsy and
biopsy dominant clusters (Fig. 1), consistent with the slightly
higher intragroup (r = 0.83-0.98) than intergroup (r = 0.79—
0.96) coefficient values. However, two samples, T172 and
T289, clustered in the “wrong” category. There were no fea
tures unique to these two samples that could account for their
misclassification. T172 represented the oldest individual in the
biopsy group, but several subjects in the autopsy group were
older. T289 had the longest postmortem interval, but another
sample was nearly as old. Both sample sites were quadriceps,
the most common site from which muscle was obtained for this
study.

Overdl, the similarities within each class of specimens
outweigh the similarities between classes. Although previous
studies on bovine muscle have suggested that postmortem
degradation of certain proteins was slower in older animals
(22), age did not play a role in the clustering of our 14
specimens. A potential limitation of this study is the heteroge-
neity of muscle sampling sites. The scarcity of control muscle
samples precluded an analysis of this size involving only one
muscle type. However, the predominance of quadriceps sam-
ples and the clustering of all the nonquadriceps samples in the
“correct” category (autopsy vs. biopsy) indicate that the heter-
ogeneity of our samples did not have a significant impact on
our results. Moreover, an independent analysis of quadriceps
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specimens alone yielded highly similar results (data not
shown).

The most prominent and unexpected change in postmortem
muscle was the overall upregulation in protein synthesis. Over-
expression was seen in ~26 transcription factors or transcrip-
tion-related genes and an equal number of protein metabolism-
related genes. The latter category included RNA binding pro-
teins, ribosomal proteins, trandation factors, amino acid/tRNA
synthetases, and protein modification and targeting genes. This
evidence indicates that despite expectations of an exclusively
and rapid degenerative process, skeletal muscle goes through a
very active transcriptional/translational phase during the first
46 h postmortem, most likely reflecting a cellular adaptive
response to extracellular stimuli.

Specific transcriptional differences between the autopsy and
surgical specimens were identified. The 140 probe sets with
significant differences at an FDR of =1.66% were grouped
into 7 functional categories based on GO annotations. The
highest fold changes were seen in the cell cycle-related cate-
gory, including genesinvolved in cell cycle regulation and cell
cycle arrest (Supplementary Table S1). Overexpression of
multiple apoptosis-related probe sets was also observed. Some
examples include GADDA45A (7.23-fold change), which partic-
ipates in cell cycle arrest but also responds to environmental
stress and leads to apoptosis via the p38/INK pathway, and
NFKBIA (2.24-fold), which can lead to apoptosis by forming a
complex with p53 or inducing the activation of caspase-3 (5, 7,
36). Caspase-3 cleaves and activates the upregulated STK3
(seen upregulated by 2.18-fold), which in turn contributes to
the apoptotic response (16). Another overexpressed gene, MYC
(3.58-, 2.3-, and 2.22-fold, for probe sets 37724 at, 1973 s at,
and 1936 _s at, respectively), has been shown to regulate the
switch from cytostatic to apoptotic p53-dependent cellular
response, by inhibiting p53 from activating p21 (CIP1) (34).
Overal, autopsy skeletal muscle displays alterations in several
different cell cycle and apoptosis-related pathways in response
to the multiple and complex cell environment changes.

As might be expected in light of the overall process, genes
involved in proteolysis appear to be upregulated in autopsy
specimens (Supplementary Table S1), a finding that contrasts
with observations on injured or intermittently hypoxic muscle
samples (9, 46). One of the multiple roles of proteolysisis the
regulation of apoptosis (25), achieved by the proteolytic acti-
vation of a range of key apoptotic pathway members (Fig.
4)(42). At least two of the apoptosis-related genes overex-
pressed in our anaysis (STK3, 2.18-fold; and GADD45A,
7.23-fold) are known to undergo proteolytic activation (16,
26). Two additional proteolysis-associated genes (PA2G4,
2.08-fold; and PSMD8, 2.47-fold for 32584 at and 2.16-fold
for 1312_at) are thought to be involved in cell cycle regulation.
Furthermore, proteolysis is important for cellular homeostasis
by maintaining protein concentrations at optimal levels. The
upregulation of certain proteolytic pathways might therefore be
expected given the apparent increase in protein biosynthesis
that is suggested by the overexpression of nine related probe
sets (fold change range 2.00-7.23) (Supplementary Table S1).
Consistent with elevated protein synthesis, multiple protein
modification-related and protein targeting-related genes were
also overexpressed (fold change range 2.02-2.58). What ap-
pears to be transcriptional evidence for a potential increase in
protein biosynthesis was accompanied by a widespread over-

Ischemia Hypoxia

Y/

Oxidative stress
(free oxygen radicals)

R SN

Damaged  Apoptosis Antioxidant
cell components activation

e.g. DNA e.g. MT1
DNA repair  Proteolysis

Fig. 4. Cellular pathways triggered by ischemia and hypoxia, such as seen in
autopsy skeletal muscle specimens. Areas shaded gray represent processes
with significant gene expression differences between surgical and autopsy
specimens, as determined by SAM. MT1 = metallothionein-1.

expression of transcription factors and other transcription reg-
ulatory genes. These 26 probe sets had fold changes in the
range of 2.04 and 4.28. These data suggest that during the
initial 46-h postmortem interval, human skeletal muscle under-
goes avery active phase of increased transcription in what may
be an aborted attempt to modulate translation and protein
synthesis/modification/targeting in response to extrinsic (e.g.,
hypoxia) and intrinsic (e.g., initiation of apoptotic process)
stimuli.

Five metalothionein genes (MT1A, MT1B, MT1G, MT1H,
MT1L) were upregulated by 3.34- to 4.97-fold in the postmor-
tem specimens. Furthermore, the expression pattern of an
additional upregulated (6.4-fold) probe set for an uncharacter-
ized gene (32561 at) was highly correlated with that of the
antioxidant enzyme gene, superoxide dismutase 2 (SOD2) (r =
0.912 by correlation coefficient analysis) (Supplementary Ta-
ble S2). Metallothioneins and antioxidant enzymes play key
rolesin the cell, protecting against reactive oxygen species (12,
13). Hypoxia and/or ischemia, such as seen after death, have
been shown to cause oxidative stress and trigger the generation
of free oxygen radicals (13), as well as to transcriptionally
activate metallothionein-1 genes (Fig. 4) (29). Reactive oxygen
species can damage vital cell components including DNA and
lead to apoptosis (6, 13). In addition to the activation of
antioxidants, proteolysis is the second line of defense by
systematically recognizing and removing al injured cellular
components (Fig. 4)(15).

In association with this upregulation of cell cycle- and
apoptotic-, proteolytic-, and antioxidant-related transcripts,
two DNA repair genes (GADD45A, 7.23-fold; and RAD5S1,
3.90-fold) are also induced, suggesting a coordinated cellular
response involving multiple pathways (Fig. 4). RAD51 has
multiple interactions at the protein level with metabolic (espe-
cialy nucleic acid metabolism) and cell cycle genes, as re-
vealed by the interaction network analysis performed based
on the Saccharomyces Genome Database (http://www.
yeastgenome.org/) (Fig. 3). We hypothesize that the DNA
damage induced postmortem triggers the expression of DNA
repair genes such as RAD51, which in turn stimulates a range
of intracellular cascadesincluding cell cycleregulators (14). At
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least parts of these cascades are likely to be regulated at the
protein level as suggested by the interaction networks and the
absence of high correlation between the transcription patterns
of these genes. Accordingly, 14 cell cycle regulation-, G,/S-,
S, and G,/M phase-related genes were overexpressed in au-
topsy skeletal muscle (fold range 2.04 to 27.33) (Supplemen-
tary Table S1), and multiple members of the CBF2 and SEC6
interaction networks have roles in the cell cycle (Fig. 3).
Increased expression of cell cycle genes has aso been de-
scribed in relation to cardiotoxin-induced muscle injury (46).
Additional gene expression changes in injured muscle have
been reported for DNA replication factors, cyclins, Rb/E2f/DP,
and myogenic transcription factors, as well as structural and
receptor proteins (46). Five of these genes had a >1.5-fold
change (CDKN1A, CHRNA1L, IFG2, PEGS3, VEGF, and
CDKN1C), but none of them appeared significantly changed in
our postmortem specimens.

Unlike previous studies on autopsy muscle specimens, no
highly significant (for our thresholds) expression changes were
seen for genes related to energy metabolism, muscle structure,
Ca?" homeostasis, or Ca?*-dependent proteases such as pre-
viously described at the histochemical level (2, 4, 27, 38, 45).
There were also no significant changes in stress proteins (heat
shock proteins), which are usually synthesized in response to
muscle injury (10). This apparent disparity may be due in part
to different postmortem time points used in these studies,
differences between transcript and protein level/activation, as
well as the highly stringent criteria applied to selection of
“significantly changed” probe sets in the present study.

Intermittent and chronic hypoxia in skeletal muscle have
been shown to affect cellular processes such as the increase of
type 1 myosin heavy chain, the increased activity of tricarbox-
ylic acid cycle and the decrease of lactate dehydrogenase (9,
31). Exercise under hypoxic conditions activated the hypoxia-
inducible factor 1 (HIF1) and seemed to influence the expres-
sion of the vascular endothelial growth factor (VEGF), myo-
globin (MB), and phosphofructokinase (PFK) (43). No signif-
icant gene expression changes were evident for these pathways
in our analysis, but HIF1A and VEGF had a >1.6-fold in-
crease, and phosphofructokinase in yeast has been shown to
interact with the RAD51 protein, which was upregulated 3.9-
fold in our analysis (Fig. 3). It is still unclear whether hypoxia-
inducible factor 1 activity is regulated transcriptionally or
posttranscriptionally, with one recent study describing its reg-
ulation by the ubiquitin-proteasome pathway and hence sup-
porting the latter model (23, 44). Overall, postmortem skeletal
muscle shares only some of the gene expression changes seen
in living tissues responding to hypoxia.

In support of the observations above, the 15 probe sets of
unknown molecular function identified as significantly overex-
pressed in our analysis had many high correlations with the 125
known genes (Supplementary Table S2), indicating their
highly similar expression patterns across all 14 muscle speci-
mens studied. Moreover, high correlations with additional
members of the major affected pathways described are seen,
such as transcription, tranglation, nucleic acid binding, and
signal transduction.

Nucleic acids extracted from autopsy specimens are often
used in clinical research either because of the nature of the
study or lack of suitable biopsies. The present study demon-
strates that MRNA remains sufficiently intact for microarray

analysis in autopsy skeletal muscle up to 46 h postmortem and
that no major transcriptional differences exist between speci-
mens of <20-h and 34- to 46-h postmortem intervals. The list
of genes significantly changed between autopsy and surgical
specimens is a useful resource for interpreting future studies
combining the two types of skeletal muscle specimens. As an
example, in our previous study on nemaline myopathy, com-
bining autopsy and surgical specimens, only one of the 206
(0.48%) genes identified there, namely glutamine synthase
(GLUL), overlapped with the current list, supporting that all
pathways identified were disease related and not due to the
surgical/autopsy nature of the specimens (33). Extra care
should be taken in those studies where postmortem changes
may overlap with disease processes, thus making the distinc-
tion of the two a challenging task.

During the initial 46-h postmortem interval, human skeletal
muscle undergoes an active transcriptional phase. Genes for
proteins involved with transcriptional and trandlational path-
ways are transcriptionally induced, potentially leading to syn-
thesis of multiple new proteins. These data suggest activation
of several pathways involving protein modification, targeting,
and transport. Postmortem muscle also upregulates expression
of cell protective (e.g., metalothioneins), cytostatic (e.g., cell
cycle regulation- and arrest-related genes) and proteolysis-
related genes. The observed overexpression of several apopto-
sis-related genes suggests the initiation of this process; how-
ever, the absence of other key apoptotic markers among the
overexpressed genes suggests this process deviates from the
physiological apoptotic process seen during life. Finaly, a-
though there is some overlap with injured and hypoxic tissue,
the specific combination of gene expression changes identified
in our analysis of postmortem muscle tissue appears largely to
have a distinct profile.
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