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Abstract

Skeletal muscle is one of the largest tissues in the human body. Changes in mMRNA and protein
abundance in this tissue are central to a large number of metabolic and other disorders, including,
commonly, insulin resistance. Proteomic and microarray analyses are important approaches for
gaining insight into the molecular and biochemical basis for normal and pathophysiological
conditions. With the use of vastus lateralis muscle obtained from two groups of healthy, nonobese
subjects, we performed a detailed comparison of the muscle proteome, obtained by HPLC-ESI-MS/
MS, with the muscle transcriptome, obtained using oligonucleotide microarrays. HPLC-ESI-MS/MS
analysis identified 507 unique proteins as present in four out of six subjects, while 5193 distinct
transcripts were called present by oligonucleotide microarrays from four out of six subjects. The
majority of the proteins identified by mass spectrometry also had their corresponding transcripts
detected by microarray analysis, although 73 proteins were only identified in the proteomic analysis.
Reflecting the high abundance of mitochondria in skeletal muscle, 30% of proteins detected were
attributed to the mitochondrion, as compared to only 9% of transcripts. On the basis of Gene Ontology
annotations, proteins assigned to mitochondrial inner membrane, mitochondrial envelope, structural
molecule activity, electron transport, as well as generation of precursor metabolites and energy, had
more corresponding transcripts detected than would be expected by chance. On the contrary, proteins
assigned to Golgi apparatus, extracellular region, lyase activity, kinase activity, and protein
modification process had fewer corresponding transcripts detected than would be expected by chance.
In conclusion, these results provide the first global comparison of the human skeletal muscle
proteome and transcriptome to date. These data show that a combination of proteomic and transcriptic
analyses will provide data that can be used to test hypotheses regarding the pathogenesis of muscle
disorders as well as to generate observational data that can be used to form novel hypotheses.
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Introduction

The diagnosis and management of disorders of human muscle remains a challenging task. There
is a lack of comprehensive knowledge regarding the molecular basis of changes in protein
expression that are part of normal physiologic adaptations, such as those that occur during
exercise training or age-related sarcopenia, or pathophysiological changes associated with
disease processes, including atrophy (caused by disuse, spinal cord injury, or weightlessness),
ischemic damage, muscular dystrophies, and insulin resistance. Insulin resistance in skeletal
muscle is a condition that is common to obesity, type 2 diabetes, and cardiovascular disease.
Between 25 and 50 million individuals in the United States are affected by these diseases.
During the past decades, many studies have been carried out to define the molecular
abnormalities underlying insulin resistance.1=3 On the basis of such studies, an increasing
number of genes and proteins in several signaling and metabolic pathways have been
implicated in skeletal muscle insulin resistance.1= However, a majority of studies have
focused on only a limited number of genes and proteins.

There is a clear need for approaches capable of evaluating global changes in protein expression
and modification. High-throughput gene expression technologies such as microarrays are
powerful tools for the study of physiological and pathological conditions with complex or
multifactorial underlying mechanisms, proving useful in studies of age-related sarcopenia,®
muscle insulin resistance,’~10 muscular dystrophy,! denervation, 12 and endurance training.
13 However, expression of muscle mMRNA may not accurately reflect the abundance of proteins
and can give no information regarding their post-translational modifications,14:15 indicating
the need to understand the relationships and differences between global gene expression
experiments and large-scale protein identification experiments.

A number of previous proteomic studies of human skeletal muscle have been accomplished
using protein separation by 2D-gel electrophoresis with subsequent identification using
MALDI-TOF/MS and/or HPLC-ESI-MS/MS analyses.16—21 Most are comparative studies
reporting only proteins that are differentially regulated in conditions such as type 2 diabetes,
16 obesity, 17 Tibetans living at high altitude,?! and aging,8 or in comparisons between different
muscle fiber types.1® The proteins reported in those studies represent mainly highly abundant
structural or metabolic proteins. Furthermore, those studies focus primarily on differentially
regulated proteins and, thus, many other proteins that are not altered in abundance or are present
at too low a level to be easily quantified by spot analysis often were not identified. A number
of transcriptome studies of human skeletal muscle have been reported. Those studies also
focused primarily on differentially expressed transcripts associated with a disease or
intervention, such as the neuromuscular disorder facioscapulohumeral muscular dystrophy,
11 jnsulin resistance and diabetes,’ insulin treatment, ? lipid infusion,19 endurance training,13
and muscle denervation.12

A number of large-scale proteome-transcriptome comparison studies have been reported. Most
have used cell lines,15:22-29 p|ant30:31 and animal models, 32736 and only a few have studied
in vivo human tissue samples14:37=39 due to the limited availability of human samples and lack
of sensitive analytical approaches. To our knowledge, no large-scale proteome—transcriptome
comparison studies on human skeletal muscle have been reported.
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In a previous study, we used microarrays to study the effect of lipid infusion on healthy lean
subjects and found that lipid infusion could decrease or increase the expression of some genes.
Analysis of a portion of the results has been published.10 In a separate study, we used 1D gel
electrophoresis and HPLC-ESI-MS/MS to characterize the proteome of human skeletal muscle
obtained using percutaneous needle biopsies of the vastus lateralis muscle in healthy
volunteers.40 In the present study, we applied proteomics analysis to six lean healthy volunteers
and performed detailed comparison of the obtained proteome and transcriptome (also obtained
from six lean healthy volunteers1®). Moreover, for an additional subject, we compared the
results of proteomics analysis to the results obtained from transcriptomics where the same
muscle biopsy was used in both cases. To our knowledge, this is the first large-scale proteome
and transcriptome comparison for human skeletal muscle.

Experimental Section

Subjects

The skeletal muscle samples used for proteomics analysis in this study were obtained from six
healthy, nonobese volunteers (age, 20-47 years, 34.7 + 3.7; body mass index, 25.7 + 1.3 kg/
m?; percent body fat, 23.5 + 2.6%) with normal glucose tolerance and no family history of type
2 diabetes. Skeletal muscle samples used for mMRNA analysis were from another set of six lean,
healthy subjects described in ref 19, and a portion of the mMRNA expression data (from the
Affymetrix “A” chip) was reported previously.1? The subject for whom we had both proteome
and transcriptome data was a 63-year old female with body mass index at 27.6 kg/m? and with
normal glucose tolerance and no family history of type 2 diabetes. The purpose, nature and
potential risks of the study were explained to the participants, and written consent was obtained
before participation. The protocols were approved by the Institutional Review Boards of
Arizona State University or the University of Texas Health Science Center at San Antonio.

Muscle Preparation, Electrophoresis, and Staining

A percutaneous needle biopsy of the vastus lateralis muscle was obtained under local
anesthesia, and the muscle biopsy specimen was immediately blotted free of blood, frozen, and
stored in liquid nitrogen until use. For protein analysis, the muscle biopsy specimens were
homogenized while still frozen in an ice-cold buffer (10 pL/mg tissue) consisting of (final
concentrations): 50 mM HEPES, pH 7.6; 150 mM NaCl; 20 mM sodium pyrophosphate; 20mM
B-glycerophosphate; 10mMNaF; 2mM sodium orthovanadate; 2 mM EDTA; 1% Triton; 10%
glycerol; 2 mM phenylmethylsulfonyl fluoride; 1 mM MgCl,; 1 mM CaCly; 10 pg/mL
leupeptin; and 10 pug/mL aprotinin. A Polytron homogenizer (Brinkman Instruments,
Westbury, NY) set on maximum speed for 30 s was used for homogenization. The homogenate
was cooled on ice for 20 min and then centrifuged at 10 000g for 20 min at 4 °C; the resulting
supernatant was frozen until use. Protein concentrations were determined by the method of
Lowry.*! Sixty micrograms of muscle lysate proteins from subjects were separated on 4-20%
gradient SDS polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA); proteins were
visualized with Coomassie blue (Bio-Rad Laboratories, Hercules, CA).

In-Gel Digestion

The gel lane resulting from each experiment was cut into 20 slices of approximately equal size.
Each slice was cut into 1 mm cubes prior to digestion. The gel pieces were placed ina 0.6-mL
polypropylene tube, washed with 400 pL of water, destained twice with 300 uL of 50%
acetonitrile (ACN) in 40 mM NH4HCO3 and dehydrated with 100% ACN for 15 min. After
removal of the ACN by aspiration, the gel pieces were dried in a vacuum centrifuge at 62 °C
for 30 min. Trypsin (250 ng; Sigma Chemical Co., St. Louis, MO) in 30 pL of 40 mM
NH4HCO3 was added and the samples were maintained at 4 °C for 15 min prior to the addition
of 50 pL of 40 mM NH4HCOs3. The digestion was allowed to proceed at 37 °C overnight and
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was terminated by the addition of 10 pL of 5% formic acid (FA). After incubation at 37 °C for
an additional 30 min and centrifugation for 1 min, each supernatant was transferred to a clean
polypropylene tube. The extraction procedure was repeated using 80 pL of 0.5% FA, and the
two extracts were combined. The sample volume was reduced to approximately 5 pL by
vacuum centrifugation, and 20 pL of 0.05% heptafluorobutyric acid (HFBA)/1% FA/2%ACN
was added.

Mass Spectrometry

HPLC-ESI-MS/MS was performed on a hybrid linear ion trap (LTQ)-Fourier Transform lon
Cyclotron Resonance (FTICR) mass spectrometer (LTQ FT; Thermo Fisher, San Jose, CA)
fitted with a PicoView nanospray source (New Objective, Woburn, MA). The mass
spectrometer was calibrated weekly according to manufacturer’s instructions, achieving mass
accuracy of the calibrants within 2 ppm. Online capillary HPLC was performed using a
Michrom BioResources Paradigm MS4 micro HPLC (Auburn, CA) with a PicoFrit column
(New Objective; 75 um i.d., packed with ProteoPep |1 C18 material, 300A). Samples were
desalted using an online Nanotrap (Michrom BioResources, Auburn, CA) before being loaded
onto the PicoFrit column. HPLC separations were accomplished with a linear gradient of 2—
27% ACN in 0.1% FA in 70 min, a hold of 5 min at 27% ACN, followed by a step to 50%
ACN, hold 5 min and then a step to 80%, hold 5 min; flow rate, 300 nL/min. A “top-10 data-
dependent tandem mass spectrometry approach was utilized to identify peptides in which a full
scan spectrum (survey scan) was acquired followed by collision-induced dissociation (CID)
mass spectra of the 10 most abundant ions in the survey scan. The survey scan was acquired
using the FTICR mass analyzer in order to obtain high resolution, high mass accuracy data.

Data Analysis and Bioinformatics

Tandem mass spectra were extracted from Xcalibur "RAW” files and charge states were
assigned using the Extract_ MSN script (Thermo Fisher, San Jose, CA). Charge states and
monoisotopic peak assignments were then verified using DTA-SuperCharge, part of the
MSQuant suite of software (msquant.sourceforge.net),*2 before all "DTA” files from each gel
lane in an experiment were combined into a single Mascot Generic format file. The fragment
mass spectra were then searched against the IPI-_ HUMAN_v3.28 database (68 020 entries,
http://www.ebi-.ac.uk/IP1/) using Mascot (Matrix Science, London, U.K.; version 2.2). The
false discovery rate was determined by selecting the option to search the decoy randomized
database. The search parameters that were used were 10 ppm mass tolerance for precursor ion
masses and 0.5 Da for product ion masses; digestion with trypsin; a maximum of two missed
tryptic cleavages; variable modifications of oxidation of methionine and phosphorylation of
serine, threonine and tyrosine. Probability assessment of peptide assignments and protein
identifications were made through use of Scaffold (version Scaffold-01_06_19, Proteome
Software, Inc., Portland, OR). Only peptides with >95% probability were considered. Criteria
for protein identification included detection of at least 2 unique identified peptides and a
probability score of >95%. Proteins that contained identical peptides and could not be
differentiated based on MS/MS analysis alone were grouped. Multiple isoforms of a protein
were reported only if they were differentiated by at least one unique peptide with >95%
probability, based on Scaffold analysis.

Gene Ontology annotation of human proteins was down-loaded from Gene Ontology
Annotation (GOA) Databases (http://www.ebi.ac.uk/GOA, version 55.0). This GOA human
database contains 33 731 distinct proteins and 172 661 GO associations. In addition, GO
hierarchy information (version: 52) was downloaded from www.geneontology.com. Human
GO associations and GO hierarchy information were assembled into a new database by an in-
house Script written using MATLAB. IPI IDs, gene names, UniProt and Swiss-Prot IDs of
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identified proteins were input into the database to obtain GO associations and GO hierarchy
information.

Microarray Analysis: Target Preparation, Hybridization, taining, Scanning, and Analysis of

Image

For mRNA analyses, muscle biopsy specimens were homogenized directly in RNAStat
solution (Tel-Test, Inc., Friendswood, TX), using a Polytron homogenizer (Brinkmann
Instruments, Westbury, NY). RNA pellets were stored in ethanol/sodium chloride solution at
—80 °C. Prior to use, total RNA was purified with RNeasy and DNase | treatment (Qiagen,
Chatsworth, CA).

RNA was prepared for hybridization to Affymetrix (Santa Clara, CA) HG-U133A arrays
according to the manufacturer’s instructions. Total RNA was used as a template for double-
stranded cDNA synthesis (Superscript Double-Stranded cDNA Synthesis kit, Invitrogen,
Carlsbad, CA), which was used as a template for biotin-labeled cRNA synthesis (Enzo
BioArray High Yield RNA Transcription Labeling Kit, Affymetrix). Purified (RNeasy Kkit,
Qiagen, Chatsworth, CA), fragmented (35-200 nucleotides) biotinylated cRNA was
hybridized to the HG-U133A Gene Chips overnight for 16 h at 45 °C in a rotating incubator.
Following hybridization, the probe arrays were washed and stained using the Gene Chip
Fluidics station protocol EUKGE-ES2. The protocol consisted of nonstringent and stringent
washes followed by a staining procedure whereby the hybridized cRNA was fluorescently
labeled using antibiotin antibodies and streptavidin-phycoerythrin solution (SAPE). The
intensity of bound dye was measured with an argon laser confocal scanner (GeneArray Scanner,
Agilent). The probe arrays were scanned twice and the stored images were aligned and analyzed
using the GeneChip software Microarray Analysis Suite (MAS) 5.0 (Affymetrix, Santa Clara,
CA).

Microarray Data Expression and Analysis

The Affymetrix data acquisition programs in MAS 5.0 automatically generate a cell intensity
file (CEL) from the stored images that contain a single intensity value for each probe cell on
the array. The CEL files were imported into the R software package
(http://www.r-project.org) and the probe level data were converted to expression measures
using the Affy package*? from Bioconductor. Expression values for eachmRNA were obtained
by the Robust Multiarray Analysis (RMA) method of Irizarry** which adjusts for background
on the raw intensity scale, carries out a nonlinear quantile normalization of the perfect match
values, log-transforms the background-adjusted perfect match values and carries out a robust
multichip analysis of the quantilenormalized, log-transformed values. The mRNA
corresponding to a particular protein was deemed to be present if it was called present by
Affymetrix software for the majority (four out of six) subjects. For comparison of the proteome
with mRNA expression data from the two groups of subjects, it was required that a protein be
detected from four out of six subjects based on the rigorous criteria described above. Gene
names and Swiss-Prot IDs of identified transcripts were input into the in-house GO database
described above to obtain GO information.

Comparison of the Proteome and Transcriptome

There are three major categories of GO information: Cellular component (abbreviation: C),
biological process (abbreviation: P) and molecular function (abbreviation: F). Some GO terms
belong to another GO term, that is, they are child terms of the latter (parent term). On the basis
of the GO hierarchy information obtained from www.geneontology.org, proteins assigned to
a child GO term were also assigned to its parent term. For example, mitochondrial matrix (GO
ID 0005759) and mitochondrial envelope (GO 1D 0005740) both belong to mitochondrion (GO
ID 0005739). Therefore, mitochondrion (GO ID 0005739) is the parent term. All proteins
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assigned to the mitochondrial matrix and mitochondrial envelope also were assigned to
mitochondrion. Another example is ion binding (GO 1D 0043167). It has 3 direct child terms:
anion binding (GO 1D 0043168), cation binding (GO ID 0043169) and metal ion binding (GO
ID 0046872). All protein assigned to anion binding, cation binding and metal ion binding also
were assigned to ion binding.

Bootstrap analysis, a widely used statistical tool, was used to study the relationship between
the human muscle proteome and transcriptome based on their GO associations.*>:46 For each
given GO term, i, a count was made of the number of proteins identified and associated with
that GO term, Num-Pj, and the corresponding number of transcripts detected and associated
with that GO term, Num-T;..The experimental fraction was calculated as Num-T;/Num-P;.. In
order to determine the confidence that this fraction is significantly greater or less than the
fraction that would be expected by chance alone, proteins were randomly selected and it was
found how many of them had corresponding transcripts detected. This process was repeated
10 000 times in order to determine the chance that a set of proteins would have a corresponding
set of transcripts detected. The fifth and 95th percentile of those 10 000 percentages serve as
the upper and lower confidence boundaries of the distribution. If the experimental fraction is
within the fifth and 95th percentile of the 10 000 percentages, it means % of transcripts present
for proteins with a given GO term is about the same as would be expected by chance. When
the fraction of transcripts found for a set of proteins is greater than the 95th percentile, it
indicates that % of transcripts present for these proteins is more than would be expected by
chance. When the fraction is less than the fifth percentile, % of transcripts present is less than
would be expected by chance.

Results and Discussion

Human Skeletal Muscle Proteome

To obtain a comprehensive proteomic characterization of human vastus lateralis muscle, we
carried out HPLC-ESI-MS/MS-based analysis of lysates of whole muscle from which proteins
were first fractionated by 1D gel electrophoresis. We performed HPLC-ESI-MS/MS analyses
on proteins isolated from the muscle of 6 healthy, nonobese subjects. In subjects 1-6, 635, 573,
619, 582, 494, and 664 unique proteins were identified, respectively. The average number of
identified proteins from the 6 subjects was 594 + 59. A total of 1003 unique proteins were
identified in at least one subject after reduction for redundancy. There were at least two unique
peptides (>95% confidence) assigned to each identified protein, all with a confidence level
>95% based on the Scaffold analysis. The false discovery rates, as assessed by Mascot
searching of a randomized database, were less than 6%. Among these proteins, 306 were
identified in all 6 subjects, 91 in 5 subjects, 110 in 4 subjects, 102 in 3 subjects, 133 in 2 subjects
and 261 were identified in only one subject (Figure 1, top panel). A detailed list of all proteins
identified in this study together with their IPI ID, molecular weight, sequence coverage, and
number of unique peptides assigned to each protein are provided as Supporting Information
(Supplemental Table 1). Among the proteins identified in this study, a number of entries
derived from the protein identification searches had multiple IPI IDs. In many cases,
assignment of multiple I1Ds results from the potential presence of protein isoforms that could
not be distinguished on the basis of unique peptides. Proteins with multiple IDs were assigned
to a “protein group” (see Supplemental Table 1). Proteins that were attributed a unique IPI ID
are listed as a single-entry protein group. As can be seen from Supplemental Table 1, when the
analysis was perfomed in this manner, there were 1003 protein groups. For protein groups with
multiple IPI IDs, the minimum, maximum and mean of molecular weights (MW) and the
number of amino acids in each protein sequence are listed in Supplemental Table 1.
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Human Skeletal Muscle Transcriptome

We used microarray analysis on 6 lean, healthy subjects to obtain characterization of the human
vastus lateralis muscle transcriptome. There are many probes on the chip which have the same
gene names or Swiss-Prot I1Ds, and they were grouped into one transcript set. Affymetrix
software called 2286 transcripts “present” in all 6 subjects, 1834 in 5 subjects, 1073 in 4
subjects, 1008 in 3 subjects, in 1155 in 2 subjects and 1757 identified in only one subject
(Figure 1, bottom panel). As mentioned in the experimental section, the mRNA corresponding
to a particular protein was deemed to be present if it was called present by Affymetrix software
for the majority (four out of six) subjects. All 5193 “present” transcript groups with their gene
names and Swiss-Prot IDs were listed in Supplemental Table 2.

Comparison of the Muscle Proteome and Transcriptome from Two Groups of Subjects

We compared the skeletal muscle proteome obtained in this study (n = 6) with mMRNA
expression data obtained from healthy human skeletal muscle using oligonucleotide microarray
analysis (h = 6). Since the mRNA corresponding to a particular protein was deemed to be
present if it was called present by Affymetrix software for four out of six subjects, we also
required that a protein needed to be detected from four out of six subjects based on the rigorous
criteria for the comparison of the proteome with transcriptome. A total of 507 out of 1003
protein groups were identified in four out of six subjects. The majority of these, 448 (88%),
had corresponding transcripts detected by microarray analysis. Among the 5193 present
transcripts, 437 had their corresponding proteins detected by mass spectrometry. Even though
the number of detected transcripts identified by microarray was 10 times greater than the
number of proteins identified using HPLC-ESI-MS/MS, there were 59 proteins (12%)
identified by mass spectrometry that did not have their corresponding transcripts detected by
microarray analysis (see Table 1). The transcripts for 1 out of these 59 proteins were not present
as probes in the microarray chips. Thus, 58 of the 507 identified proteins did not have
corresponding transcripts detected even though the transcripts were present as probes on the
chips. Some of these proteins were present in relatively high abundance. For example,
Apolipoprotein A-1, which is transported into muscle,*”*8 was found in all 6 subjects with the
maximum sequence coverage of 42%. It is known that this protein is synthesized primarily in
the liver and circulates in the plasma to peripheral tissues such as muscle, where it is cleared
by a well-described endocytosis process.*”:48 The presence of this protein in skeletal muscle
of all six healthy individuals suggests that proteomic analysis may be useful for studying
apolipoprotein A1 metabolism in human muscle. Some other proteins that clearly derive from
muscle, such as myosin-binding protein H, which was detected in 5 out of 6 subjects by
proteomic analysis, had no detectable mRNA in any of the 6 individuals. This latter type of
conflicting result likely is due to either rapid degradation of transcripts specific to those proteins
or poor binding of MRNA for those proteins to the complementary oligonucleotide on the array.

Molecular Weight Distributions

The MW distributions of all 507 identified proteins and corresponding proteins of 5193 present
transcripts as well as all proteins listed in the IPI human database are shown in Figure 2. The
MW distributions of all 507 identified proteins and corresponding proteins for the 5193 present
transcripts are similar. Compared to the expected values based on the human proteome
cataloged in the IPI human database, we identified a lower than expected proportion of proteins
under 20 kDa. This may be an artifact of the 1Dgel from which very small proteins could be
lost preferentially.

Subcellular Localization

It was possible to assign the subcellular location of 438 out of the 507 proteins identified by
mass spectrometry from at least four out of six subjects. Sixty-nine remained unassigned
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because they have no GO annotation in the GOA database (Figure 3, top panel). Of the proteins
with GO annotations, 76% could be assigned to cytoplasm, representing the predominant
subcellular location of all identified proteins in this study. Membrane proteins compromised
the next highest (31%) subcellular location of identified proteins. Mitochondrial proteins
represented 30% of all identified proteins. Nuclear proteins represented the fourth largest
group, with 12% of all identified proteins. Cytoskeletal proteins represented 11% of all
identified proteins and extra-cellular proteins constituted 5% of all identified proteins. Some
proteins could be assigned to multiple subcellular locations. The subcellular locations of the
59 proteins, detected by mass spectrometry with no corresponding transcripts detected by
microarray, were all assigned. Of these, 32%, 22%, 19%, 19%, 12% and 3% could be assigned
to cytoplasm, mitochondrion, membrane, nucleus, extracellular, and cytoskeleton,
respectively.

The subcellular location of 3185 out of the 5193 transcripts identified by microarray from at
least four out of six subjects could be assigned, while 2008 remained unassigned (Figure 3,
bottom panel). Of the identified transcripts, 43% could be assigned to cytoplasm, representing
the largest subcellular location of all identified transcripts in this study. Membrane transcripts
(30%) were the second dominant subcellular location of identified transcripts. Nuclear
transcripts represented the third largest group, with 22% of all identified transcripts and 485
of the 5193 transcripts detected (9%) could be attributed to the mitochondrion. Cytoskeletal
transcripts represented the fifth largest group, with 6% of all identified transcripts. As was the
case for proteins, some transcripts were also assigned to multiple subcellular locations.

It is noted that both transcripts and proteins for the mitochondrion are overrepresented in
skeletal muscle. It has been estimated that mitochondrial proteins comprise 4.8% of the total
human proteome.*? In skeletal muscle, 485 of the 5193 transcripts (9%) detected by microarray
could be attributed to the mitochondrion, and in contrast, 150 of the 507 proteins (30%) detected
by mass spectrometry were attributed to the mitochondrion. The overrepresentation of
mitochondrial proteins reflects the importance of energy supply for the primary function of
skeletal muscle, that is, contraction for movement. The percentages for cytoplasm and
cytoskeleton proteins also were higher than those for cytoplasm and cytoskeleton transcripts.
In contrast, the percentage of identified nucleus transcripts was higher than that for identified
nucleus proteins.

Global Relationship between Human Muscle Proteome and Transcriptome

We employed bootstrap analysis, a widely used statistic tool,#>+46 to study the relationship
between human muscle proteome and transcriptome based on their GO information as
described in the Methods section. In total, there were 1109 GO terms associated with the
identified proteins. Proteins assigned to a child GO term were also assigned to its parent term.
For example, there are 13 proteins were assigned to mitochondrial matrix and 68 to
mitochondrial envelope. All of them were also assigned to their parent term, mitochondrion.
Another example is ion binding that has 3 direct child terms: anion binding, cation binding and
metal ion binding. While no protein was assigned to anion binding, 94 proteins were assigned
to cation binding and 114 were assigned to metal ion binding. All of them were also assigned
to ion binding.

We built the confidence level of relationships of the detection of proteins and transcripts using
bootstrap. As an example, consider the situation where 23 proteins were assigned to the
extracellular region, and the transcripts for 16 of these also were detected. In this analysis, we
randomly selected 23 proteins from all 507 proteins and determined how many of these have
their corresponding transcripts detected, and the fraction was recorded. This process was
repeated 10 000 times to obtain 10 000 such fractions. The fifth and 95th percentiles of the 10
000 fractions, in this case, were 78% and 87%, respectively. The observed fraction in this case
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(16/23 or 70%) was less than the fifth percentile (78%) of the empirically derived distribution
of fractions. This indicates that proteins assigned to the extracellular region have fewer
corresponding transcripts detected than would be expected by chance. Since many proteins can
be transported into muscle from blood, this relationship for extracellular region proteins is not
surprising. GO terms with assigned proteins having fewer or more transcripts detected than
would be expected by chance are listed in Table 2.

Figure 4A shows the protein—transcript relationships of 6 major cellular components:
mitochondrion, cytoplasm, cytoskeleton, nucleus, membrane, and the extracellular region. In
the mitochondrion category, 91% of 150 identified proteins had their corresponding transcripts
detected, which is within the fifth and 95th percentile of the empirically derived distribution
of fractions. In addition, 93% of identified cytoskeleton proteins and 81% of identified nucleus
proteins, 90% cytoplasmic proteins and 90% membrane proteins identified by HPLC-ESI-MS/
MS had their corresponding transcripts detected by microarray. In contrast, extracellular region
proteins had fewer corresponding transcripts detected than would be expected by chance, as
described above. Golgi apparatus proteins also had fewer corresponding transcripts detected.
Although mitochondrial proteins had about the same number of transcripts detected as would
be expected by chance, mitochondrial inner membrane and envelope proteins had more
transcripts detected than would be expected by chance. In total, 97% and 96% of detected
mitochondrial inner membrane and envelope proteins had their respective transcripts detected
by microarray.

Figure 4B shows protein—transcript relationships of some molecular functions of interest.
Proteins assigned to monovalent inorganic cation transmembrane transporter activity (GO ID
15077) and structural molecule activity (GO 1D 5198) had more transcripts detected than would
be expected by chance, while those for lyase activity (GO ID 16829) and kinase activity (GO
ID 16301) had fewer transcripts detected than would be expected by chance. In addition, protein
assigned to NADH dehydrogenase activity (GO ID 3954) and nucleotide binding (GO ID 166)
had about the same number of transcripts detected as would be expected by chance.

Figure 4C shows protein—transcript relationships of some biological processes. Proteins
assigned to electron transport (GO ID 6118), energy derivation by oxidation of organic
compounds (GO ID 15980) and generation of precursor metabolites and energy (GO ID 6091)
had more transcripts detected than would be expected by chance, while proteins assigned to
alcohol metabolic process (GO ID 6066) and protein modification process (GO ID 6464) and
protein amino acid phosphorylation (GO ID 6468) had fewer transcripts detected than just by
chance. The proteins involving in fatty acid metabolic process (GO ID 6631), glycolysis (GO
ID 6096), and glucose metabolic process (GO ID 6006) had about the same number of
transcripts detected as would be expected by chance.

Comparison of Muscle Proteome and Transcriptome from the Same Subject

To determine whether the data obtained from two separate groups of subjects is an accurate
reflection of such data obtained from a single subject, we performed proteomic and
transcriptomic studies from a single muscle biopsy from one healthy volunteer. In this subject,
635 unique protein groups were identified, which is similar to the average number of identified
proteins, 594, from the 6 subjects described above. The majority of these proteins, 533 (84%),
had corresponding transcripts detected by microarray analysis. As mentioned earlier, there
were 507 protein groups identified in four out of six subjects, and 448 (88%) of them had
corresponding transcripts detected by microarray analysis.

For the single muscle biopsy, 5978 transcripts were called “present”, and this is similar to the
5193 transcripts called present from 4 out of 6 subjects. Among the 5978 present transcripts,
519 had their corresponding proteins detected by mass spectrometry. There were 103 out of
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635 proteins (16%) identified by mass spectrometry that did not have their corresponding
transcripts detected by microarray analysis. The transcripts for 10 of these 103 proteins were
not present as probes in the microarray chips. Thus, 93 of the 635 identified proteins did not
have corresponding transcripts detected even though the transcripts were present as probes on
the chips.

Molecular Weight Distributions

The MW distributions of all 635 identified proteins and corresponding proteins of 5978 present
transcripts as well as all proteins listed in the IPI human database are shown in Supplemental
Figure 1. The MW distributions of all 635 identified proteins and corresponding proteins for
the 5978 present transcripts are similar to each other and also similar to the MW distributions
of the proteome and transcriptome from the two groups of subjects shown in Figure 2.

Subcellular Localization

The subcellular location pie-chart for the proteome and transcriptome from the same subject
is shown in Supplemental Figure 2. For the proteome, 73%, 28%, 24%, 12%, 11% and 5% of
identified proteins could be assigned to cytoplasm, membrane, mitochondrion, nucleus,
cytoskeleton and extracellular region, respectively. There is no significant difference by paired
t-test between the subcellular location for the proteome from this subject and the proteome
from the group of six subjects (detected from four out of six subjects 4 out of 6 subjects). For
the transcriptome, 38%, 27%, 8%, 19%, 6% and 4% of identified transcripts could be assigned
to cytoplasm, membrane, mitochondrion, nucleus, cytoskeleton and extracellular region,
respectively. Again, there is no significant difference by paired t-test between the subcellular
location for the transcriptome from this subject and the transcriptome from the group of six
subjects (detected from four out of six subjects 4 out of 6 subjects).

Conclusions

Mechanisms underlying changes in muscle structure and metabolism during different
physiological and pathophysiological conditions have traditionally been studied by focusing
on a small number of genes or proteins. Transcriptional profiling has been applied to define
the molecular signature of denervation, immobilization, exercise-training, age-related
sarcopenia, insulin resistance and muscular dystrophy.6=13:50 However, global profiling of
temporal changes in metabolic enzymes and structural proteins and their post-translational
modifications in skeletal muscle in vivo has been limited by the lack of appropriate proteomic
technology. Thus, global comparison of the proteome and transcriptome has not been feasible.
The present study shows that it is possible to obtain a global comparison of the proteome and
transcriptome by combing HPLC-ESI-MS/MS with microarray technology.

It must be noted that most of the muscle biopsies used for proteomic analysis and microarray
analysis were from different subjects. This is mitigated by the fact that all subjects were healthy
and nonobese with similar characteristics. In addition, the muscle biopsies were obtained under
identical conditions. Nevertheless, the concordance between the proteome and transcriptome
is striking, considering the fact that different groups of subjects were used for these analyses.
Had the same subjects been used for both analyses, these relationships likely would have been
even more marked. The one attempt on the proteomic analysis and microarray analysis on the
same healthy subject revealed dramatic similarity between the results obtained from the same
subject and from the two groups of subjects as regard to number of identified protein/

transcripts, molecular distribution, and subcellular localization. This indicates that the

variations between the transcriptome and the proteome are not due to variations in the

individual test subjects. It is worth noting that, even in the one individual subject’s proteome—
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transcriptome comparison, mitochondrial proteins were also overrepresented compared to their
identified transcripts.

In conclusion, this study represents the first detailed, large-scale comparison of the human
skeletal muscle proteome and transcriptome. These data demonstrate the utility of combining
these two methods of analysis for small, human tissue samples, making this approach a
potentially valuable tool in elucidating changes in the proteome/transcriptome associated with
human disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

FA, formic acid; ACN, acetonitrile; CID, collision-induced dissociation; OXPHOS, oxidative
phosphorylation; GO, Gene Ontology annotation; MW, molecular weight; MS/MS, tandem
mass spectrometry.
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Figure 1.

Number of protein groups (A) and transcript groups (B) detected in 1-6 individuals. (Top panel)
For the 6 individuals who participated in the proteomics study, 1003 unique protein groups
were identified in at least one individual. A total of 507 out of the 1003 protein groups were
detected in 4 out of 6 subjects. (Bottom panel) For the 6 individuals who participated in the
microarray study, 9113 distinct transcript groups were called present by the Affymetrix
software in at least one individual. A total of 5193 out of the 9113 transcript groups were called
present in 4 out of 6 subjects.
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Molecular weight distribution of identified proteins and transcripts in human skeletal muscle.
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Figure 3.
Subcellular location of identified proteins (top panel) and transcripts (bottom panel) in human
skeletal muscle.
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Figure 4.

Protein—transcript relationships. (A) Protein—transcript relationships of 6 major cellular
components: mitochondrion, cytoplasm, cytoskeleton, nucleus, membrane, and extracellular
region. (B) Protein—transcript relationships of some molecular functions. (C) Protein—transcript
relationships of some biological processes. Dash line indicates the median of the empirically
derived distribution of the 10 000 fractions. Solid lines above and below the dash line depict
upper and lower 95% confidence intervals of the 10 000 fractions, respectively.
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