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Comparative Proteomics Profiling of a
Phospholamban Mutant Mouse Model of
Dilated Cardiomyopathy Reveals Progressive
Intracellular Stress Responses*□
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Defective mobilization of Ca2ⴙ by cardiomyocytes can lead
to cardiac insufficiency, but the causative mechanisms
leading to congestive heart failure (HF) remain unclear. In
the present study we performed exhaustive global proteomics surveys of cardiac ventricle isolated from a mouse
model of cardiomyopathy overexpressing a phospholamban mutant, R9C (PLN-R9C), and exhibiting impaired Ca2ⴙ
handling and death at 24 weeks and compared them with
normal control littermates. The relative expression patterns
of 6190 high confidence proteins were monitored by shotgun tandem mass spectrometry at 8, 16, and 24 weeks of
disease progression. Significant differential abundance of
593 proteins was detected. These proteins mapped to select biological pathways such as endoplasmic reticulum
stress response, cytoskeletal remodeling, and apoptosis
and included known biomarkers of HF (e.g. brain natriuretic
peptide/atrial natriuretic factor and angiotensin-converting
enzyme) and other indicators of presymptomatic functional
impairment. These altered proteomic profiles were concordant with cognate mRNA patterns recorded in parallel
using high density mRNA microarrays, and top candidates
were validated by RT-PCR and Western blotting. Mapping
of our highest ranked proteins against a human diseased
explant and to available data sets indicated that many of
these proteins could serve as markers of disease. Indeed
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we showed that several of these proteins are detectable in
mouse and human plasma and display differential abundance in the plasma of diseased mice and affected patients.
These results offer a systems-wide perspective of the dynamic maladaptions associated with impaired Ca2ⴙ homeostasis that perturb myocyte function and ultimately converge to cause HF. Molecular & Cellular Proteomics 7:
519 –533, 2008.

Cardiomyopathies of diverse etiology impair cardiac muscle function and frequently progress to a convergence point
where they induce heart dilatation and overt failure. Although
HF1 is a major source of global morbidity and death in the
developed world (1), afflicted patients are typically diagnosed
with end stage disease when few effective avenues for restorative intervention remain and clinical outcomes are poor (1).
Therefore, innovative preventive and therapeutic measures
are needed urgently for more effective early detection, stratification, and treatment of at-risk patients (1). Although considerable progress has been made in the understanding of the
mechanistic basis for certain aspects of cardiac dysfunction
(2– 6), a more complete understanding is required of the key
molecular players and biochemical maladaptations associated
with disease progression, particularly at the earliest stages of
cardiomyopathy that occur prior to clinical presentation.
Previously we reported that an inherited human dilated
cardiomyopathy resulted from the conversion of Arg-9 to Cys
1
The abbreviations used are: HF, heart failure; PLN, phospholamban; BNP, brain natriuretic peptide; ANF, atrial natriuretic factor; ACE,
angiotensin-converting enzyme; FDR, false discovery rate; GO, Gene
Ontology; DPY, dihydropyrimidinase; CIA, co-inertia analysis; PDI,
protein-disulfide isomerase; DESM, desmin; IQGAP, Ras GTPaseactivating-like protein; CHOP, CIEBP homologous protein; CALU,
calumenin; CRTC, calreticulin; POST, periostin; FLN, filamin; ENPL,
endoplasmin; PLMN, plasminogen; PLSL, L-plastin; SPTA, spectrin
A; SPTB, spectrin B; RTN, reticulocalbin; VIME, vimentin.
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in the human phospholamban (PLN) gene (PLN-R9C) (7). The
onset of dilated cardiomyopathy in affected patients typically
commenced during adolescence followed by progressive deterioration in cardiac function leading to crisis and mortality
(7). A transgenic mouse model of this mutation showed a
remarkably similar cardiac phenotype (7) with the afflicted
mice presenting with early onset dilated cardiomyopathy
characterized by decreased cardiac contractility and premature death.
In the present study, we used exhaustive gel-free protein
profiling and parallel microarray-based mRNA screening techniques to examine temporal changes in the global expression
patterns during disease progression in the cardiac ventricular
muscle of R9C mutant animals as compared with agematched healthy controls. Using a p value of 0.05, we deduced significant changes in the levels of 593 of 6190 proteins
identified with high confidence. We then used mRNA microarray data together with extensive RT-PCR and immunoblotting
for further validation of the 40 proteins that were calculated to
be below an empirically corrected false discovery rate (FDR).
Statistically significant over-representation in select Gene
Ontology functional categories (GO terms) was detected
among both the up- and down-regulated proteins. These GO
terms indicated perturbations in cytoskeletal and calciumbinding proteins, alterations in endoplasmic reticulum (ER)
stress and apoptosis pathways, and shifts in energy metabolism. We confirmed the activation of apoptosis, and we
explored the potential for establishing informative biomarkers
of heart disease among the most markedly altered proteins.
Overall we established an insightful time course projection of
the dynamically changing molecular landscape associated
with early stage myocyte dysfunction, midstage cardiac dilatation, and overt end stage HF. The entire processed data set
and supporting annotated spectra evidence are fully accessible via a dedicated Website as a platform to support further
basic and clinically driven cardiac investigations.
EXPERIMENTAL PROCEDURES

Ventricle Tissue Fractionation and Organelle Isolation—The transgenic phospholamban R9C mutant mice were described previously
(7). Male and female mice were analyzed at 8, 16, and 24 weeks by
M-mode and Doppler echocardiography for non-invasive assessment
of left ventricular function and dimensions using methods described
previously (8 –12). Immediately prior to the preparation of cardiac
tissue samples, at least six mice in each category were CO2-asphyxiated, and the ventricle muscle was collected rapidly and rinsed in
ice-cold PBS. For pathology and histological analyses, the hearts
were washed extensively in ice-cold PBS and fixed immediately with
ice-cold 4% paraformaldehyde in PBS. Cardiomyocytes were isolated, and intracellular Ca2⫹ measurements were performed as described previously (8 –11, 13).
Protein Sample Preparation—Organellar protein fractions were extracted from pooled ventricle tissue as described previously (14, 15).
Briefly ventricle tissue from four to six mice was combined and
homogenized in a Dounce homogenizer in ice-cold lysis buffer (250
mM sucrose, 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 1 mM DTT, 1 mM
PMSF) using a tight fitting glass pestle. The lysate was cleared of
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debris by tabletop centrifugation at 800 ⫻ g for 15 min. Mitochondrial
and microsomal fractions were isolated from the supernatant by
further centrifugation at 8000 ⫻ g and 100,000 ⫻ g, respectively, and
the supernatant served as the soluble cytosolic fraction. Protein aliquots (100 g) were precipitated, reduced, alkylated, and digested
sequentially with endoproteinase Lys-C and trypsin as reported previously (15, 16)
Proteomics Analysis—Comprehensive gel-free shotgun sequencing of reduced, alkylated, and enzymatically digested protein fractions was performed essentially as described previously (15–17).
Briefly the peptide mixtures were solid phase-extracted, acidified with
formic acid, and loaded manually onto biphasic 100-m-inner diameter microcapillary fused silica columns packed sequentially with
strong cation exchange beads (Partisphere, Whatman, Clifton, NJ)
and reverse phase resin (Zorbax Eclipse XDB-C18, Agilent Technologies, Mississauga, Ontario, Canada). The columns were placed in line
with a quaternary HPLC pump interfaced using electrospray ionization to an LTQ linear ion trap mass spectrometer (Thermo Finnigan,
San Jose, CA). The bound peptides were eluted using a 12-step ⫻
100-min salt/water/acetonitrile gradient (15, 16). Precursor ions (400 –
2000 m/z) were subjected to data-dependent, collision-induced dissociation with dynamic exclusion enabled. The resultant ⬃12.5 million
acquired MS/MS spectra were cross-matched against a compilation
of 29,051 annotated UniProt mouse (Mus musculus) protein sequences downloaded from the European Bioinformatics Institute on
March 11, 2004 using a distributed version of the SEQUEST search
algorithm (SEQUEST-PVM version 27 (revision 9) (1993); peak lists
were automatically generated using the embedded ExtractMS script
with default parameter settings) (18). Precursor mass tolerance was
set to 3 Da (with daughter mass ion tolerance set to the default of 0),
enabling fully tryptic enzyme status, single site missed cleavages, and
a static chemical modification of ⫹57 amu on cysteine (carboxyamidomethylation). The statistical probability of each primary match
was assessed using the STATQUEST algorithm (15, 16). To minimize
false positives, protein identifications were accepted if the candidates
had a minimum of three high confidence (99%⫹ probability) supporting spectra that matched to at least two unique (unambiguous) peptides. To determine the FDR, we performed an empirical confidence
test by searching approximately half of the spectra against a decoy
database consisting of fully inverted protein sequences appended to
the original native database entries. Applying the same filter criteria,
the proportion of decoy (reverse) matches was found to be 0.0146%
at the peptide level (50 reverse and 342,740 native peptide matches)
and 0.49% at the protein level (eight reverse and 1611 native protein
matches). Hence we estimated the FDR rate across the entire data set
at less than 1%, which is comparable to our FDR reported previously
in Kislinger et al. (16).
Data Normalization and Filtering—The total combined number of
high confidence spectral counts per protein was summed across
subcellular fractions as an estimate of relative protein abundance and
possible differential expression between the R9C- and control-derived samples (16, 19). Differences in protein levels between diseased
and wild-type samples recorded between the 137 different experimental runs can represent biologically relevant differences in protein
expression but can also contain bias and noise. To account for
spurious variance, the data were normalized. The data generated
within each experiment were first separated into an equivalent number (100) of bins based on the observed spectral count value distribution. Each bin, for all the runs, was then normalized by local
polynomial regression fitting (Lowess) (20) to adjust for differences in
the spectral counts obtained for each individual protein in relation to
the total number of overall spectra obtained for a given individual
sample. The aim of this normalization technique was to reduce the
inherent variability that exists between different experiments, different
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spectral count abundances, and different sample complexities.
After normalizing the data, to detect proteins exhibiting differential
levels between the control and diseased state, we constructed two
linear models. The first modeled both the control and disease states
as well as the time (8, 16, and 24 weeks) and localization (cytosol,
microsome, mitochondria I, and mitochondria II) as separable parameters, whereas the second model examined only time (8, 16, and 24
weeks) and localization (cytosol, microsome, mitochondria I, and
mitochondria II) as discriminate factors. The output of the two models
was compared using analysis of variance with the null hypothesis
being that there is no difference, and a low p value indicated substantive discrepancy between the results of the two models, implying
that the disease state was a significant determinant of the observed
protein levels. To identify those proteins exhibiting a significant
change in relative protein abundance as a function of disease progression, we ranked the complete set of detectable proteins based on
their computed p values, a subset (593) of which exhibited nominal p
values ⬍0.05. To account for multiple hypothesis testing from the
above model, the p values were then subjected to FDR correction
using the Benjamini-Hochberg calculation (21, 22). This generated a
final subset of 40 proteins with corrected p values ⬍0.05 for the R9C
mouse model that are reported in supplemental Table 4. The proteomics data are reported as peptides identified, whether these peptides are
unique to the protein, the raw total number of matched spectra, the
normalized number of matched spectra, p values, and corrected p
values and are sorted according to the corrected p values.
Microarray Data Set Comparisons—Microarray-based global
mRNA profiling experiments were performed using the Affymetrix
Mouse 430 2.0 full-genome array chips. Protein accessions were
cross-mapped to the corresponding Affymetrix probe sets. Co-inertia
analysis is a multivariate method that identifies trends or co-relationships in multiple data sets and was performed to explore the covariance between the proteomics and microarray data sets essentially as
described previously (23). The Bayesian probabilistic assessment was
performed as described previously (16, 24).
RT-PCR Analysis—Total RNA was extracted from isolated ventricular tissue using TRIzol and subjected to RT-PCR essentially as
described previously (25, 26). Primer sets were designed using
WebPrimer 2.0 and purchased from AGTC Corp. (Toronto, Ontario,
Canada). A complete set of primer sequences is provided in supplemental Table 4.
Western Blotting—Immunoblot analyses were performed using
standard SDS-PAGE chemiluminescent procedures. Blots were processed using commercially available antibodies: mouse monoclonal
to HSP47 (13510, Abcam, Cambridge, MA), mouse monoclonal to
periostin (14041, Abcam), rabbit polyclonal to protein-disulfide
isomerase (539229, Calbiochem), mouse monoclonal to protein-disulfide isomerase (MA3-019, Affinity Bioreagents, Golden, CO), rabbit
polyclonal to Filamin A (4762, Cell Signaling Technologies, Danvers,
MA), rat monoclonal to IGFBP-7 (MAB2120, R&D Systems, Minneapolis, MN); rabbit polyclonal to Nogo (IMG-5346A, Imgenex/Cedarlane
Laboratories, Hornby, Ontario, Canada), rabbit polyclonal to calreticulin (PA1-903, Affinity Bioreagents), mouse monoclonal to Annexin 1
(BD Biosciences), mouse monoclonal to annexin 2 (sc-9061, Santa
Cruz Biotechnology, Santa Cruz, CA and A14030, BD Biosciences),
rabbit polyclonal to GRP78 (PA1-014, Affinity Bioreagents), mouse
monoclonal to GRP94 (MA3-016, Affinity Bioreagents), rabbit polyclonal to four and a half LIM domain (FHL1) (IMG-3374, Imgenex/
Cedarlane Laboratories), mouse monoclonal to Talin-1 (TD-77, Genetex, San Antonio, TX), rabbit polyclonal to dihydropyrimidinase 3
(DPY3) (23951, Abcam), rabbit polyclonal to cofilin-1 (11062, Abcam),
mouse monoclonal to vimentin (MA3–745, Affinity Bioreagents), rabbit
polyclonal to cofilin-1 (11062, Abcam), rabbit polyclonal to IQGAP
(sc-10792, Santa Cruz Biotechnology), rabbit polyclonal to S100-␣

(PA1-932, Affinity Bioreagents), mouse monoclonal to CHOP (MA1250, Affinity Bioreagents), rabbit polyclonal to glyceraldehyde-3phosphate dehydrogenase (PA1-968; Affinity Bioreagents), and rabbit
polyclonal to UCHL1 (U5382, Sigma). Apoptosis antibodies were
obtained from Cell Signaling Technology Inc.: caspase 3 (9668),
caspase 9 (9504), and caspase 12 (2202).
Cytochemistry and Pathology—In situ DNA end labeling and hematoxylin and eosin staining were performed at the Department of
Pathology, University Health Network, Toronto, Ontario, Canada.
Sections were analyzed on a Leica stereomicroscope.
Tissue Samples—Human tissue and blood samples were collected
according to protocols with appropriate ethics approval at Harvard/
Massachusetts General Hospital and the Toronto General Hospital/
University Health Network. Patients with dilated cardiomyopathy were
classified as Stage III/New York Heart Association Class III according
to standard criteria. Plasma samples were precleared of IgG and
albumin using two cycles through Proteo-extract columns (Calbiochem) and subjected to immunoblot as described above (Larial Proteomics, Toronto, Canada). For the global proteomics profiling of the
PLN-R9C human cardiac explant, the frozen ventricular tissue biopsy
was homogenized in a Dounce homogenizer in solubilization buffer
and fractionated essentially as outlined for mouse heart above. The
cytoplasmic fraction was subjected to three separate rounds of
LC-MS profiling with the spectra processed essentially as described
above.
Cross-referencing On-line Data Sets—Protein predictions for secretion were made according to the on-line predication algorithm
PSort II (27) and the Secreted Protein Database (28) available publicly.
We also cross-referenced our highly ranked proteins to the experimentally predicted human urine proteome (29) and human plasma
proteomes (30, 31).
RESULTS

Development of Dilated Cardiomyopathy in the R9C Transgenic Mouse Model—We established a survival curve for the
transgenic line in which 44 mice overexpressing the R9C
transgene under control of the myosin heavy chain, cardiacspecific promoter and 79 littermate controls were analyzed.
The PLN-R9C mice had a median survival of only ⬃20 weeks
with fewer than 15% persisting past 24 weeks (Fig. 1A). The
first recorded deaths in the PLN-R9C line were observed
between 12 and 16 weeks of age, whereas only one wild-type
control mouse died over the entire 24-week period. For our
subsequent detailed proteomics analyses (see below), 24
weeks was established as end stage human dilated cardiomyopathy due to the high mortality, 8 weeks was established as
a time point representative of early stage disease prior to the
first recorded mortality, and 16 weeks was established as a
midpoint in disease progression. However, enlargement of
both ventricle and atria was evident by 8 weeks of age in the
PLN-R9C mice (Fig. 1B). Likewise cross-sections of the myocardium stained with hematoxylin and eosin (Fig. 1B) showed
thinning of the ventricular wall and evidence of left ventricular
dilatation in the 8-week transgenic animals with continued
progression of dilatation with age. High power magnification
also indicated obvious regions of fat and connective tissue
infiltration and muscle degeneration in the PLN-R9C hearts
even at the 8-week time point (Fig. 1C).
Decreased Function in Cardiomyopathy Hearts—Functional
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FIG. 1. Phenotypic analyses of wildtype and R9C mice. A, survival curves
for wild-type mice (WT) (n ⫽ 79) and R9C
mice (n ⫽ 44) were generated following a
24-week period. B, cardiac sections
show significant cardiac enlargement in
the R9C mice even at the earliest time
point of 8 weeks of age. Prominent in the
sections is the left ventricular dilatation
present at 8 weeks and throughout 16
and 24 weeks of age. C, higher power
micrographs show evidence of cardiac
disease also evident from 8 weeks of age.
D, echocardiography and measurement
of anterior and posterior wall thickness
in wild-type and R9C mice. E, cardiac
shortening assessed by echocardiography. Significant functional impairment in the R9C transgenic animals begins as early as 8 weeks of age.

cardiac measurements were performed by echocardiography
on individual 8-, 16, and 24-week-old male and female mice;
although female mice showed identical findings, only the data
obtained for male mice are provided in Fig. 1D and Table I.
Echocardiographic measurements of the thickness of the anterior and posterior walls (Fig. 1D) indicated that the R9C mice
had significant dilatation at 8 weeks, which progressed
throughout the lifespan of these mice. However, contractility,
as assessed by cardiac fractional shortening (Fig. 1E), was
only slightly, albeit significantly, reduced by 8 weeks, whereas
a far more pronounced decrease was evident by 16 weeks.
Proteomics Assessment of Progressive Heart Failure—Using the survival curves, echocardiography, and pathology as
guides, we proceeded to examine the global protein complement of ventricular muscle isolated from wild-type and R9C
mice at 8, 16, and 24 weeks of age to identify those proteins
exhibiting altered abundance as a function of disease pro-
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gression. To achieve high sensitivity and comprehensive coverage, we performed gel-free shotgun sequencing of extensive proteolytic digests of ventricular muscle protein extracts
using high performance multidimensional capillary-scale liquid chromatography coupled to automated data-dependent
tandem mass spectrometry (see “Experimental Procedures”).
To alleviate the severe dynamic range limitations stemming
from components of the highly abundant contractile apparatus (14, 15, 17), we first isolated cytosolic, mitochondrial, and
microsomal protein fractions from homogenized cardiac tissue pooled from several animals using differential ultracentrifugation (nuclear fractions proved harder to separate from
abundant contractile proteins and hence were excluded from
this study). Each fraction was analyzed repeatedly; nine times
at 8 and 16 weeks and four times at 24 weeks, to enhance
overall detection sensitivity and coverage.
A total of 12,847,690 spectra were acquired and searched
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TABLE I
Echocardiographic and hemodynamic parameters in wild-type and R9C mice at 8, 16, and 24 weeks in male and female mice
Values are mean ⫾ S.E. HR, heart rate; AW and PW, anterior and posterior wall thickness (left ventricle), respectively; LVEDD and LVESD,
left ventricular end diastolic and systolic dimension, respectively; FS, fractional shortening ⫽ (LVEDD ⫺ LVESD)/LVEDD ⫻ 100%; ETC, ejection
time corrected for HR; VCFC, velocity of circumferential shortening corrected for HR ⫽ FS/ETC; PAVc, peak aortic velocity corrected for HR;
E-wave ⫽ early filling transmitral diastolic wave; AVA, aortic velocity acceleration (PAVc/acceleration time); WT, wild type; M, male; bpm,
beats/min; circ, circumferences.

Age (weeks)
Gender
HR (bpm)
AW (mm)
PW (mm)
LVEDD (mm)
LVESD (mm)
FS (%)
VCFc (circ/s)
PAVc (cm/s)
AVA (m/s2)
Samples (n)
a

WT

R9C

WT

R9C

WT

R9C

8
M
560 ⫾ 6
0.66 ⫾ 0.01
0.66 ⫾ 0.01
3.82 ⫾ 0.05
1.82 ⫾ 0.05
52.7 ⫾ 0.9
10.5 ⫾ 0.2
102.4 ⫾ 2.4
65.7 ⫾ 1.3
6

8
M
567 ⫾ 5
0.60 ⫾ 0.01a
0.61 ⫾ 0.01a
4.01 ⫾ 0.03a
2.13 ⫾ 0.04a
47.6 ⫾ 1.2a
9.1 ⫾ 0.2a
97.8 ⫾ 2.6
60.6 ⫾ 1.6
9

16
M
569 ⫾ 5
0.70 ⫾ 0.01
0.70 ⫾ 0.01
3.92 ⫾ 0.07
1.84 ⫾ 0.06
53.1 ⫾ 0.7
10.5 ⫾ 0.1
110.1 ⫾ 3.7
66 ⫾ 3.2
6

16
M
552 ⫾ 15
0.58 ⫾ 0.01a
0.59 ⫾ 0.01a
5.01 ⫾ 0.06a
3.36 ⫾ 0.09a
32.9 ⫾ 1.9a
7.0 ⫾ 0.5a
85.3 ⫾ 3.2a
47.9 ⫾ 2.5a
9

24
M
565 ⫾ 9
0.71 ⫾ 0.01
0.71 ⫾ 0.01
3.99 ⫾ 0.05
1.89 ⫾ 0.03
52.9 ⫾ 1.5
10.9 ⫾ 0.3
111.3 ⫾ 2.9
67.1 ⫾ 3.1
5

24
M
502 ⫾ 15a
0.57 ⫾ 0.01a
0.57 ⫾ 0.01a
5.48 ⫾ 0.08a
4.23 ⫾ 0.09a
22.6 ⫾ 2.1a
5.1 ⫾ 0.5a
73.6 ⫾ 3.1a
40 ⫾ 2.2a
5

p ⬍ 0.05 compared with WT.

against a reference mouse protein sequence database. Candidate matches were subjected to two rounds of stringent
filtering (see “Experimental Procedures”). First, we used a
rigorous statistical model (14) to assign confidence scores to
individual database matches, accepting only those candidate
identifications supported by two or more high scoring (p value
⬍0.01) peptides. Second, we eliminated redundancy by accepting only those proteins supported by two or more unambiguous (i.e. unique) peptide sequences (16). This parsing
resulted in a final set of 6190 high confidence protein identifications (supplemental Table 1); an additional set of 1072
candidates, tentatively identified with multiple high scoring
spectra mapping to either only a single peptide (n ⫽ 828) or,
more ambiguously, to peptides shared among a cluster of
closely related proteins (n ⫽ 244), were removed from further
consideration but are reported for completeness in supplemental Table 2. All relevant spectral information for all high
confidence identifications, including the protein name, primary accession, description, search scores, and associated
statistical information as well as links to the supporting
MS/MS evidence, is freely available on a dedicated Web
server with a searchable interface.2
Large Scale Differential Expression throughout the Time
Course—Quantitative differences in relative protein levels between the healthy and diseased mice were estimated on the
basis of the measured ratio of the total number of accumulated high confidence spectra obtained for each protein in the
R9C versus control fractions (Fig. 2A, inset). To minimize
spurious variance, the repeat experimental data sets were first
normalized using a global scaling parameter and then integrated prior to comparison (Fig. 2A). We then applied a linear
regression model (see “Experimental Procedures”) to identify
2

A. Emili, personal communication.

those 593 proteins that exhibited statistically significant (p
value ⬍0.05) differential abundance in the diseased state
(supplemental Table 3). A background average false discovery rate of ⬍200 proteins was estimated based on permutation of the experimental labels (Fig. 2B). Following the
application of a Benjamini-Hochberg calculation for FDR
correction, adjusted p values (i.e. q values) were obtained; a
subset of 40 top ranked proteins with q ⬍ 0.05 are shown in
supplemental Table 4.
A heat map schematic of the perturbed protein patterns,
sorted by statistical rank, is provided in Fig. 2C. Within this list
of candidates are proteins previously linked functionally to
cardiomyopathies, including atrial natriuretic factor (ANF) and
angiotensin-converting enzyme (ACE), which are archetypal
components of the adaptive homeostatic response to hypertension, as well as cytoskeletal factors linked to cardiac remodeling, such as actins, myosins, annexins 1 and 2, spectrin, and desmin (32–35). (The classic biomarker of HF, BNP,
was tentatively detected as up-regulated in the failing heart (a
total of 10 spectra in R9C versus only one for wild type), but
as it was identified with only one unique peptide it was formally excluded along with 827 other putative proteins identified with limited spectral support (see supplemental Table 2).)
Detection of these well established proteins validates the
overall effectiveness of the proteomics screening, data processing, and statistical filtering procedures.
Affected Protein Categories in Maladapted Cardiac Tissue—Hierarchical clustering of the high confidence candidates (Fig. 2C, top panel) revealed elevated expression of a
substantial fraction (467) of proteins at 8 and/or 16 weeks,
whereas another 70 showed consistent up-regulation
throughout disease progression (elevated levels in all three
time points). Conversely 126 proteins showed reduced overall
abundance (Fig. 2C, bottom panel).
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FIG. 2. Gel-free shotgun analyses of
cardiac ventricular samples. A, proteins were identified, and expression levels were semiquantified using spectral
counts at all of the three time points.
Abundance levels of proteins are shown
in a log scale plot. The profiles were
subjected to normalization to address
variation in mass spectrometry acquisition. Inset, unfiltered data. Red lines represent a 1-fold difference from controls.
B, calculation of the false discovery rate.
C, statistical modeling resulted in the
identification of 593 proteins found to be
significantly different between wild-type
(WT) and R9C hearts. The expression
profiles of these proteins were plotted in
log scale and hierarchically clustered.
Shown are 467 proteins that were upregulated in disease and 126 proteins
that were down-regulated. Proteins previously identified to be up-regulated in
dilated cardiomyopathy are marked at
the right, including ANF, DESM, ANX1,
SPCN, ACE, ANX2, and IDHP (isocitrate
dehydrogenase). Blue, up-regulated expression; yellow, down-regulated expression. D and E, significantly enriched
GO terms within the 593-protein data
set. Enriched GO and phenotype ontology terms are listed together with p values and the number of proteins sorted in
each category. D represents GO categories significantly over-represented in
R9C, whereas E represents GO categories found to be under-represented. W,
weeks.

Statistically significant over-representation among select
GO categories was detected among annotated proteins in
both the up- or down-regulated sets (Fig. 2, D and E). Functions exhibiting marked increases in the PLN-R9C mice included cytoskeletal and calcium ion-binding proteins, ER,
chaperone-mediated protein folding, the ER stress response,
and activation of apoptosis. There were also marked decreases in mitochondrial proteins associated with fatty acid
oxidation, consistent with a shift to glucose metabolism in the
diseased state. These changes are consistent with a major
reorganization of the cardiomyocyte cytoskeleton as a maladaptive attempt to compensate for decreased cardiac function (36, 37). These results, viewed together with the echocardiography and histology data, indicate that, even by 8
weeks of age, R9C cardiac ventricular muscle is subject to
considerable biochemical stresses that cannot be fully compensated for, resulting in the initial stages of HF.
Comparison of Proteomics Data with mRNA Patterns—The
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reliability of our proteomic candidates was assessed by comparison with gene expression levels as recorded in parallel
mRNA measurements using high density DNA microarrays
(see “Experimental Procedures”) (23). Co-inertia analysis
(CIA), an unbiased multivariate method for examining general
trends (co-relationships) among disparate data sets, indicated
excellent correspondence between the global protein and
mRNA profiles (Fig. 3A). A further indication of overall agreement in the cognate patterns for the 593 statistically relevant
proteins was evident by hierarchical clustering (Fig. 3B), particularly among the seemingly higher abundance gene products. This heat map also highlights the extensive proteomic
changes observed at the early and midstage time points (8
and 16 weeks), indicating substantial protein remodeling and
biochemical changes that are not evident by microarray analyses to the same extent. However, cytoskeletal remodeling,
ER stress responses, and Ca2⫹ signaling responses (Fig. 2, C
and D) are consistent with the phenotypic changes observed
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FIG. 3. Comparison of the 593 candidates identified by MudPIT with parallel mRNA microarray analyses. Microarray experiments were performed
on ventricular tissues using Affymetrix
chips. CIA plots were performed on the
microarray and proteomics data and are
shown in A. The six samples are plotted
in the first two dimensions of a CIA. Each
arrow shows the location of the sample
in gene space (base of the arrow) and
protein space (arrow tip). Axis2 clearly
separates the PLN-R9C and wild-type
(WT) samples, and the length of the arrow in each case is related to the divergence between the two data sets. B, a
protein cluster, based on descending p
values of 593 proteins, is opposed to a
cluster of cognate mRNA data. The correlation between the results of the two
experimental platforms is evident. C, RTPCR analysis of 24 of the top proteins
shows strong correlation with the proteomics data set. The proteomics spectral counts are shown in the inset on
each agarose gel. D, additional candidates chosen at random were subjected
to RT-PCR. W, weeks.

at these same time points, namely increased mortality and
decreased cardiac function (Fig. 1).
Because standard metrics (e.g. Pearson or Spearman) lack
a suitable noise model or principled confidence measure to
assign statistical significance, we applied a Bayesian probabilistic approach (16) (see “Experimental Procedures”) to
measure the correlation directly. We used a Bernoulli switch
variable to explain the mRNA abundance as a linear function
of the recorded protein spectral counts or a learned background distribution. Spurious variance in the protein and
mRNA levels was modeled using Gaussian and Poisson dis-

tributions, respectively, and a confidence score was calculated by permutation testing. Of the 593 perturbed proteins,
only 16 were deemed to be significantly non-correlated outliers (supplemental Table 5), none of which were top ranked
proteins. The biological significance of these outliers is uncertain but could reflect post-transcriptional regulation.
Validation of Proteomics Data—We attempted further validation of the differential abundance of top ranked gene products that showed the most significant differential increase in
the disease state using semiquantitative RT-PCR assays. As
expected, we observed marked up-regulation of correspond-
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FIG. 4. Immunoblot validation of proteomics data. A, hierarchical clusters of
the 40 highest ranked proteins, which
survived the false discovery BenjaminiHochberg correction. Shown are the ratios of spectral counts in the R9C:wild
type at 8, 16, and 24 weeks of age. B,
immunoblot analyses of a number of the
top 40 proteins were performed when
commercial antibodies were available,
and the results are shown. Blots with multiple bands are shown in the right panel.
Arrows indicate protein bands of the expected molecular weight. For RTN4, several isoforms exists and were detected in
our experiments. C, additional proteins
were examined including ATP2a, BNP,
ANF, p53, and DESM. W, weeks; GAPDH,
glyceraldehyde-3-phosphate
dehydrogenase.

ing transcripts for virtually all of the 24 proteins examined (Fig.
3C) in PLN-R9C mice relative to control, consistent with the
predicted proteomic profiles. There was also excellent accord
between the measured protein abundance and mRNA abundance for another ⬃75 gene products selected on the basis of
general applicability to cardiac function or disease (including
AT2A2, ANF, BNP, FABHP, and ␤-MHC) or chosen at random
(S10AB, CALU, UCL1, and CRTC); several of these are shown
in Fig. 3D (see supplemental Fig. 1 for additional information).
Fig. 4A shows a clustergram heat map, based on corrected
p value, of the 40 proteins that passed the most demanding
FDR assessment. In general, these proteins were among the
most abundantly up-regulated factors induced in R9C over
the 24-week period.
As one final, alternate, and arguably more stringent measure to confirm the reliability of our proteomics predictions, we
performed immunoblot analyses to examine protein levels for
23 of these candidates for which commercial antibodies were
available. Again fully consistent with the proteomic profiles,
the microarray data, and RT-PCR experiments, we confirmed
significantly elevated levels for virtually all of the top ranked
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proteins in the diseased state (Fig. 4B), including PDI, ANX2,
FHL1, TLN1, COF1, POSTN, FLNA, VIME, IBP7, CNN2, RTN4,
DPY3, and IQGAP1. As additional controls (Fig. 4C), we examined the protein levels of ATP2a, BNP, ANF, DESM, and
p53 by Western blotting because their expression has been
reported previously to change in dilated cardiomyopathy (32–
35, 38). Consistent with expectation and our own proteomics
results, BNP, ANF, DESM, and p53 were all significantly upregulated in the R9C mice, whereas ATP2a was down-regulated as noted before. As a loading control, glyceraldehyde3-phosphate dehydrogenase levels were also measured and
were unaffected.
Noticeable differences in protein levels were detectable
between the various time points. Given that we were able to
verify the changes in expression detected by proteomics profiling through comparable changes detected by immunoblotting
for most proteins examined, it is likely that the large phenotypic
changes we observed (Fig. 1) indicating substantial compensatory and remodeling pathways in the 16-week R9C mouse and
severe cardiac pathology leading to death at 24 weeks correlate
functionally with these proteomic variations.
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FIG. 5. Cellular stress responses in
dilated cardiomyopathy. Enriched GO
terms and proteomic candidates indicated significant activation of ER stress
in the R9C heart. A, immunoblot analysis
of several ER stress proteins shows upregulation of CRTC, GRP94 (ENPL),
HSP47, GRP78, CHOP, and ELF2. B and
C, nick labeling of cryostat sections of
wild-type and R9C hearts shows the activation of apoptosis in R9C over a period of 24 weeks. D, levels of cleaved
and activated caspases 3, 9, and 12 also
increase in R9C over a period of 24
weeks. E, diastolic calcium levels measured in isolated cardiomyocytes were increased significantly in R9C. F, schematic diagram of Ca2⫹-induced ER
stress responses. *, p ⬍ 0.05, significantly different from wild type, Student’s
t test. Data are shown as mean ⫾ S.E.

Pathways Activated in Heart Failure—The results of our
proteomics screens are consistent with the hypothesis that
dysregulation of Ca2⫹ cycling in the PLN-R9C myocytes leads
to activation of ER stress pathways and apoptotic cell death.
To verify whether such responses were indeed activated, we
examined the status of key regulators known to mediate the
ER stress responses (39), including CRTC, ENPL, HSP47,
GRP78, CHOP, and ELF2a (Fig. 5A). In all cases, we verified
significant up-regulation of these proteins in R9C mice, even
at the earliest time point, consistent with both our proteomics
predictions and with the results of two recent reports examining different mouse models of cardiac dysfunction leading
to HF (40, 41).
ER stress is known to initiate apoptosis (39), and significant
activation of apoptosis was detectable during progression to
dilated cardiomyopathy in the R9C ventricle by DNA end
labeling (Fig. 5, B and C). Signaling cascades involved in
apoptosis linked by ER stress are known to converge on
several key caspases, particularly caspases 3, 9, and 12 (see
Refs. 39 and 42). Immunoblotting for caspases 3, 9, and 12

showed evidence of substantial activation of all three proteases by 8 weeks in the R9C ventricle alone (Fig. 5D).
Because the PLN-R9C mutation is likely to perturb cytosolic
Ca2⫹ levels and because altered Ca2⫹ may contribute to the
induction of apoptosis and myocyte remodeling (5, 6, 37, 43,
44) we measured the intracellular Ca2⫹ concentration in isolated cardiomyocytes obtained from the R9C mice versus
wild-type controls. Cardiomyocytes were isolated from 6 – 8week-old animals because cells isolated from older animals
generally fail to give reproducible recordings. Even at this
early time point, resting intracellular Ca2⫹ levels were found to
be increased significantly in the R9C cardiomyocytes (Fig.
5E), providing a rationale for the ER stress response as a
result of dysregulation of Ca2⫹ cycling, which in turn induces
apoptosis and remodeling of the R9C cardiac muscle. A
model of the potential interactions between elevated Ca2⫹
and ER stress pathways, incorporating key proteins activated
in R9C, including calpain; caspases 3, 9, and 12; GRP78;
GRP94; CRTC; ELF2a; and CHOP, is presented in Fig. 5F.
Detectable Expression in a Human Cardiac Explant—The
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FIG. 6. Mapping of the 40 highest
ranked candidates against a human
R9C ventricular explant and on-line
data sets. The 40 most differentially upregulated proteins detected in R9C
mouse ventricular tissues were compared against protein identifications in
the cytosolic compartment isolated from
a human R9C cardiac explant. The presence or absence of the human homologues of the proteins is indicated. The
two panels with green boxes indicate
proteins predicted to be secreted using
on-line prediction algorithms. In the
first and second of the panels with red
boxes, proteins found in the human
urine and plasma proteome are indicated. W, weeks.

availability of cardiac tissue from a human R9C proband made
it possible to investigate the presence of the top 40 mouse
ventricular proteins in a proteomics screen of the analogous
corresponding human disease (Fig. 6). Because control healthy
samples were not available to perform an exhaustive comparison, we did not attempt to quantify the expression levels but
rather assessed which, if any, orthologues of the top ranked 40
candidates were similarly detectable in the human explant. Encouragingly all but 13 were identified in the human pathological
sample. (The fact that we did not detect all might reflect, in part,
incomplete cross-mapping or limited annotations as opposed
to a true absence of the corresponding proteins.)
Secretion and Serum Elaboration in Mouse and Man—We
explored the possibility that some of the top ranked candidates might be developed as biomarkers of dilated cardiomyopathy, including early stage disease. First we determined
which proteins either possess potential secretory properties
or have been reported as being present in the human urine
(45) and plasma (30) proteomes. Using the Wolfsort PII prediction (27) and information from the Secreted Protein Database (28), we found that PDIA1, GRP78, ENPL, POSTN,
Q99LF6, Q3TML0, HSP47, PDIA4, K6PP, IBP7, SPTB2,
PLMN, RET1, and CNN2 are all potentially secreted proteins.
Of particular interest, 30 of the candidates were detected
previously in human urine, human plasma, or both. Plasma
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proteins include PDIA1, GRP78, TLN1, COF1, ACTN1, ENPL,
DPY3, IQGAP1, FLNA, PLSL, ACTN4, IBP7, RRBP1, SEPT7,
SPTA, SPTB, MYPC3, PLMN, CBR2, RET1, and CNN2.
Monitoring the levels of these candidates in the systemic
circulation could potentially serve as a useful surrogate indicator of cardiac integrity. First we assessed the levels of
RTN4, HSP47, IBP7, ENPL, POST, and IQGAP1 in mouse
plasma obtained from wild-type and R9C transgenic animals
(Fig. 7, A and B) because commercial antibodies were available and we had determined that many of these antibodies
could be assayed in plasma experiments due to reasonably
low nonspecific background staining (results not shown). Although many of the antibodies including, for example, antiCOF1, -RET1, and -CNN2, failed to show any specific signals
at the correct molecular weights, our experiments were strikingly successful in that six of the assayable proteins were both
detectable in plasma and showed increased resting levels in
the R9C samples (Fig. 7, A and B). For POST and IQGAP1,
appropriate bands were present only in the R9C-derived serum samples.
To address the clinical potential of candidates validated in
mouse plasma, we likewise examined human plasma with the
available reagents. First the cardiac explant from the R9C
patient was screened with the antibodies to determine crossreactivity between species (Fig. 8A). Antibodies against IQ-
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FIG. 7. Identification of potential biomarkers in mouse plasma. Mouse
plasma was isolated from multiple animals, pooled, and subjected to one IgG
depletion column followed by immunoblotting using antibodies against RTN4,
HSP47, and IBP7 at 8, 16, and 24 weeks
(A) and GRP94, POST, and IQGAP1 at
16 weeks only (B). All six of these proteins are elevated significantly in R9C
plasma samples. Experiments using
CNN2, RET1, and PDI failed to show
interpretable results.

FIG. 8. Identification of potential biomarkers in human tissue and plasma. A, to determine the cross-reactivity of antibodies between
mouse and human proteins, immunoblots were performed using homogenates from 16-week-old R9C mouse ventricles and different fractions
from ventricular tissue from the R9C patient explant. For IQGAP1, IBP7, FHL1, and POST, single protein bands of appropriate sizes were
detected. For RTN4, multiple appropriate bands were visualized with dominance of the RTN4-C isoform. RET1, GRP78, and HSP47 failed to
show any signal in human tissues. B and C, human plasma samples were isolated, cleared through two sequential IgG depletion columns, and
subjected to immunoblotting using the human-compatible antibodies. C, RTN4 was clearly visible in healthy patient plasma and showed a
significant elevation in blood samples taken from two dilated cardiomyopathic (DCM) patients (Stage III, New York Heart Association Class III).
IBP7, FHL1, and POST all failed to show any signal under any condition. WT, wild type; Cyto, cytosolic; Micro, microsomal; Mito, mitochondrial;
CBB, Coomassie Brilliant Blue.
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GAP1, RTN4, IBP7, FHL1, CNN2, POST, and PDI crossreacted with the human variant, whereas anti-RET1, -GRP78,
and -HSP47 did not.
Next we screened human blood samples from healthy patients to determine whether basal amounts of these factors
were present in plasma under normal conditions (Fig. 8B).
Anti-RTN4 detected a strong band at ⬃70 kDa, whereas
bands of ⬃50 and 55 kDa presumably represent additional
RTN variants. In contrast, IBP7, POST, and FHL1 all failed to
show any signals in repeated experiments (results not shown).
In our final set of experiments, we compared the levels of
RTN4 in blood samples obtained from healthy and dilated
cardiomyopathic patients (Stage III/New York Heart Association Class III) (Fig. 8C). In these studies, RTN4 was detected in
a load-dependent signal. Significantly higher levels were
found in the patient cohort as compared with the healthy
controls. Although limited in scope, these data motivate further evaluation of RTN4 in an expanded population cohort
setting.
DISCUSSION

In this study, we performed a large scale proteomics survey
of mouse cardiac disease using a rigorous comparative profiling strategy based on a relatively unbiased and sensitive
method of protein detection that revealed temporal patterns
of differential protein expression (14, 46, 47). This study provides a detailed molecular survey of global proteome changes
linked to progressive dilated cardiomyopathy and a framework for investigating the pathways, components, and mechanisms associated with disease action. Our data implicate
Ca2⫹ mishandling and subsequent ER stress and apoptotic
signaling as major activated cascades, shedding light on intracellular responses that may be exploited as therapeutic
targets for treating cardiomyopathy and HF. This study builds
on existing targeted studies that have examined tissue- and
species-specific mammalian proteomes (16, 46, 48 –52) and
extends information gathered using genome-wide screens of
heart failure (53–55).
Relation to Proteomics Studies in Cardiac Tissue—Previous
proteomics studies using two-dimensional gel analyses have
identified up to ⬃500 proteins in cardiac muscle with ⬃40
elevated in cardiac hypertrophy or cardiac dilation (15, 56 –
62). We cross-mapped our complete R9C protein data set
onto these previously identified proteins (supplemental Table
8). Roughly one-third of the previous candidates showed consistent significant changes in our study, and one-third showed
some discordance between studies (the remaining third could
not be unambiguously cross-referenced). Presumably the basis for at least part of the discrepancies can be attributed to
differences in proteomics detection methods, differences in
the animal models assessed, and fundamental differences in
the disease etiologies.
In a previous study of a mouse model of mild cardiac
hypertrophy (63), we used gel-free shotgun screening to mon-
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itor the presence of 782 proteins in a microsomal fraction
isolated from the cardiac ventricle. We found that 81 proteins
were differentially expressed in the hypertrophic state as
compared with a control group. In nearly all of the proteomics
studies to date, HF has been associated with significant overrepresentation of proteins in select functional categories (i.e.
GO terms). These include reduced mitochondrial function,
disruption of energy production, and the loss of cardiac structural integrity involving significant cellular matrix and cytoskeleton remodeling (5, 6, 37, 43, 44).
Elucidation of Cellular Mechanisms in Cardiac Dilated Heart
Failure—Using a stringent statistical methodology, 593 of the
6190 proteins identified in our current study displayed significantly different levels between the wild-type and R9C hearts.
(Another ⬃1000 proteins were tentatively identified, albeit
with less confidence, primarily as a result of lower spectral
counts.) The identification of proteins comprising the altered
profiles allowed us to interrogate more carefully the mechanisms underlying the progression of cardiac disease at least
for the R9C mouse.
These proteomic changes, when analyzed for functional
enrichment in GO terms, largely confirmed previous studies
highlighting changes in the organization of the cytoskeleton
and contractile apparatus together with systematic perturbations of energy metabolism. Other proteins and original categories found to be up-regulated in the R9C mouse include
protein degradation and ubiquitination, protein folding and
processing, proteins involved in ER stress responses, activation of apoptosis, cellular metabolism, and Ca2⫹ ion binding.
These processes are consistent with previous knowledge of
the events in dilated cardiomyopathy (5, 6, 38, 40, 64, 65) and
are compatible with the proposed primary mechanism of the
R9C defect (7), namely a perturbation of intracellular Ca2⫹
regulation at the level of the ER.
Concerning the ER stress response, it is clear that the ER is
a central organelle responsible for protein synthesis, folding,
and cellular trafficking of membrane-associated proteins. In
heart, however, it is also the major intracellular Ca2⫹ storage
compartment and, as such, is central to regulating intracellular Ca2⫹ levels and the contraction cycle. Perturbations of
intracellular Ca2⫹ can lead to Ca2⫹ overload in the ER and
protein misfolding, resulting in ER stress, a molecular pathway
implicated in a wide range of pathophysiological states (64,
66). The ER stress response is characterized by increased
chaperone protein expression, increased translation, and increased proteasome activation leading to protein degradation
(64). Prolonged ER stress is known to induce apoptosis via
activation of cellular caspases and transcription cascades
involving CHOP, a key protein involved in transcriptional responses to cellular stress (64). In this study, we confirmed the
activation of ER stress responses and key elements involved.
Future studies aimed at addressing the relative importance of
the apoptotic response in cardiac failure should resolve this
important issue.
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The role of other pathways involved in the progression of
dilated cardiomyopathy remains to be clearly elucidated. For
instance, the perturbations surrounding the significant elevation of proteins involved in cellular differentiation such as
RTN4 (67), growth factors such as IGFBP7, and cytoskeletal
proteins such as FHL1, CNN2 (68), and COF1 (69) and their
relevance to HF remain unclear. A more detailed investigation
into the functional changes preceding HF in the R9C mouse
will be fruitful in elucidating novel post-transcriptional regulatory mechanisms affected in the disease. Furthermore the
examination of additional mouse models of cardiac disease
including other models of cardiac dilatation and pathological
hypertrophy will undoubtedly reveal whether the protein perturbations seen here are common features of cardiac disease
converging to HF or are restricted to the emergence of dilated
cardiomyopathy, which is the hallmark of the R9C transgenic
mouse.
Convergence between the Microarray and Proteomics Data—Our comparative analyses of both our proteomics and
microarray data sets revealed high convergence between the
top 593 proteins. Using similar correlation coefficient analyses
as described previously (16), we determined that only 16 of
the 593 proteins showed significantly divergent or “outlier”
patterns following permutation testing. These findings are
somewhat different from our previous large scale study examining proteomic and transcript levels across tissues where
we observed that 503 of 1758 (⬃28%) protein expression
profiles were different from transcript analyses (16). The differences in percent outliers likely results from the fact that in
this study we focused on proteins determined to be differentially expressed, and not simply present in cardiac muscle,
and that we used time course analysis to identify those gene
products with consistently perturbed trajectories. Our findings
are consistent with the process of cardiac dilatation as a
gradual chronic condition, whereas changes in mRNA and
protein expression would be expected to correlate well over
the extended period (8 weeks) of analysis.
This study also highlights the potential of tissue proteomics
profiling for identifying novel indicators of cardiac dysfunction. For instance, RTN4 was detected as a protein significantly overexpressed in R9C mouse ventricular muscle even
from the earliest time point. Similar increases were confirmed
by RT-PCR, microarray, and immunoblot experiments. Of
particular interest, RTN4 was also found to be present in
mouse and human plasma with plasma levels substantially
elevated in both the diseased mice and in dilated cardiomyopathic patients. Other potential marker candidates, including
GRP78, RET1, and POST, were studied in a similar context
but were undetectable in human plasma with available antibodies/reagents. Nevertheless a notably enhanced signal for
POST was confirmed in cardiomyopathic mouse plasma, and
POST has been implicated as a marker of alternate disease
states, such as cancer (70, 71). It is clear that the success or
failure of such pilot studies, and ultimately a translation from

mouse experimentation to human screening, is highly dependent upon excellent quality reagents available to the research community together with optimization of detection
methods. It is hoped that, as newer antibodies, reagents, and
tools become more widely available, we will be able to test
some of the other top ranked candidates as markers of early
stage disease.
In summary, we report substantial proteomic coverage of
healthy and diseased cardiac muscle during the progression
to dilated cardiac heart failure. Our results provide mechanistic insight into the process of disease progression and provide
a demonstration of a proof of principle for utilizing tissue
profiling to find informative markers of functional perturbation.
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