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Abstract

In depth proteomic analyses offer a systematic way to investigate protein alterations in disease 

and, as such, can be a powerful tool for the identification of novel biomarkers. Here, we analyzed 

proteomic data from a transgenic mouse model with cardiac-specific overexpression of activated 

calcineurin (CnA), which results in severe cardiac hypertrophy. We applied statistically filtering 

and false discovery rate correction methods to identify 52 proteins that were significantly different 

in the CnA hearts compared to controls. Subsequent informatic analysis consisted of comparison 

of these 52 CnA proteins to another proteomic dataset of heart failure, three available independent 

microarray datasets, and correlation of their expression with the human plasma and urine 

proteome. Following this filtering strategy, four proteins passed these selection criteria including: 

myosin heavy chain 7, insulin-like growth factor-binding protein 7, annexin A2, and desmin. We 

assessed expression levels of these proteins in mouse plasma by immunoblotting, and observed 

significantly different levels of expression between healthy and failing mice for all 4 proteins. We 

verified antibody cross reactivity by examining human cardiac explant tissue by immunoblotting. 

Finally, we assessed protein levels in plasma samples obtained from 4 unaffected and 4 heart 

failure patients and demonstrated that all four proteins increased between 2-fold and 150-fold in 

heart failure. We conclude that MYH7, IGFBP7, ANXA2, and DESM are all excellent candidate 

plasma biomarkers of heart failure in mouse and human.

INTRODUCTION

Cardiovascular disease represents a leading cause of morbidity and mortality globally. As 

such, there is a pressing need for new and innovative diagnostic tests to alleviate the burden 

associated with this disease. The progression to overt heart failure is complex and involves 
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the interaction of various physiological, structural, and biochemical mechanisms. The 

diagnosis of heart failure is most frequently made at the time of presentation of symptoms; 

at a stage when the heart has exhausted all ability to compensate for the injury that it has 

sustained. At this late stage, the disease has progressed to such an extent that the patient 

often requires hospital admission. The initial hospital mortality in these patients is >15% and 

the one-year mortality rate is >30%, with a 60% risk of being readmitted to hospital with 

another episode of heart failure within the year. This clinical outcome and presentation 

contributes to the exceptionally high costs associated with treating these patients (1, 2). The 

therapeutic regimen for these patients is complex and often involves combinations of many 

medications that are administered over a heterogeneous spectrum of disease etiologies and 

severity. Therefore, it is clear that a major problem in determining effective management 

strategies for individual patients is the lack of predictive methods for establishing optimal 

patient-specific therapies (3–6).

Currently there are a limited number of clinically approved biomarkers available for the 

management of the entire spectrum of cardiovascular diseases. These markers include: 

serum cholesterol total/LDL, hemoglobin A1C (for diabetes), cardiac creatine kinase, 

troponins (I and T), and either brain natriuretic peptide (BNP) or its precursor N-terminus 

proBNP (NTproBNP). Of these markers, only BNP/NTproBNP has been validated for heart 

failure patients (7). There are, however, a number of limitations associated with the use of 

BNP as a marker of heart failure, including falsely high levels in the setting of advanced age, 

female gender, renal disease and acute coronary syndromes, and false low levels in the 

setting of obesity or flash pulmonary edema (8, 9). Additionally a major caveat in the use of 

natriuretic peptides in clinical settings is the so-called diagnostic ‘grey zone’, which consists 

of BNP levels in the range of 100 to 400 pg/ml. At these levels, it is not possible to 

determine if the individual is suffering from heart failure, and since a significant number of 

high-risk patients fall within this wide range (10, 11), BNP is not useful for their diagnosis. 

Consequently, BNP is used predominantly for diagnosing symptomatic heart failure at an 

advanced stage of disease.

In the present study, we set out to determine which proteins were overexpressed in heart 

failure. We used a mouse model of heart failure resulting from a constitutively active form of 

the CnA catalytic subunit in the heart (12). Phenotypically, these transgenic mice first 

exhibited cardiac hypertrophy, as early as 18 days, which then progressed with fibrosis of 

the ventricular wall, perivascular edema in the lungs, ventricular dilation and lethal heart 

failure (12). We employed a systematic approach for “discovery” using ventricular samples 

from these mice, an approach that has been used previously by other groups in order to 

monitor protein expression in various diseases (13–15) and assessed subsequently the 

expression of candidate proteins in mouse and human plasma. Informatic analyses and 

validations in small patient cohorts highlighted four candidate biomarkers of cardiac heart 

failure.
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METHODS

Ventricular Sample Preparation

The animals were analyzed at 14 weeks of age since the CnA mice exhibited significantly 

increased anterior and posterior wall thicknesses, end diastolic dimension, and end systolic 

dimension, and this was associated with a concomitant decrease in fractional shortening; and 

at 24 weeks of age the CnA mice are phenotypically representative of end-stage heart failure 

(12, 16). At 14 and 24 weeks of age, wildtype and CnA transgenic mice were euthanized via 

CO2 asphyxiation.

Hearts were harvested and ventricular tissue was isolated, followed by thorough rinsing with 

ice-cold PBS to remove any remaining blood. Tissue was pooled from six mice as described 

previously (13, 17). Samples were placed in an ice-cold lysis buffer (250 mM, 50 mM Tris-

HCl (pH 7.4), 5 mM MgCl2. 1 mM DTT, 1 mM PMSF). Tissue was dounce-homogenized 

with 15 strokes using a loose fitting pestle, after which differential centrifugation was 

carried out to isolate cytosolic, microsomal, and mitochondrial fractions as described 

previously (13). Briefly, heart lysates were centrifuged at 800xg for 15min. Next, 

mitochondrial and microsomal fractions were isolated by centrifuging the supernatant at 

8000xg and 100,000xg, respectively. Following the final spin, we isolated the resultant 

supernatant, which served as the cytosolic fraction. All procedures were performed as 

detailed in previous publications (13).

Mass Spectrometry and Informatics

Aliquots containing 100 μg of total protein from each fraction were precipitated and 

subsequently reduced and alkylated gel-free shotgun liquid chromatography was performed 

as described previously, and where the original mass spectrometry data was obtained (13, 

16).. In the present study, the tandem mass spectra were searched using the SEQUEST 

database search algorithm (18) to match spectra to peptide sequences in a minimally 

redundant manner. Following this, a STATQUEST filtering algorithm (17) was used to 

assign confidence levels to each protein match. Only proteins with two high-confidence 

supporting spectra that matched to at least two unambiguous peptides were accepted.

In our study here, we first summed high confidence spectral counts for each protein across 

all subcellular fractions to determine protein abundance. Each experimental run had the 

potential of containing bias and noise; thus, to address this, we normalized the data. Here, 

data were separated into 100 bins on the basis of spectral count value distribution. Then we 

used LOWESS, locally weighted linear regression, to normalize each bin. This procedure 

divides the data into a number of overlapping intervals and fits using polynomial function of 

the form:

Next, to determine significance levels of each protein identified, an ANOVA test was carried 

out. Here, we generated two linear models; the first assessed both control and disease states 

as well as the two time-points (14 and 24 weeks) and subcellular localization (cytosol, 
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microsome, mitochondria I, and mitochondria II), the second modeled only time and 

localization as established previously (13). The output from the two models was compared 

using the ANOVA test, with our null hypothesis being that there is no difference between the 

two models. A low p-value suggests that there is a difference between the two models, 

indicating that the disease state is involved in the differential protein expression seen.

Following assignment of p-values, we subjected a subset of proteins with nominal p-values < 

0.05, to a false discovery rate (FDR) correction using the Benjamini-Hochberg calculation. 

This analysis led to the discovery of a subset of 52 proteins meeting these criteria. This 

modeling allowed us to make direct comparisons against our earlier proteomic studies, 

which used the similar calculations and statistically filtering (13).

This subset of 52 proteins was subsequently mapped against databases including: another 

model of mouse heart failure originating from a phospholamban point mutation (13); the 

human urinary Proteome (19), and the ‘high confidence’ plasma proteome (20), to provide 

insight into the clinical utility of these proteins. We also cross referenced our data against 

available Gene Expression Omnibus (GEO) microarrays including: isoproterenol-induced 

cardiomyopathy in the mouse (GSE18801) (21); analysis of mouse heart left ventricles with 

pressure overload LV hypertrophy caused by transverse aortic constriction (GSE2459) (22); 

and microarray analysis of alpha-tropomyosin mutant models of familial cardiac 

hypertrophy (GSE4678) (23). We chose these datasets since they represent three consistent 

models of mouse hypertrophy. Samples were analyzed on the Affymetrix U74A version 2 

microarray, Affymetrix Mouse Genome 430 version 2 microarray, or Affymetrix Mouse 

Expression 430A microarray for GSE2459, GSE18801, GSE4678, respectively. Probe IDs 

were converted to common gene names for comparison between different microarray chips 

and probe intensities were normalized. There were three biological replicates of the 

hypertrophy model in GSE18801, a gene was considered for further comparison if it had a 

detected p-value of less than 0.05 in at least two out of the three replicates, and the same 

approach was applied to GSE4678, in order to confidently ensure presence over background. 

In GSE2459, five out of six replicates with a detected p-value of less than 0.05 were 

considered for comparison to the control. The ratio of diseased to control were used for 

comparison to avoid problems associated with probe intensity and chip to chip variations.

Assessment of Protein Abundance in Mouse Plasma

Wild-type and CnA mice were CO2 asphyxiated at 14 weeks, and ~1ml of blood was taken 

from the hearts and immediately placed on ice. Plasma was collected in microtainers with 

K2EDTA (BD Falcon), and centrifuged at 900g for 30 minutes. The supernatant consisted of 

plasma, and was stored at −80°C. Plasma was later subjected to albumin removal using 

albumin-depletion columns (Calbiochem). Here, 75μl of plasma was added to 750μl of 

binding buffer. Columns were prewashed with 750μl of fresh binding buffer. Diluted 

samples were then applied to the columns, and the 1.5ml flow through were collected and 

diluted with one final 750μl washing step. The resulting 2.25ml albumin depleted samples 

were collected and stored at −20°C. These samples were later concentrated using Amicon 

Ultra 4 centrifugal filter devices (Millipore). Briefly, albumin depleted samples were 

centrifuged at 2500g for 30mins at 4°C. The resultant samples were quantified and 25μg of 
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protein was subjected to immunoblot analysis. CnA heart lysate and albumin enriched 

samples were used as controls in immunoblot experiments. Also, GAPDH levels were 

assessed in the following samples: albumin depleted samples, albumin enriched samples, 

and immunoglobin enriched samples (results not shown).

Assessment of Cross-Reactivity of Antibodies in Human Cardiac Explants

Tissue from human cardiac explants was obtained from patients who had undergone cardiac 

transplantation for advanced heart failure secondary to dilated cardiomyopathy, and their 

collection and use were approved by the Research Ethics Board of the University Health 

Network, Toronto, Ontario. Left ventricular samples were subjected to differential 

centrifugation using a benchtop centrifuge according to our cellular fractionation procedure 

(13) for 30min. In this study, we used the cytosolic, soluble ventricular fraction to assess the 

cross-reactivity of our antibodies.

Assessment of Protein Abundance in Human Plasma

Patients with symptomatic NYHA class III/IV heart failure and elevated levels of BNP were 

identified through the Canadian Heart Failure Network at the Toronto General Hospital. 

After obtaining informed consent, blood samples were obtained from patients with heart 

failure, as well as healthy individuals over the age of 35. Clinical data was available for 

patients, whereas echocardiography was not available for the healthy cohort. Maxi 

Albumin/IgG removal columns were used to deplete these plasma samples (Calbiochem). 

Columns were first washed with 1X Binding Buffer. Next, 100μl of plasma was diluted with 

10X Binding Buffer. Diluted samples were added to the pre-washed column. Depleted 

samples were then diluted by allowing 2ml of 1X Binding Buffer to flow through. The 

resultant samples were concentrated as previously described and stored at −20°C until 

further use. Quantification of proteins of interest was performed and 25μg of protein was 

subjected to immunoblot analysis. As controls, CnA heart lysates were assessed as well 

(results not shown). We also attempted to assess protein levels in the samples that were not 

subjected to albumin/IgG depletion since proteins may bind to albumin and become depleted 

during the albumin removal. However, in these cases, we were not able to observe any 

specific bands aside from quite extensive IgG/albumin contamination throughout the entire 

membrane. As such, we focused on the albumin/IgG depleted samples.

Human Protein Atlas (proteinatlas.org)

To examine the subset of proteins we identified, we mined the Protein Atlas confocal 

database for protein expression in human cardiac sections for DESM, MYH7, IGFBP7 and 

ANXA2. Protein Atlas version 10.0 (released 2012.09.12) was used (24–28). For this 

analysis, we were able to find cardiac sections from three patients (Patient IDs # 2224, 2523 

and 3732 with staining against the four markers. Antibodies used in the Protein Atlas were: 

MYH7 (HPA001239) rabbit polyclonal from Sigma-Aldrich; DESM (CAB000034) mouse 

monoclonal from DAKO; IGFBP7 (HPA002196) rabbit polyclonal from Sigma Aldrich; 

IGFBP7 (CAB020668) rabbit polyclonal from SDIX (Newark, Delaware); and ANXA2 

(CAB004311) mouse monoclonal from Santa Cruz Biotech. The cancer expression 

correlations were made using the available cancer pathology database of the Atlas (25, 26).
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RESULTS

Establishment of the High-Confidence Candidate Dataset

Our large-scale proteomic study investigating protein changes in cardiac hypertrophy 

uncovered 5397 proteins in WT and CnA ventricular samples (16). These proteins were 

reanalyzed using a linear statistical model to determine levels of statistical confidence of 

each match as described previously (13). Two models were constructed with the only 

difference being the control and disease state. This analysis revealed 474 nominally 

significant proteins (p<0.05), with 286 up-regulated, and 188 down-regulated proteins in 

CnA mice. Following this, a false discovery rate was incorporated to minimize the 

likelihood of errors in our analysis. The FDR calculation led to a final list of 52 proteins that 

had a corrected p-value of <0.05, with 29 proteins up-regulated with 23 down-regulated in 

the CnA mouse heart (Fig 1).

Cross-Referencing with Available Databases

To aid in the selection of possible candidates, we next examined the list of 52 proteins and 

correlated them with our existing heart failure proteome dataset (13) and with the available 

microarray datasets. The 52 proteins could be mapped against 45 proteins in the R9C 

database; seven of the CnA proteins were not detected in the R9C data. Twenty-five of the 

convergent proteins showed consistent trends of upregulated expression (Fig 1). These 25 

linked proteins were then analyzed against three microarray datasets at the gene name level 

as well as compared against published human urinary proteome (19), and the ‘high-

confidence’ human plasma proteome (20). Of the 25, we were not able to detect expression 

of 14 of these candidates in either the arrays or the proteomes. However, for the remaining 

11, we were able to identify upregulated mRNA levels for all of these candidates, and seven 

of these proteins were found in the urinary and/or the plasma proteome. These seven 

proteins that passed all these correlation criteria were: IGFBP7, ANXA2, MYH7, ASPN, 

HSPB1, DESM, and BAG3, ie. these proteins were found to be present in both heart failure 

proteomes, upregulated in the independent microarrays and expressed in the urine proteome, 

the plasma proteome, or both. A schematic of the entire workflow is presented in Fig 2.

Expression in Mouse Plasma

Since we had determined expression levels of many of these proteins in cardiac tissues 

previously (16), our first set of experiments here was to determine whether these highly 

ranked candidates were expressed in the plasma of the mouse. Although BAG3 and HSPB1 

filtered through our criteria, we did not pursue them given that they are abundant heat shock 

response proteins and have been shown to be affected in numerous other non-cardiac 

conditions where they are commonly up-regulated to prevent the aggregation of newly 

translated polypeptides. We did not investigate ASPN further as we were not able to obtain a 

specific antibody against ASPN. Accordingly, we investigated the expression levels of 

ANXA2, IGFBP7, MYH7, and DESM. For these studies, we used plasma obtained from 

wild-type and CnA transgenic mouse blood. We included a positive control of the CnA 

mouse heart lysate since that was where we originally identified the protein (results not 

shown). In these studies, ANXA2 and IGFBP7 showed very low levels/absent expression in 

wild-type samples (26±8 A.U. and 262±116 A.U., respectively), while MYH7 and DESM 
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exhibited a higher level of expression in the wild-type, 258±43 and 366±8, respectively. 

However, all 4 proteins were shown to increase significantly in the CnA plasma samples 

(Figure 3B). ANXA2 levels increased to 4079±739 (151-fold over WT) and IGFBP7 to 

9095±799 (35-fold over WT). More modest increases were observed for MYH7 (1771±163; 

~7-fold over WT) and DESM (3690±739; ~10-fold over WT). Statistical evaluation of 

expression patterns revealed significant (P<0.05) overexpression of all candidates (ANXA2, 

IGFBP7, DESM, and MYH7).

Cross-Reactivity in Human Cardiac Tissue

To test whether the antibodies we used would cross-react against the corresponding human 

protein, we isolated human cardiac tissue along with mouse WT and diseased cardiac tissue, 

and performed immunoblotting to determine if we could detect these 4 proteins. In these 

immunoblot studies, we were able to visualize the correct molecular weight proteins with 

the antibodies in both mouse and human cardiac tissues (Fig 4), and thus confirmed cross 

reactivity, along with confirming the upregulation of protein levels in disease mouse hearts 

(Fig 4).

Expression in Human Plasma

The expression levels of ANXA2, IGFBP7, and MYH7 and DESM were studied in plasma 

samples taken from patients who had heart failure (class III/IV), along with high levels of 

BNP, (Fig 5A). Similar to the mouse plasma analyses, ANXA2 and IGFBP7 showed very 

low levels of expression in unaffected samples (44±6 and 75±17 A.U., respectively), 

whereas MYH7 and DESM showed higher expression with 2200±118 and 2037±207 A.U., 

respectively (Figure 5B and C). In the heart failure patient plasma samples, ANXA2 levels 

were 2354±218 (54-fold over unaffected) and IGFBP7 levels were 1505±98 (21-fold over 

WT). MYH7 levels were 3398±111 (~1.5-fold over unaffected) and DESM levels were 

increased to 4083±269 (~2-fold over unaffected). Statistical evaluation of expression 

patterns revealed significant (P<0.05) changes in expression for all candidates (ANXA2, 

IGFBP7, DESM, and MYH7).

Expression in Human Cardiac Sections

We examined protein expression patterns in human cardiac sections for DESM, MYH7, 

IGFBP7 and ANXA2 using the Protein Atlas confocal database (Fig 6). A high level of 

cardiac staining was observed for both MYH7 and DESM in two separate patient biopsies 

(Fig 6, upper panels). Higher magnification images show clear expression of both proteins 

that appears to be restricted to the cardiomyocytes. By contrast, staining of IGFBP7 using 

two separate antibodies failed to demonstrate a sufficient degree of stain in either section. 

ANXA2 was present in both patient cardiac biopsies, although it appears to be restricted to 

the endothelial cell lining of the vascular beds (Fig 6, lower panel).

Expression in Human Cancer Expression Profiles

Finally, we utilized the Protein Atlas to assess for potential specificity of these markers to a 

cardiac pathology. Notwithstanding the fact that caution needs to be used when interpreting 

large scale datasets such as the Atlas, pathology slides examining candidate protein 
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expression in 20 different types of human cancer, including breast, colorectal, lung and 

prostate cancer, from 216 different patients, can be assessed by a qualitative antibody 

expression grading scale. This scale represents antibody labeling determined qualitatively to 

be either: Strong, Moderate, Weak, or Negative (25, 26). The overall cancer tissue staining 

statistics can be assessed and highlight the fraction of patient samples with the various 

grading scale. Specifically, DESM was found to be 100% Negative in all cancer patient 

sections analyzed, ie. it was never expressed in any of the cancer slides in the Protein Atlas 

(Table 1). In a consistent pattern, the results for MYH7 showed 1% of cancers showed 

‘Strong’ staining: 1% ‘Moderate’, 6% ‘Weak’, and 92 % ‘Negative’. IGFBP7 was found 

expressed in: 5% Strong, 13% Moderate, 17% Weak, and 65% Negative. ANXA2 showed 

the greatest levels in cancer sections whereby: 8% of slides showed ‘Strong’ antibody 

staining, 62% had ‘Moderate’, and 22% showed ‘Weak’, with the remaining 8% classified as 

‘Negative’.

DISCUSSION

Establishment of Biomarkers of Heart Failure

Taking into consideration the overall public health burden of advanced heart failure, there is 

an urgent need for new methods of diagnosing heart failure in the earlier stages, prior to 

requiring urgent care (29). In the present study, proteomic profiling during progression of 

heart failure resulting from cardiac hypertrophy offered insight into proteins associated with 

this disease. The complex interplay of pathological mechanisms during the progression of 

heart failure can be exploited to determine not only the presence of myocardial damage, but 

may also act as a prognostic indicator of heart failure (30, 31). For example, inflammatory 

pathways, myocardial injury and stress, matrix and cellular remodeling, oxidative stress 

pathways, neurohormonal activation, and the cardio-renal syndrome are all adverse 

processes that can provide insight onto the degree of damage to the myocardium in patients 

with heart failure (30). These proteins can potentially be used as pre-clinical diagnostic 

biomarkers for patients who may be susceptible to heart failure. Our informatics analysis led 

to the prioritization of 52 hypertrophy-associated protein candidates down to 4 proteins, 

including ANXA2, IGFBP7, MYH7, and DESM.

MYH7 is a slow molecular ATPase involved in muscle contraction (32). Our proteomic data 

indicated that MYH7 protein expression was upregulated ~19 fold in cardiac hypertrophy 

(Fig 1) (16). It is of interest that MYH7 shares considerable properties in common with 

another marker of myocardial injury, namely troponin I and T. Cardiac troponin I has been 

used clinically for many years as a marker of myocardial injury (33, 34) and shows an 

exceptionally high level of specificity. However, TnT and TnI are useful only in the 

myocardial infarction setting, and not in the diagnosis or management of heart failure. 

Cardiac troponins I/T are components of the cardiac contractile apparatus, similar to MYH7, 

and cardiac troponin I has been shown to be released from the myocyte via a necrotic 

pathway (35). Additionally, a recent study by Wen and colleagues has identified myosin 

light chain 2 (MLC2) and myosin heavy chain 11 (MYH11) to be circulating markers in 

Chagas Disease; a tropical parasitic disease where many patients develop cardiac 

dysfunction (36) Therefore, given the many similarities between these proteins, it is not 
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entirely surprising that MYH7 was identified and found to be up-regulated in the cardiac 

patient plasma.

DESM is a cytoskeletal protein that was shown to be up-regulated in our model of heart 

failure likely as result of the large-scale myocyte architecture changes that occur in this 

disease. Desmin has been previously implicated as having a role in hypertrophic 

cardiomyopathy (HCM). For instance, DESM has been found to increase in cardiac tissues 

from transgenic mouse models of HCM (37) and in patients with end-stage idiopathic 

dilated heart failure (38) Our data showing an up-regulation of DESM in both cardiac tissue 

and in the plasma lends support to the model that this protein likely communicates 

mechanical stress signals from the extracellular matrix to the nucleus. Well described during 

DCM is an alteration in cell size, nucleus shape, and variations in contractile apparatus (39, 

40). There could potentially be an increase in transduction of signals from the extracellular 

space to stress bearing filaments like DESM, within the cell, leading to an eventual increase 

of this protein in the circulation.

ANXA2 was another top candidate with increased levels in the cardiac tissue from the CnA 

mouse model of heart failure, with a very substantial up-regulation in the plasma of both 

mouse and human. The ANXA family of proteins are activated through Ca2+, enabling them 

to participate in organization of membrane domains and membrane recruitment platforms 

(41). As such, abnormal increases in Ca2+ within the cell may lead to an increase in the level 

of activity of ANXA2. Interestingly, several proteins in the ANXA family have been shown 

to be involved in cardiac disease. In their large-scale microarray analysis, Hwang et al. 

demonstrated in an increase in the expression of lipocortin, an annexin protein, in a model of 

dilated cardiomyopathy (42). This family of calcium handling proteins was also studied in 

patients with end stage heart failure. Indeed, protein expression of not only ANXA2, but also 

ANXA5 and ANXA6 was elevated in failing hearts compared to controls, indicating a 

correlation of these proteins in heart failure (43). Our data highlighting the ubiquitous 

expression of ANXA2 throughout most tissues, its presence in the vascular beds, and the 

fact that it is found upregulated in most cancer profiles suggests this protein has a clear role 

in the vascularization processes associated with cardiovascular remodeling and cancer 

progression. As such, it is quite likely to be present in the plasma of patients presenting with 

any diseases associated with vascular remodeling.

IGFBP7 was the final protein found to be upregulated in the plasma of mouse and human 

heart failure samples. Generally, the family of insulin binding proteins bind IGFs in the 

plasma and modulate their action by increasing their half-life or aiding in the delivery of 

these small proteins to the appropriate receptor (44). Insulin-like growth factors function by 

regulating a number of pathological states, including the promotion of abnormal cell 

proliferation or conversely the inhibition of cell death (45). Our proteomic findings 

demonstrated a ~6 fold increase in expression of this high confidence protein during cardiac 

hypertrophy, with nearly a 150-fold increase in its detection in human plasma from heart 

failure patients. It is of interest that a recent report indicated that IGFBP7 plasma expression 

was associated with human heart failure (46). In their study, Dinh et al. assessed 281 patients 

with normal ejection fraction compared to 78 patients with heart failure with a preserved 

ejection fraction, and showed that IGBP7 plasma levels were able to distinguish the patient 
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groups. What is particularly important is that the levels of NT-ProBNP levels were not 

statistically different between these groups, highlighting the early predictive power of 

IGFBP7 over NT-ProBNP. (46)

To improve the clinical diagnosis of heart failure, it is essential to develop single biomarkers 

or multiple marker panels that will either improve upon BNP/NTproBNP, or compensate for 

its deficiencies. Ideally, new generations of biomarkers will identify patients who are at risk 

for developing heart failure, enabling the implementation of preventive strategies prior to the 

development of symptoms. Candidate patient groups that would most benefit from early 

diagnosis includes i) patients with ischemic heart disease following acute coronary 

syndromes, as up to 50% of this patient population is at risk of developing heart failure, 

however there is no indication as to which 50% will progress (47); ii) patients with a family 

history of heart disease and those suffering from hypertension or diabetes; and iii) patients 

that suffer from a new type of heart failure known as diastolic heart failure or heart failure 

with preserved ejection fraction. This disease is distinguished from other types of heart 

failure in that the heart retains a normal or smaller than normal chamber size and maintains a 

normal ejection fraction. Diastolic heart failure is rapidly emerging as one of the 

predominant forms of the disease, and has an equally poor clinical outcome (48, 49).

In conclusion, our study ultimately uncovered 4 proteins, ANXA2, DESM, MYH7, and 

IGFBP7, which were significantly increased in human patient plasma samples. Ultimately, 

additional follow-up studies examining: additional independent studies, the expression of 

these proteins in unique patient populations, and validation of their meeting a clinical utility 

in predicting patient outcomes or directing patient therapy are required.

LIMITATIONS

The inclusion of greater patient populations, examining at-risk patients without overt cardiac 

disease, and examining plasma-based expression of additional proteins might show 

improved specificity and sensitivity in detecting cardiac disease phenotypes at early stages 

of progression and highlight the degree of patient to patient variability. Additionally, we 

concentrated on the four proteins with available antibodies. However, current targeted mass 

spectrometry methods now allow for analysis of proteins without this requirement.
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Figure 1. Correlation of Proteomic Dataset with Other Models of Cardiomyopathy
Proteomics data for the top 52 protein candidates in the CnA model was compared to the 

R9C model of dilated cardiomyopathy. Twenty five proteins showed concordance with up-

regulation in both CNA and R9C, which were further compared to GEO microarrays: 

isoproterenol-induced cardiomyopathy and exercise-induced cardiac hypertrophy 

(GSE18801), left ventricular hypertrophy model (GSE2459), and microarray analysis of 

gene expression during mild and severe cardiac hypertrophy (GSE4678).
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Figure 2. Schematic Diagram Describing Protein Target Selection
Protein expression from the CnA dataset was mapped against the PLN R9C dataset, a model 

of dilated cardiomyopathy. Forty-five proteins were present in both datasets. Of these 45 

proteins, 25 were upregulated in both conditions, and these proteins were compared 

subsequently to 3 independent microarray datasets of heart failure. Eleven proteins showed 

up-regulation in at least one of the microarrays, and these were further mapped to the urinary 

proteome and high-confidence plasma proteome. Seven proteins were present in either the 

urinary or plasma proteome. Intensity of the bands is indicated by the color bar, N/D 

indicates the gene/protein was not detected in the dataset.
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Figure 3. Assessment of Protein Expression in Mouse Plasma
Expression of ANXA2, IGFBP7, MYH7, and DESM was evaluated in mouse plasma. (A) 

Three control samples and three CnA samples were assessed by immunoblot. As a positive 

control, CnA heart lysate was included (not shown). Molecular weights are indicated on the 

left. (B) Following immunoblot analysis, quantification of signals at the appropriate 

molecular weights was. Shown are densities obtained in the WT and CnA samples and are 

represented in arbitrary units. Mean and standard error of the mean (SEM) are reported; *, 

p<0.05, t-test.

Chugh et al. Page 16

Proteomics. Author manuscript; available in PMC 2014 May 01.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 4. Antibody Cross-Reactivity in Human Tissue
The cross-reactivity of antibodies used in mouse samples was tested in human explants 

obtained from dilated cardiomyopathic patients. Shown are representative immunoblots of 

these human cardiac tissues along with ventricular tissues obtained from wild-type and CnA 

mice.
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Figure 5. Protein Expression in Human Plasma Samples
(A) Immunoblots of ANXA2, IGFBP7, MYH7 and DESM levels were assessed in 

unaffected and heart failure patient samples. (B) Quantification of proteins targeted in 

human plasma was performed to evaluate expression levels. Shown are band densities 

represented in arbitrary units. Mean and SEM are reported; *, p<0.05, t-test.
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Figure 6. Protein Expression in Human Cardiac Ventricular Sections
Immunohistochemistry validation using the Human Protein Atlas database was performed 

and representative images were obtained for MYH7 (antibody HPA001239), DESM 

(antibody CAB000034), IGFBP7 (antibodies HPA002196 and CAB020668), and ANXA2 

(antibody CAB004311). Patient IDs of #2424, #2423 and #3732 are shown. Inset, higher 

magnification images for sections. Scale bar is 100 μm.
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Table 1
Cancer expression correlations using the cancer pathology database of the Protein Atlas

Human pathology slides examining candidate protein expression in 20 different types of human cancer, 

including breast, colorectal, lung and prostate cancer, can be assessed by a qualitative antibody expression 

grading scale. The overall cancer tissue staining statistics over all sections was assessed and highlights the 

fraction of patient samples with the various grading scale. The overall cancer tissue staining statistics show the 

fraction of patient samples with either Strong, Moderate, Weak or Negative staining, using the available 

antibodies to the proteins (DESM, MYH7, IGFBP7 and ANXA2)

Strong Moderate Weak Negative

DESM - - - 100%

MYH7 1% 1% 6% 92%

IGFBP7 5% 13% 17% 65%

ANXA2 8% 62% 22% 8%
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