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Abstract

Extensive technical advances in the past decade have substantially expanded quantitative

proteomics in cardiovascular research. This has great promise for elucidating the mechanisms of

cardiovascular diseases (CVD) and the discovery of cardiac biomarkers used for diagnosis and

treatment evaluation. Global and targeted proteomics are the two major avenues of quantitative

proteomics. While global approaches enable unbiased discovery of altered proteins via relative

quantification at the proteome level, targeted techniques provide higher sensitivity and accuracy,

and are capable of multiplexed absolute quantification in numerous clinical/biological samples.

While promising, technical challenges need to be overcome to enable full utilization of these

techniques in cardiovascular medicine. Here we discuss recent advances in quantitative

proteomics and summarize applications in cardiovascular research with an emphasis on biomarker

discovery and elucidating molecular mechanisms of disease. We propose the integration of global

and targeted strategies as a high-throughput pipeline for cardiovascular proteomics. Targeted

approaches enable rapid, extensive validation of biomarker candidates discovered by global

proteomics. These approaches provide a promising alternative to immunoassays and other low-

throughput means currently used for limited validation.
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1. Introduction: Proteomics and Cardiovascular Disease (CVD)

Cardiovascular disease (CVD) remains the leading cause of mortality worldwide, and

represents a tremendous burden on global health and medical resources[1]. Investigation of

the mechanisms of CVD, as well as the discovery of biomarkers for disease diagnosis,

staging and therapy evaluation, will greatly improve therapeutic efforts, management, and

risk stratification of CVD[2]. Conventionally, such studies often involve the examination of

hypothesized or known targets in clinical or pre-clinical subjects using traditional methods

such as ligand binding assays[3]. Despite considerable success over the past several years,

these strategies remain suboptimal in that they are often laborious, time-consuming, and

sometimes susceptible to bias[4]. By comparison, discovery-based investigations using “-

omics” methods may provide systematic and unbiased insight into the molecular basis of

cardiac physiological and pathological adaptations in health and disease, facilitating research

on identifying novel disease mechanisms and biomarkers. Recently, genomic and

transcriptomic approaches have been employed as high-throughput and powerful tools for

CVD research[5]. One drawback for such strategies is that changes in messenger RNA

expression may not quantitatively correlate well with the expression of proteins[6, 7]. For

example, these strategies tend to correlate poorly with the expression of cell-surface

proteins[6, 8]. An additional significant limitation of genomic and transcriptomic

approaches arises from their inability to characterize post-translational modifications (PTM)

which are prominently involved in modulating many biological processes.

Proteomic approaches enable accurate characterization of proteins and PTMs in highly

complex biological systems, directly providing relevant information on altered biological

cascades. The past decade has witnessed tremendous progress in cardiovascular proteomics

research which is the result of rapid evolution of proteomics techniques; specifically, those

based on liquid chromatography mass spectrometry (LC/MS). To date, cardiovascular

proteomics remains a dynamic and rapidly developing field. It is dramatically advancing our

knowledge of the complex myocardial physiology and pathophysiological states with an

enormous potential to rapidly advance the identification of disease mechanisms.

Quantitative proteomic techniques can be roughly divided into two categories: global

approaches and targeted approaches[9], which are employed in discovery and hypothesis

based investigations respectively. Global proteomics compares quantitative proteome

expression under different conditions in a relative manner [10]. This strategy is usually

employed as a hypothesis-free profiling tool to identify altered proteins in systems

responding to perturbations or under distinct physiological or pathological states. These

studies markedly contribute to the discovery of CVD biomarkers and provides the

mechanisms underlying ischemia and myocardial infarction (MI). Targeted proteomics, on

the other hand, specifically characterizes or quantifies a limited number of known target

proteins in a complex system. One prominent paradigm for the application of targeted

approach is the validation of biomarker candidates, often with superior specificity, accuracy

and analytical throughput over traditional ligand binding assays[11]. The following sections

will discuss both global and targeted proteomics techniques, and review their recent

applications in cardiovascular research with an emphasis on pathophysiological mechanism

and biomarker discovery.
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2. Quantitative Global Proteomics Methods

2.1 Technical Overview of Quantitative Global Proteomics

Global proteomics compares two or more proteomes to identify differentially altered protein

expression or PTM, for unbiased discovery of biomarkers or key players associated with

specific physiological and pathological states, with little or no prior knowledge. A generic

workflow of global quantitative proteomics using bottom-up strategy is shown in Figure. 1,

which also lists some popular options for quantification approaches, and techniques for

sample preparation , LC/MS analysis, protein identification and quantification A researcher

should choose the optimal strategy by balancing the considerations based on the type of

samples, the number of replicates per group, the complexity of the proteomes, the desired

levels of quantitative accuracy, sensitivity and precision, and depth of analysis, as well as

the budget and analytical expertise level.

From a technical perspective, an ideal method for global proteomics should provide i)

extensive proteome coverage, ii) high sensitivity, accuracy and precision for relative

quantification, iii) low false-discovery of altered proteins (biomarkers) and iv) the ability to

reliably compare multiple biological replicates in one set. This section discusses global

proteomics techniques with the considerations of these desirable features.

Global proteomic approaches can be divided into two major categories: gel based (mainly

the two-dimensional gel electrophoresis (2DE) and LC/MS-based. The latter can be further

separated into isotope-labeling and label-free approaches. The vast majority of LC/MS-

based methods employ a “shotgun” approach (i.e. samples are digested enzymatically before

LC/MS analysis) which is effective for large-scale protein analysis [12].

2.1.1 2DE method—The 2DE method separates proteins by pI and molecular weight [13].

2DE was the dominant method for cardiovascular proteomics research in the initial stage of

proteomics (1990s-2000s), but has decreased in popularity in recent years, due to the rise of

LC/MS-based approaches[14]. Compared with LC/MS, 2DE falls short in its low sensitivity,

narrow dynamic range, low proteomic coverage and limited ability to analyze membrane

proteins. Nevertheless, this low-cost, directly observable and robust technique has still

contributed importantly to cardiovascular proteomic research [15]. Proteomics studies based

on 2DE identified altered regulatory proteins associated with cardiomyopathy, characterized

a number of sub-proteomes of the heart (e.g. mitochondrion), has been employed for

biomarker discovery in animal models and has been used to characterize selected PTMs[16,

17].

2.1.2 Isotope labeling methods—Isotope labeling approaches play an important role in

quantitative proteomics. These methods incorporate stable isotope coded and/or isobaric tags

into proteins or peptides by either a chemical reaction, (e.g. Isotope-Coded Affinity Tag

(ICAT)[18], Isobaric Tags for Relative and Absolute Quantification(iTRAQ)[19], Tandem

Mass Tags(TMT)[20], and more recently, Neutron-encoded Mass Signatures(NeuCode)[21])

or metabolic process (e.g. Stable Isotope Labeling by Amino Acids in cell culture (SILAC)

[22]). In the majority of these techniques, the different forms of labeled species exhibit

almost identical physicochemical properties, allowing the incorporation of stable-isotope
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labels to correct for experimental bias and variation during the preparation step.

Quantification of multiple conditions by LC/MS analysis can be achieved [9]. An extensive

review of labeling strategies can be found in ref [23]. In cardiovascular research, chemical

labeling methods are more prevalent due to their ability to study various types of proteomes

(e.g. tissues and body fluids). As there are very few dividing cell culture systems for

ventricular cardiomyocytes, metabolic methods such as SILAC have limited application in

cardiovascular research [14](Supplementary Table I). Examples using SILAC for

cardiovascular proteomics in animal models include cardiac morphogenesis of zebra

fish[24] and profiling of mouse heart tissues[25].

2.1.3 Label-free methods: ion current and spectral counts—Label-free

quantification does not employ any label, and samples are analyzed sequentially in

individual LC/MS experiments. Quantitative features in each measurement are matched to

individual peptides or proteins and then compared among samples to derive information of

relative quantity. The basis of label-free approaches is the linear correlation between LC/MS

abundance features and relative abundance of peptides [26]. Label-free strategies can be

categorized by the abundance features utilized for quantification, including those based on

the peptide precursor MS1 signals (ion current; IC) [27, 28], Spectral Counts(SpC) of

protein obtained from MS2 product ion scans[29, 30], and a mixture of these features[31](a

schematic representation of IC-based label-free quantification strategy is displayed in

Figure.2A).

Until recently SpC has been the most prevalent label-free method for cardiovascular

proteomics (Supplementary Table I), because the approach is easy to implement and more

tolerant to imperfections in sample preparation and LC/MS analysis. Moreover, SpC does

not require stringent matching of peptide IC peaks between runs, which is especially

advantageous when low-resolution mass spectrometers are used. Because of this, a number

of comparative studies based on low-mass-resolution LC-MS data concluded that spectral

count is a more sensitive and precise way to identify protein changes in complex

samples[32, 33]. However, the game has been dramatically changed by the recent rapidly-

growing availability of high-resolution MS analyzers such as Fourier Transform-ion

Cyclotron Resonance (FTICR) and Orbitrap[34]. The use of high-resolution analyzers

permits extraction of peptide IC within a very narrow m/z range (e.g. <0.02 mass unit),

substantially reducing chemical noise, to improve sensitivity and specificity of IC-based

quantification[35]. Consequently, IC-based methods are markedly superior in terms of

sensitivity and lack of of missing data when analyzing data from high-resolution LC/

MS[36]. Our study showed that IC-based method (Figure. 2 B) achieved a better

reproducibility and lower level of false-positive biomarker discovery than SpC [34].

Furthermore, we recently conducted a comprehensive comparison of IC-based method vs.

SpC using high-resolution LC/MS data acquired from a wide variety of proteomes, and

demonstrated that IC-based approaches achieved significantly better quantitative accuracy

and precision, lower levels of missing data, and superior performance in biomarker

discovery[37]. Such a sharp contrast can be attributed to two shortcomings of SpC: 1) MS2

acquisition of low abundant peptides is often suppressed by peptides of higher abundance

and 2) Quantitative counting for lower-abundance proteins/peptides often results in
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“boundary” counts of "1" and "0", which precludes accurate quantification [32, 38]. In

comparison, the IC-based quantification method relies on the measurement of peptide

precursors (MS1), thus circumventing the above-mentioned problems associated with MS2.

2.1.4 General comparison of labeling and label-free methods—Labeling methods

provide universal quantitative references (i.e. internal standards) for all labeled and

detectable species in proteomics samples, affording accurate quantification if the labeling

process is complete and reproducible. With the use of an internal standard, the mixture of

labeled proteins or peptides can be subjected to fractionation procedures prior to LC-MS

analysis, reducing sample complexity and the dynamic range of the proteome [23].

Moreover, two or more labeled samples are combined and analyzed in the same LC/MS run,

which reduces the required instrument time. Despite these advantages, labeling methods

have several drawbacks. First, the labeling reagents are expensive rendering the method

cost-prohibitive for relatively large scale studies. Second, for most methods, the labeling

processes may be laborious and it is difficult to achieve complete labeling for all proteins

[39]. As the quantification is only performed for the labeled species, this problem may

introduce artificial bias and limit the number of quantifiable proteins. Third, while the ability

to quantify a relatively large number of biological replicates is important to understand

biological variability[40], the number of replicates that can be analyzed by labeling methods

is significantly limited by the number of tag forms available[41, 42]. Although recently

“high-plex” labeling methods have been developed, such as the 8-plex iTRAQ[43] and

NeuCode[21], the number of replicates possible remains relatively low and the reagents are

costly.

Since label-free methods do not employ any labeling reagent, higher proteome coverage can

be achieved in a more cost-effective way. The elimination of the labeling procedure also

allows simpler sample preparation procedures and more flexible method development [44,

45]. Most importantly, the label-free method has the capacity to quantify a large number of

biological replicates in one set [31, 34]. Prominent challenges for label-free methods include

the requirement of highly reproducible sample preparation and LC/MS analysis, which

makes it challenging to employ fractionation techniques with high robustness. These issues

are discussed in the following section.

2.1.5 Protein Identification in LC/MS based proteomics—Protein identification is a

crucial step for in quantitative proteomics, where the fragmentation spectra are matched to

peptides and then proteins. The most widely used approaches is database searching that

compares MS2 spectra to theoretical spectra generated in silico based on theoretical protein

and peptide sequences[46]. Many excellent search engines are available for this purpose,

such as the Sequest, Mascot, OMSSA, X!Tandem and MaxQuant . When prior knowledge

of peptide sequence is not available, de novo sequencing methods can be used. In order to

achieve confident identification, estimation and control of the false-identification is

indispensable in this process. Currently the most prevalent method for controlling false-

identification is the target-decoy strategy, because of its limited assumptions. Other

approaches include posterior probabilities and single spectrum confidence scores[47]. More

details on protein identification can be found in recent review articles[46, 47].
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2.1.6 Technical Challenges and strategies

Sample preparation: Global proteomic quantification requires efficient and quantitative

extraction of all proteins from the proteome despite diverse physical and chemical

properties. Quantitative preparation of cardiac tissue is particularly challenging since

myocytes are composed of membranes (sarcolemma, mitochondrial membrane and

sarcoplasmic reticulum), myofilaments and contain large numbers of mitochondria[14].

Even with targeted myocardial mitochondrial proteomics, approximately 80% of the inner

mitochondrial membrane mass comprises membrane proteins [48]. Therefore a method to

completely disrupt various compartments, effectively extract membrane-associated proteins,

and adequately clean up the samples (i.e. the efficient removal of buffer compounds and

non-protein matrix components) while maintaining high peptide recovery, is highly

desirable.

A number of strategies were developed to address this need. For instance, we developed a

straightforward and highly efficient work flow for sample preparation [28]. Protein

extraction is sonicated in lysis buffer containing a high concentration of detergent cocktail,

which effectively disrupts membrane components and achieves a complete and highly

reproducible protein yield. Then, an optimized precipitation procedure removes detergents

and non-protein matrix components to prevent them from compromising the protein

preparation and LC/MS analysis procedure [49]. The precipitated pellet, containing isolated

proteins, is then subjected to a 2-phase on-pellet-digestion procedure. This provides a clean

digest with high and consistent peptide recovery across many biological replicates [50]. This

method has been demonstrated to provide efficient quantitative recovery of proteins

(including membrane-associated proteins) in tissue samples, such as heart tissues, heart

mitochondria[28] andretina[34]. The same approach has also been employed to identify

proteins in solution from bronchoalveolar lavage fluid[45] and swine plasma[51].

Dynamic protein concentration range: In order to extensively reveal proteome level

changes, it is important to obtain high proteomic coverage for low-abundance proteins.

These are frequently key regulators of cellular function but are difficult to characterize due

to the wide dynamic range of protein concentrations in typical proteomes [35]. The problem

is more pronounced for plasma proteomics, where protein concentrations span a dynamic

range that is ~10 orders of magnitude as compared to ~6 orders of magnitude in typical

tissues [52]. Unfortunately, the dynamic range achievable by current proteomic methods

(e.g. ~3 orders of magnitude for LC/MS [51]) is quite limiting. To address this problem,

immunodepletion methods that reduce the dynamic range of the plasma proteome by 1-2

orders of magnitude were employed prior to gel-based and/or LC/MS analysis of the human

plasma proteome[53, 54]. Though widely practiced, these techniques may result in co-

depletion of lower-abundance proteins and carry-over [55]; additionally, these methods are

often not applicable to animal models because most antibodies are targeted to epitopes

derived from human protein sequences and thus may not enable a complete depletion.

We reported a strategy for extensive analysis of animal plasma proteomes and applied it in

the investigation of CVD-related proteins in swine plasma [51]. A Combinatorial Peptide

Ligand Library technique that is not species-dependent, was utilized to markedly reduce the
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dynamic range of plasma. A mild denaturing condition was used with this method to

significantly alleviate the co-depletion problem. Digestion was performed in-parallel

respectively by two enzymes (trypsin and GluC) carrying orthogonal specificities. These

digests were fractionated with high-resolution Strong Cation-Exchange (SCX)

chromatography and then resolved on a long, heated nano-LC column. MS analysis was

performed on an LTQ/Orbitrap respectively with two complementary activation methods

(CID and ETD). By performing differential proteolysis and orthogonal tandem MS

sequencing, proteome coverage was greatly enhanced. Using this strategy, a total of 3421

unique proteins were identified in swine plasma. Functional annotation analysis revealed

that 657 proteins were significantly associated with CVD (p<0.05), from five major CVD-

related pathways[51]. This method shows considerable potential for future biomarker

discovery in animal models such as swine.

Even though depletion or dynamic range compression procedures mentioned above

considerably enhance proteomic coverage of plasma, global quantitative proteome studies of

plasma remain a daunting challenge because the resultant samples are still highly complex

with a wide dynamic range[14]. The dynamic range in tissue proteomes, for which depletion

methods are rarely available, are also much greater than the majority of quantitative

proteomics methods[34]. Advances such as multi-dimensional chromatography can

significantly enhance proteome coverage [56]. Although these methods can be employed

with ease for labeling approaches, it is more challenging to apply them with label-free

approaches owing to the requirement of highly precise fractionation of each of the samples

in the quantification cohort.. One alternative to achieve high proteome coverage using label-

free approaches is the use of a long reversed-phase column and a shallow gradient for

extensive 1-D LC/MS analysis, which can greatly improve coverage of complex proteomes

without fractionation[57]. However, most previous long-column methods lack the

reproducibility necessary to quantify multiple biological replicates. Recently, we described a

robust long-column LC/MS method that enables extensive, sensitive and reproducible IC-

based quantification across many samples[34, 45, 50, 58]. Columns with lengths of 75 to

100-cm were tightly packed with a unique dual-direction protocol for constant performance.

A low void volume setup, with dampened pump noise and homogenous heating in a tightly-

fit thermo sheath, was employed to obtain high chromatographic resolution and reproducible

separation among parallel long-gradient runs. Using this strategy, several thousand unique

proteins were quantified across >20 biological replicates in tissue and cellular proteomics

with highly stringent criteria, typically including low identification FDR. In addition, each

protein was quantified with high-quality AUC data (e.g. S/N≥10) from ≥2 unique peptides

and was free of missing data at the protein level[34, 50, 58].

False positives discovery of altered proteins: High false-positive discovery rates of

differentially altered proteins is a common and significant problem for global quantitative

proteomics[40]. This results in false biological leads that can significantly undermine the

credibility of discovery-based proteomics research. These primarily arise from two sources;

biological variability and technical variability[40, 59]. When the variations in protein levels

among individuals are high or too few biological replicates are used, the intrinsic biological

variability will frequently cause false biomarker discovery. This problem is amplified by the
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common practice of using pooled samples of biological replicates for relative quantification,

often due to technical limitations such as the limited multiplex capacity of labeling methods

or difficulty in running many replicates with high reproducibility when a label-free method

is used[60, 61]. Technical variability can also cause false-positives arising from 1) The

"multiple hypothesis testing" when significance testing is simultaneously performed on

numerous proteins[62] and 2) Sample preparation and LC/MS analysis which are susceptible

to analytical variations and systematic errors. This is especially problematic for lower-

abundance proteins[59] where noisy signals may result in unrelaible relative quantification

[63].

To reduce biological variability, use of multiple biological replicates is highly desirable.

This can be accommodated by label-free methods as discussed previously. To address

technical variability, reproducible and quantitative sample preparation and LC/MS

procedures are essential. Furthermore, it is essential to accurately estimate and control the

false altered protein discovery rate (FADR). Several parametric algorithms have been

developed to adjust for the false discovery rate in “-omics” studies, e.g. Benjamini and

Hochberg p-value Adjustment Method[64] and the q-value method [65]. However, these are

rarely used in proteomics research [62] since parametric algorithms are based on several

assumptions that do not work well with proteomics data[66, 67]. Additionally, these

algorithms may not extensively examine other causes of false positives, such as variations

introduced by the sample preparation and LC/MS analysis.

Evaluation of the FADR nonparametrically and experimentally enables a more extensive

and accurate estimation of false discoveries, providing a promising alternative to the

statistical approaches. Along these lines, our lab has developed an experimental null-based

hypothesis strategy for evaluation and control of FADR in label-free proteomics

experiments which is detailed in recent reports [34, 45, 50, 58]. This method provides a

straightforward and reliable means to predict FADR by evaluating false positives arising

from an experimentally-determined null distribution, and therefore greatly facilitates the

optimization of proteomic methods for sensitive and specific biomarker discovery. Other

methods using nonparametric strategies to control FADR include acquiring null distributions

from statistical interference [68].

2.2 Application of Global Proteomics in Mechanistic Research

Global proteomics profiling can provide an unbiased systematic view of the cardiovascular

system, which in turn may improve our understanding of cardiac pathology, diagnosis,

disease staging and lead to the development of novel therapies. Global proteomics has been

applied to study mechanisms of CVD such as hibernating myocardium [28], irreversible

ischemia[69], diabetic cardiomyopathy[70, 71] and congestive heart failure[72]. Because of

the wide protein dynamic range, most work has focused on subcellular proteomes and

characterization of PTMs rather than protein changes in unfractionated cardiac tissue.

2.2.1 Subcellular proteomics—In the cardiovascular field, proteomics investigations

are frequently focused on subcellular proteomes, such as mitochondrion, proteasome,

extracellular matrix and myofilaments, owing to the important biological significance of
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subcellular compartments. Methods to isolate subcellular fractions include differential

centrifugation, immune-based isolation and membrane protein enrichment [15]. For

instance, Warren et al. employed differential centrifugation and organelle enrichment to

isolate mitochondria, nuclei, cytoplasmic fractions, microsomes and sarcomere proteins, for

quantitative analysis of these sub-proteomes in rat hearts subjected to regional ischemia.

They concluded that fractionation improved the depth of proteomics analysis by nearly four-

fold[73]. Below, we focus on two of the most-widely studied subcellular proteomes in

cardiovascular research: mitochondria and extracellular matrix(ECM). Several other less

extensively studied subcellular proteomes in CVD research including myofilaments[74],

membrane proteins[75] , sacromere[76] and proteasomes[77] .

Comparative study of the mitochondrial proteome represents one of the most popular areas

in cardiovascular proteomics [78]. Mitochondria account for nearly 40% of the volume

fraction of a healthy cardiomyocyte. They not only generate ATP for contractile function but

also regulate programmed cell death. Accumulating evidence demonstrates a close

association between CVD progression and changes in mitochondrial structure and function

[79, 80]. Using an ion-current based label-free quantitative proteomics approach, we

compared mitochondrial proteomes from myocardium of healthy swine versus those with

hibernating myocardium [28], with a relatively large number biological replicates (n=10/

group). Another early-stage label-free proteomic study was done by Zhang et al. to quantify

changes in the mitochondrial proteome post ischemic stress using a modified SpC

method[69]. Labeling methods have also been utilized. For example, Julling et al. used

iTRAQ to characterize changes to the cardiac mitochondrial proteome in streptozotocin-

diabetic rats[81] and aged spontaneously hypertensive rats[60]. Comparative mitochondrial

proteomics has also been applied to study mechanisms of pressure overload-induced heart

failure [72], atrial fibrillation[82], and type I [70] and type II diabetic heart[71].

Mitochondrial proteome changes elicited by system perturbations were also reported in

estrogen deficiency[83], diabetic hearts with overexpression of mPHGPx[61] and GSK

inhibition[84]. A study on mitochondrial proteome dynamics was recently conducted by

Kim, et al., who used mitochondria from mice fed with 2H2O to examine the turnover of 458

proteins[85].

Another well-studied sub-cellular proteome is the extracellular matrix (ECM). ECM proteins

anchor surrounding cardiac myocytes[86] and ECM remodeling is associated with heart

failure and cardiac fibrosis [87, 88]. The ECM proteome was first characterized in 2010

using SpC in human aortic samples[89]. Similar approaches were applied to the

characterization of ECM remodeling in abdominal aortic aneurysms[90] and myocardial

ischemia/reperfusion injury[91]. Notably, in these three studies, the authors developed a

reproducible procedure to improve ECM proteome analysis. Besides characterizing the

ECM of tissues, evaluation of ECM proteins secreted from differentiating cells has also been

carried out using iTRAQ[92].

2.2.2 Post translational modifications (PTMs)—PTMs of proteins regulate many key

molecular pathways and quantification of PTMs provides highly valuable information for

insights into disease-related signaling cascades. LC/MS-based technologies enable sensitive

and high-throughput PTM analysis, which allow characterization of myocardial PTMs on a
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global proteome-level[93]. To date, >400 different PTMs were identified in higher

organisms and the number is still increasing[94, 95]. To overcome the problem of low

stoichiometry of PTMs, most global quantification methods involve a PTM-enrichment

procedure, such as TiO2 enrichment and Immobilized Metal Affinity

Chromatography(IMAC), or a fraction step (e.g. SCX) prior to LC/MS analysis. Subcellular

fractions of cardiomyocytes were often used to achieve deeper PTM analysis[95].

Since phosphorylation plays a critical role in a broad range of signaling pathways associated

with myocardial disease including contractile function, metabolism, and protein

degradation[96], it is the most widely studied PTM in cardiovascular proteomics [93]. Initial

work of quantitative phospho-proteomics was carried out by Boja et al. on porcine cardiac

mitochondria[97]. They used TiO2 enrichment to capture phosphopeptides and iTRAQ/

HCD to analyze and quantify phosphorylation residues. In recent years, more extensive

phosphoproteomic studies have been completed. Chang et al. used IMAC to enrich

phosphorylated peptides followed by iTRAQ labeling to quantify the phosphoproteome of

myocardium from pressure-overloaded mice in a time-profile manner[98]. Their study

suggested Dynamin-related protein 1 may serve as a potential modulator of cardiac

hypertrophy caused by pressure-overload. Scholten et al. used stable-isotope dimethyl

labeling, SCX fractionation and CID/HCD fragmentation to identify putative downstream

CaMKII targets in cardiac tissue from animals with cardiac-specific overexpression of a

CaMKII inhibitor[99]. Another recent study designed to discover targeted residues

phosphorylated by the beta-adrenergic receptor identified 670 altered phosphorylation sites

[100]. Other PTMs studied in global cardiovascular proteomics include S-nitrosylation[101],

glycosylation[102] and acetylation[103].

2.2.3 Myocardial tissue proteomics—Despite technical hurdles, it is extremely

insightful to study the cardiac tissue proteome without fractionation so as to obtain a

comprehensive and unbiased view of molecular mechanisms involved in CVD. One

example is the use of a label-free method to identify altered proteins in heart tissue of mice

which were subjected to cardiac-specific overexpression of activated calcineurin to cause

cardiac hypertrophy[104]. Fractionation was employed to eliminate high-abundance

contractile proteins from cardiac tissue lysate, and 290 proteins were found to be

dysregulated out of 1918 cardiac proteins identified. For comparison, directly analyzing

tissue lysates without fractionation results in fewer proteins identified, as shown in a study

of radiation-induced changes in the cardiac tissues, where 662 proteins were identified[11].

By investigating cardiac tissue in murine animal models using time-series with label-free

quantitative proteomics, a recent study discovered differentially expressed proteins

following myocardial infarction[105].

2.3 Application of Global Proteomics in Biomarker Discovery

Global quantitative proteomics are widely used to discover biomarker candidates for disease

diagnosis and evaluation of therapies, by comparing two or more groups of proteomes to

identify differentially expressed proteins. There are five biomarkers widely employed in the

evaluation of patients with coronary artery disease. These include cardiac troponin I(cTnI)

and cardiac Troponin T(cTnT) employed in acute coronary syndromes and myocardial
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infarction, B-type natriuretic peptides and its N-terminal form to diagnose and manage

congestive heart failure, and c-reactive protein to diagnose cardiac inflammation in

atherosclerosis. Although these biomarkers greatly improve the diagnosis and therapy of

CVD, limitations remain and new biomarkers and biomarker panels have emerged[3, 106].

Novel biomarkers are urgently needed to improve risk stratification and management of

specific subsets of patients with CVD patients [106, 107].

Samples from well characterized human subjects are preferable for evaluation since it would

yield the most clinically-relevant information. However, using human samples for

biomarker discovery also carries several major disadvantages, such as high individual

variability [108], and difficulty investigating certain cardiovascular events such as reversible

ischemia and hibernating myocardium in patients[109]. Consequently, many biomarker

studies are conducted with well-controlled animal disease models, such as these in

mice[104], rats[105] and swine[91].

2.3.1 Tissue Biomarkers—As discovery of candidate circulating proteomic biomarkers

in plasma can be technically difficult, an alternative is to analyze myocardial tissue samples

for proteins that may be secreted in pathophysiological disease states [110]. In clinical

proteomics, either myocardial biopsies or post-mortem tissues can be employed for

discovery based investigation. For example, Hammer et al, used label-free quantitative

proteomics to characterize inflammatory changes in myocardial biopsies from patients with

dilated cardiomyopathy [111]. By comparing the proteome of 10 patients vs. 7 controls, they

identified 174 differentially-expressed proteins that were involved in mitochondrial and

cytoskeleton remodeling. More recently, a label-free analysis was conducted on myocardial

tissue isolated from patients who succumbed to MI at postmortem to identify early stage

biomarkers [112]. Sorbin and SH3 domain-containing protein 2 were reported as novel

biomarker candidates. There have also been proteomic analyses of animal models to

discover tissue biomarkers. For example, Holland et al. used label-free LC-MS/MS to

quantify proteome changes of cardiomyopathic tissue in mouse models of Duchenne

muscular dystrophy [113]. A total of 67 proteins showed altered expression while drastic

changes were demonstrated for 17 proteins including Ig chains and transferrin, laminin,

nidogen and annexin.

Since the ultimate objective is to discover circulating biomarkers, meaningful in-tissue

biomarkers findings must in the end contribute to that goal. Therefore, in some studies, the

authors validated in-tissue biomarkers in plasma samples. Chugh et al. used a global

proteomics approach on myocardial tissue to analyze in-tissue biomarkers of heart failure on

mouse models and validated 4 potential tissue biomarkers for heart failure in mouse and

human plasma[114].

2.3.2 Circulating Biomarkers—Discovery of circulating plasma biomarkers is difficult

due to the wide dynamic range[9] and the enormous biological variability among patients

which necessitates the use of many samples for reliable discovery. As discussed above,

depletion or fractionation techniques can be employed in circulating biomarker research to

address the dynamic range problem. A study employing a multiple affinity removal spin

column to deplete the three most abundant proteins identified several potential biomarker
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candidates for coronary artery disease from a transgenic mouse model[115]. To obtain

extensive proteome coverage, the authors utilized 2-D LC separation. Both known

biomarkers and novel candidates were discovered[115]. A similar high-abundance protein

depletion strategy was used to discover biomarkers in patients diagnosed with an MI [116].

More recently, a more powerful depletion strategy, IgY14-supermix tandem depletion

method, was utilized to seek predictive markers for near-term MI[117]. The workflow

developed by the authors demonstrated good reproducibility of the measurement and the

ability to quantify changes of low-abundance proteins. As reviewed in 2.1.5,

chromatography can also be used to reduce the dynamic range of the plasma proteome.

Mebazaa et al. used combined fractional diagonal chromatography to overcome technical

difficulties posed by plasma samples. Their proteomics pipeline identified quiescin Q6 as a

candidate biomarker for acute heart failure[118]. More recently, metabolomics-based

biomarker discovery has gained increasing attention; it is worth noting that such strategies

may mitigate some of the above-mentioned technical hurdles for plasma proteomics studies

[119].

3. Quantitative Targeted Proteomics Methods

Due to the increasing utilization of Selected-Reaction Monitoring (SRM) operated on a

triple-quadrupole MS, also known as Multiple-Reaction Monitoring(MRM), targeted

proteomics is a rapidly growing area. Compared with global proteomics, targeted proteomics

focuses on known targets to afford a much more robust analysis with significantly higher

sensitivity, selectivity and accuracy. Absolute quantification can be achieved using peptide

or protein calibrators[49, 120, 121]. The two targeted proteomic techniques employed in

cardiovascular research are SRM and top-down methods. Here we provide a general review

of the techniques followed by applications in cardiovascular fields.

3.1 Technical Overview

3.1.1 Top-down approaches—Unlike “bottom-up” strategies, top-down MS directly

analyzes intact proteins in a high-resolution analyzer. This approach is capable of providing

high sequence coverage and accurate PTM mapping of the target protein. This alleviates

shortcomings of bottom-up methods such as the ambiguity in PTM localization, isoform

identification and detection of degradation[122]. Nonetheless, performing top-down

proteomics studies remains challenging due to technical difficulties associated with

sensitivity, throughput and the requirement for protein enrichment and purification[123].

Despite the technical challenges, tremendous progress has been made in top-down

proteomics for cardiovascular research. Top-down methods developed based on FTICR MS

by Ge and co-workers have achieved comprehensive analysis of cTnI modifications,

quantitative analysis of different phosphorylation forms of cTnI in heart failure[124, 125],

sequencing and phosphorylation characterization of cTnT [126] and PTM analysis of

integral membrane proteins[127].

3.2.2 SRM—Compared with other tandem MS techniques, LC/SRM-MS exhibits higher

sensitivity, better quantitative accuracy and wider dynamic range in targeted protein

quantification, and can be easily multiplexed by quickly switching among different
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transitions[49]. SRM is most commonly utilized for the quantification of proteins in

complex matrices. A typical procedure includes sample treatment, digestion using trypsin

and quantification of the target proteins based on the selected Signature Peptides (SP)

derived from the target. Stable isotope labeled (SIL) SP surrogate or SIL-full-length-protein

is used as the internal standard. Extensive reviews can be found in references [128] and

[129]. In recent years, SRM has emerged as a promising alternative to traditional ligand

binding assays such as ELISA, in that this method is generally matrix independent, and

method development is often faster at lower cost [130].

Enormous efforts have been devoted to advance LC/SRM-MS methods in terms of sample

preparation, method development pipeline, instrumentation and data analysis [130, 131],

which greatly improve sensitivity, precision and dynamic range[129, 132]. The rapidly

evolving techniques have laid a solid foundation for the applications of SRM in future areas

of cardiovascular research.

3.1.3 Challenges and strategies—Although SRM is a versatile tool for targeted

proteomics investigation, several significant technical challenges remain. First, an optimal

strategy for method development remains elusive [133]. One of the most important aspects

for method development is the identification of an optimal SP that is sensitive, specific and

stable for quantification. Currently, in silico prediction approaches are commonly used. This

approach may not accurately predict the most sensitive, stable peptides[134] and matrix-

dependent parameters such as chemical interferences [135, 136]. It is important to choose

stable peptides as SP[135, 136]to avoid quantitative bias, but this issue has been often

overlooked. Second, despite the high sensitivity of LC/SRM-MS, insufficient sensitivity

continues to be a significant limitation due to the large molecular weight of the proteins and

the need for multiple sample (blood and tissue) dilution (e.g. 10- to 50-fold) because of high

protein content [135, 136]. Third, though SIL- internal standards (I.S.) are used, quantitative

accuracy continues to be a major problem. Much of the current work employs synthetic

peptides as the calibrator and SIL-peptides as I.S. These assume nearly 100% efficiency of

the preparation and digestion procedures which may not be true[135]. Finally, most current

methods use a lone SP for quantification, which carries a risk of error when proteins are

truncated biologically outside the SP domain or certain residues within the SP domain are

biologically modified[136, 137].

To address these difficulties methodologically, we devised a novel pipeline for developing

SRM approaches, as illustrated in Figure 3. Instead of using an in silico method to predict

the optimal SP, we employed an experimental strategy to discover and optimize many SP

candidates, and then evaluate these candidates in target matrices prior to SP

selection[135-137]. Briefly, the pool of SP candidates was generated by a data-dependent

LC/MS experiment following a stringent filtering step. To evaluate these candidates, the

target protein was spiked into the blank matrices (e.g. plasma or tissue extract) and then

prepared and digested. The optimal LC/MS conditions of all SP candidates were accurately

obtained by a high-throughput and on-the-fly orthogonal-array-optimization (OAO)

procedure [135-137], which has the capacity to develop the SRM conditions for >100

candidates within one single LC/MS run. Using the developed LC/MS conditions, all

candidates were thoroughly assessed for stability and signal-to-noise ratios (S/N) in the
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matrix digest. Among the stable peptides, two with the highest S/N were selected as the SP.

The use of two SP from different domains of the same protein provides a versatile gauge for

reliability of quantitative methods and results[135-137].

In order to improve sensitivity for targeted protein analysis, we’ve developed an optimized a

robust nano-flow LC/MS strategy [135-137], which typically lowers the limit of

quantification (LOQ) by ~30-50 fold compared to conventional-flow LC/MS. Another

means to improve sensitivity is to enrich proteins or peptides before LC/SRM-MS analysis.

For instance, the Stable Isotope Standards and Capture by Anti-peptide Antibodies

(SISCAPA) technique was developed to enrich signature peptides using polyclonal

antibodies[138]. More recently, Hendrik et al. developed a series of affinity-based methods

for quantitative enrichment of target proteins and/or signature peptides in plasma, achieving

ultra-sensitive quantification of circulating biomarkers in plasma[139]. Other approaches to

improve the sensitivity of targeted quantification include SCX fractionation [140], high-pH

fractionation before LC/MS analysis[130] and the use of long columns to obtain high S/N of

target peptides[141].

Protein-level calibration methods (i.e. protein calibrator with SIL-protein I.S.) have recently

been employed to overcome concerns about quantitative accuracy[142]. However, SIL-

proteins are costly to produce and may be impractical for many classes of proteins. Our lab

and others demonstrated accurate quantification of enzymes and protein drugs in plasma and

tissues using “hybrid” calibration strategies (e.g. protein calibrator with SIL-peptide I.S.)

[135-137, 143, 144], provided that technically reproducible sample preparation and

digestion are achieved. Our recent investigation showed severe negative biases by the

peptide and extended peptide calibration methods, while the hybrid approaches provide a

cost-effective means for accurate quantification without expensive SIL-protein[145].

3.2 Application of LC/SRM-MS in CVD research

3.2.1 Biomarkers Quantification—An early cardiovascular study using LC/SRM-MS

was conducted in 2009, when Kuhn successfully quantified the cardiac biomarker cTnI and

interleukin 33 with high precision using SISCAPA coupled with SRM-MS [146]. Using this

well-established approach, the same group measured CVD biomarkers concentrations in

plasma with precision, reproducibility and sensitivity[140]. These two studies demonstrated

the multiplex potential of SRM for CVD marker quantification. More recently, a large-scale

biomarker validation study was carried out using LC/SRM-MS with 135 stable isotope-

labeled peptides, for the quantification of 67 putative CVD biomarkers with good

sensitivity, accuracy and quantitative linearity[147]. Shortly thereafter, the same group used

a similar strategy for discovery of biomarkers characteristic of patients with or without

coronary artery disease. SRM analysis was carried out for 44 proteins on plasma from 38

patients, and 5 of the proteins surfaced as potential biomarkers[148]. Other recent studies

include using full-length stable-isotope-labeled proteins as I.S. in SRM to quantify 5

biomarkers of MI in prefractionated human plasma [142]. In agreement with what we

mentioned in 3.1.3, this study confirmed introducing isotope-labeled proteins as internal

standards before enzyme digestion, enabling more accurate protein quantification than

peptide standards.
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With SRM now recognized as an ideal validation tool for global quantitative proteomics

biomarker discovery, some studies combined global proteomics and targeted proteomics to

achieve a more extensive biomarker discovery pipeline. For instance, Cohen Freue et al.

coupled multiplexed iTRAQ-LC-MALDI-TOF MS with SRM and immunoassays to

discover/validate potential biomarkers on plasma of patients chosen for cardiac

transplantation[149]. This pipeline provides a novel avenue for investigation of plasma

biomarkers and is highly applicable to a wide range of biomarker studies. Another recent

study used a similar strategy to discover circulating markers of atherosclerotic disease from

120 individual samples [150]. By combining results from global proteomics and SRM, the

study revealed statistically significant upregulation of Vcl in acute coronary syndrome

group.

3.2.2 PTM Quantification—Aside from applications in biomarker validation, SRM is

also a promising tool to study PTMs in a relatively small subgroup of proteins. Lam et al.

used SRM to quantify site-specific phosphorylation of several mitochondrial proteins of

myocardium using 68 transitions [151]. Later, they expanded the SRM transitions to 176 to

acquire better coverage of mitochondrial proteins [152]. Their research demonstrates the

potential utility of SRM workflow to study the detailed function of mitochondrial

phosphorylation. Some more focused PTM studies targeted well-established cardiac

biomarkers such as cTnI and Troponin complex. For example, Zhang et al. used in silico

prediction of phosphorylated sites followed by SRM based targeted proteomics to identify

site-specific cTnI phosphorylated residues in failing human hearts (i.e. patients with

ischemic heart disease or idiopathic dilated cardiomyopathy vs. healthy donors) [153].

Fourteen phosphorylation sites of cTnI were identified and quantified, while 6 new

phosphorylated residues were identified. Among the 14 quantifiable phosphorylated residues

of cTnI, 5 showed down-regulation and 8 showed up-regulation. They also employed a

canine heart failure model with dysynchrony to demonstrate that 3 of the remodeled

phosphorylated residues can be reversed after cardiac resynchronization with a biventricular

pacing system. Another study used SRM to quantify changes of cTnI phosphorylated

residues in human myocardium from clinical patients treated with PKCα and recombinant

cTnI [154]. This study revealed several PKCα specific phosphorylated sites of the troponin

complex.

4. Concluding Remarks

The techniques used for quantitative proteomics can be categorized into either global or

targeted approaches. Generally, the global and targeted methods have distinct rationales and

goals, e.g. hypothesis-free vs. hypothesis-driven or discovery-based vs. known-target-based,

etc. Nonetheless, these two types of strategies are complimentary and can constitute an

integral work flow for biomedical research which leads to a more comprehensive, versatile

and high-throughput alternative than traditional methods such as ligand binding assays. That

being said, proteomics studies still face considerable technical challenges. For global

proteomics, more extensive coverage of the proteome, the ability to compare multiple

biological replicates and sensitive biomarker discovery with low-false positive/negative rate

are highly desirable but difficult to achieve owing to the high complexity of typical

proteomes and the limited capacity of available methods[9, 14]. In comparison, the primary
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considerations for targeted methods are the determination of the levels of the target

proteins/PTM with sufficient sensitivity, specificity, accuracy and analytical throughput

[133]. These are challenging when target proteins are of low abundance and obscured by a

background of high-abundance proteins. Some outstanding developments have been made in

the last decade to alleviate many of these problems. To name a few: 1) High-plex

approaches such as 8-plex iTRAQ[43] and 18-plex NeuCode [21] have substantially

improved the number of biological replicates that can be analyzed by isotope-labeling

methods, 2) A cohort of depletion and fractionation techniques markedly reduces the

dynamic concentration ranges of typical proteomes, 3) Recent advances in high-resolution

MS and reproducible long-column LC separation opens the possibility of extensive IC-based

label-free proteomics profiling, 4) New enrichment methods have dramatically lowered the

LOQ for LC/MS quantification of proteins in tissues and plasma and 5) Hybrid calibration

approaches provide a cost-effective means for accurate quantification without expensive

SIL-protein I.S.[135-137]. We have entered an exciting time where the proteomic

techniques continue to evolve at an amazing pace, with many emerging new techniques

applicable to high throughput analysis.

Although current proteomics techniques are not as heavily utilized in the cardiovascular

field as in some other biomedical research areas such as cancer and immunological diseases,

the application of proteomics in CVD research has been rapidly increasing[14]. As reviewed

here, innovations in CVD proteomics permit the analysis of large numbers of plasma and

tissue proteins, extensive analysis of PTM, and sensitive, accurate and robust quantification

of target proteins of cardiovascular interest. However, some prominent factors still impede

the progress of cardiovascular proteomics research. Two of these are highlighted below.

First, it should be well recognized that there is a wide gap between candidate proteomic

biomarkers and clinically applicable biomarkers. Despite the numerous candidates reported

in the proteomics literature, their subsequent contribution to diagnostics has been quite

limited[106, 107]. This discrepancy stems, at least partially, from the lack of a robust

pipeline to interface biomarker discovery to clinical validation[59]. One important reason

for this absence is the long held belief that traditional methods based on ligand binding

assays should be employed for validation of candidates[155]. For example, authors are often

asked for immunoassays to validate in publications on proteomics-based tissue protein and

biomarker discovery. Unfortunately, these traditional assays often can’t be multiplexed and

may suffer from relatively poor quantitative accuracy and precision compared to LC-MS

based methods. As an alternative, LC/SRM-MS provides multiplex capacity, high

quantitative precision and selectivity, as reviewed above. In a recent article, Aebersold and

colleagues argued that validation of quantitative MS data by Western blotting should no

longer be required since the LC/SRM-MS method is a significantly better choice[155]. We

expect the combination of global proteomics discovery and SRM based validation along

with informatics innovations (e.g. a recent development of a discovery-validation

pipeline[149]) will mitigate the gap between biomarker discovery and validation. Similar

ideas have also been conveyed in other reviews[107, 156].

Secondly, there is an urgent need to link quantitative changes discovered in the proteome to

biological function, in order to gain an in-depth understanding of the perplexing molecular
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basis underlying CVD and therapeutic effects. The development of function, annotation and

visualization tools such as IPA(QIAGEN, Inc), STRING[157] and Metacore(Thomson

Reuters, Inc) has greatly contributed in this regard, but more powerful functional analysis

tools remain to be developed. Moreover, it is also very helpful to integrate proteomics with

other high-throughput “-omics” tools in CVD research, such as transcriptomics[158] and

metabolomics, which will enormously contribute to a systematic and comprehensive

understanding of the cardiovascular system[159].

All in all, we have entered an exciting time where the proteomic techniques continue to

evolve at an amazing pace, with many emerging new techniques applicable to high

throughput analysis. For example, a recently released article demonstrated a comprehensive

proteome analysis in only a 1.3-hour LC/MS run using an Orbitrap Fusion Tribrid MS

analyzer [160]. These new techniques will soon change the face of cardiovascular research

and enormously help to achieve a comprehensive understanding of CVD and optimal

disease management and treatment.
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SCX Strong Cation-exchange

SIL Stable isotope labeled

SISCAPA Stable Isotope Standards and Capture by Anti-Peptide

Antibodies

SP Signature Peptides

SpC Spectral Counts
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Figure. 1. A generic workflow of global quantitative proteomics using a bottom-up (shotgun)
approach
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Figure. 2. Label-free quantification strategies
(A) Illustration of the work flow of the ion current-based relative quantification; (B)

comparison of the reproducibility of quantitative features by ion current-based vs. spectral

count methods for the repetitive analysis of a tissue sample (reproduced from Ref[34]).
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Figure. 3.
A high-throughput method development pipeline for sensitive, accurate and reproducible

LC/SRM-MS quantification of target proteins in complex matrices, based on an on-the-fly

orthogonal array optimization and experimental evaluation. Details can be found in Ref.

[136, 137].
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