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Abstract

Here, we report on our proteomic studies in the field of cardiovascular medicine. Our research has been focused on understanding the role of
proteins in cardiovascular disease with a particular focus on epigenetic regulation and biomarker discovery, with the objective of better understanding
cardiovascular pathophysiology to lead to the development of new and better diagnostic and therapeutic methods. We have used mass spectrometry
for over 5 years as a viable method to investigate protein—protein interactions and post-translational modifications in cellular proteins as well as
a method to investigate the role of extra-cellular proteins. Use of mass spectrometry not only as a research tool but also as a potential diagnostic
tool is a topic of interest. In addition to these functional proteomics studies, structural proteomic studies are also done with expectations to allow
for pinpoint drug design and therapeutic intervention. Collectively, our proteomics studies are focused on understanding the functional role and
potential therapeutically exploitable property of proteins in cardiovascular disease from both intra-cellular and extra-cellular aspects with both

functional as well as structural proteomics approaches to allow for comprehensive analysis.
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1. Introduction

The completed human genome project has shown that given
the marginal increase in genes during evolution, diversity in
humans is likely dictated by post-genomic regulation, namely
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proteins [1,2]. Aside from the recently addressed field of RNA
regulation (e.g. micro-RNA, etc.), post-genomic regulation at
the protein level is likely the major regulatory step. Splicing,
processing, and post-translational modifications in addition to
protein—protein interaction are but some of the notable regula-
tory pathways.

In contrast to genes/DNA which are quite stable as would
be necessary for conserved preservation of the genetic informa-
tion, proteins which are the products of genes are rather unstable
and have short half-lives being produced and then degraded to
be present to function only when and where their need is dic-
tated as reflective of their physiologically active properties. Not
only are different proteins produced at times through splicing,
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Fig. 1. Illustration describing study workflow and logic.

but once they are produced they are often processed/cleaved
and/or modified (e.g. phosphorylation, glycosylation), and act
in concert with other proteins as complexes before they are
degraded. Indeed, understanding the complex regulation of pro-
teins under a given condition (e.g. temporospatial context) is of
utmost importance in understanding its/their function.

While proteomic analysis in general concerns the comprehen-
sive understanding of proteins and their functions which often
entails understanding their functions in a non-challenged or qui-
escent state, our interests are focused on the role of proteins as
relevant in disease states and their regulation as manifested under
disease conditions. Temporal changes in disease-associated
factors are important in understanding pathophysiology. For
instance, genetic disorders as represented by monogenic dis-
orders often manifest phenotypes in early life. However, for
acquired diseases such as oncogenic as well as lifestyle-oriented
diseases, environmental factors play an important contributory
role to the onset of disease besides their genetic underpinnings.
Although regulation of gene expression undoubtedly plays an
important role, temporal changes in later/adult life is regulated in
main at the level of proteins, and therefore studies at the protein
level are ideal for studies focused on disease onset and progres-
sion. We therefore strive to understand the molecular changes
which affect proteins under disease conditions, not only to under-
stand their role in the pathophysiological basis of disease, but
further to exploit their possible roles in diagnostic as well as
therapeutic applications.

The following discussion on our use of proteomic approaches
will be separated into categories of analysis on intra-cellular
proteins and extra-cellular proteins. A model of our study logic
and workflow is illustrated in Fig. 1.

2. Proteomic analysis of intra-cellular proteins
For proteomic analysis of intra-cellular proteins, we have

focused on epigenetic regulation, in particular on chromatin reg-
ulation of transcription in cardiovascular disease [3,4]. To briefly

provide background on epigenetic regulation, in eukaryotes
including mammals such as humans, genomic DNA is pack-
aged into chromatin whose fundamental unit is the nucleosome
in which DNA is twice wrapped around the histone octamer.
This compaction of DNA is likely necessary to efficiently pack-
age the vast amount of genomic DNA as found in the eukaryotic
cell. This adds an additional step necessary in activation of tran-
scription as DNA is wound in the chromatin state under basal
conditions. Only after the chromatin structure is relieved can
transcription factors including both regulatory as well as gen-
eral factors access the promoter to regulate transcription and
thus gene expression.

Epigenetic regulation impacts a multitude of physiological
as well as pathophysiological reactions ranging from cancer to
cardiovascular disease. It had been poorly addressed in the field
of cardiovascular disease likely due to more important focuses
on physiology as well as membrane-oriented cellular biology.
However, pioneering work in skeletal muscle, which is the pro-
totype for cardiac as well as smooth muscle which are relevant
in the cardiovasculature, suggested from early on that epige-
netic regulation may be important in phenotypic regulation.
Studies using the DNA methylation inhibitor, 5-azacytidine,
showed that regulation of methylation state can induce myocyte
differentiation [5]. This work led to the discovery of the tran-
scription factor, MyoD, a master regulator transcription factor
of myogenic differentiation [6]. Recent studies have shown
that epigenetic regulation namely in the form of regulators
of the post-transcriptional modification, acetylation, play a
role in regulating cardiac growth and remodeling (e.g. cardiac
hypertrophy and failure). The studies from the Olson lab have
been instrumental in establishing that acetylation/deacetylation,
in particular through the functions of deacetylases (HDACs,
histone deacetylases) play a pivotal role in cardiovascular phe-
notypic modulation and disease [7,8].

We have also focused in parallel on the role of epigenetic reg-
ulation of cardiovascular disease with a focus on understanding
the role of protein—protein interaction and the post-translational
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modification, namely acetylation. For this, we have used pro-
teomic approaches to understand the underlying mechanisms
of functional regulation of the Sp- and Kriippel-like factor of
zinc finger transcription factors which play an important role in
cardiovascular regulation [3,9]. As protein—protein interaction
and post-translational modifications are detectable by proteomic
approaches, as aresult, we were able to define novel mechanisms
of epigenetic regulation of transcription and cardiovascular dis-
ease through our studies which will be discussed in detail below.

Zinc finger factors, especially those which contain a cysteine—
histidine (Cys2-His2) zinc-finger motif, emerged through evo-
lution and markedly increased in eukaryotes [10]. Although this
common motif is widely found in cellular factors ranging from
enzymes to transcription factors, often the motif is used as a
DNA-binding domain in transcription factors. As these factors
preferentially evolved in eukaryotes, they are thought to play
functional roles in developmental and differentiation processes
among others. The specificity protein- (Sp-) and Kriippel-like
factors (KLFs) are a family of these factors which is centered on
Sp1 (specificity protein-1), which was one of the first regulatory
transcription factors identified as a factor which stimulates the
simian virus 40 (SV40) early promoter by binding to its GC-rich
promoter sites [11]. Subsequent categorization of the genome
showed that Spl and its related factors show sequence simi-
larity centered on the zinc-finger region with other zinc finger
transcription factors related to the Kriippel gene as identified in
Drosophila as being a gap segmentation gene [12—19]. We now
understand that there are approximately 20 of these factors in
mammals and through gene mutation studies that these factors
often have individual biological functions. For instance, KLF1
(aka erythroid KLF, EKLF) is required for erythrocyte devel-
opment. Interestingly, studies in zebrafish have shown that the
KLFs have evolved to function mainly in the blood and circula-
tory organs [20]. Thus, the KLFs are an excellent target for our
work which centers often on the cardiovascular role of proteins.

We set out to understand the role of transcription factors
in chromatin regulation with a focus on the Sp/KLF fac-
tors in cardiovascular pathophysiology. Recent studies have
shown that chromatin transcription is regulated by three classes
of factors which include (1) modification enzymes such as
methylases and acetylases, (2) ATP-independent nucleosome
assembly factors which are also called histone chaperones, and
(3) ATP-dependent nucleosome assembly factors. These factors
through protein—protein interactions and post-translational mod-
ifications affect their target protein (e.g. histones, transcription
factor) to regulate transcription.

Using the zinc finger DNA-binding domain region, which
is often an interface for protein—protein interactions, of Spl
and KLF5, the latter being a Kriippel-like factor important
in mediating cardiovascular remodeling in response to exter-
nal stress, we affinity purified proteins which interact with
these peptides from nuclear extract and identified them by
use of matrix assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI TOF-MS) with subsequent pep-
tide mass fingerprinting/post-source decay (PMF/PSD) analysis.
We identified an ATP-independent nucleosome assembly factor,
template activating factor-I (TAF-I/SET), to interact with both

Spl and KLF5 [21,22]. TAF-I/SET inhibited the DNA-binding
and promoter activation activities of Sp1 and KLF5, and thus acts
as a transcriptional repressor. We had previously shown through
a focused approach that Sp/KLF factors are differently acety-
lated. We found that the coactivator/acetylase p300 interacts
and acetylates KLF5 to coactivate transcription and interest-
ingly that TAF-I/SET could mask KLF5 from being acetylated
by p300. These showed that TAF-I/SET could inhibit acetyla-
tion of transcription factor. We also showed the regulation of
these factors under pathophysiological conditions. Under phor-
bol ester stimulation (as a model agonist of pathophysiological
stimulation), KLF5 was upregulated as was its downstream gene,
platelet-derived growth factor A-chain (PDGF-A), but inter-
estingly the repressor, TAF-I/SET, was downregulated under
these conditions thus likely allowing for stimulation of tran-
scription. As p300 has been shown to be induced by phorbol
ester, it is likely that coordinated induction/repression of cofac-
tor with transcription is important for transcriptional regulation.
We further showed that protein—protein interaction (e.g. p300,
TAF-I/SET) is coupled with post-translational modification (e.g.
acetylation), and thus showed a novel mechanism of transcrip-
tional regulation as defined by proteomic approaches. We further
went on to show that the deacetylase, HDAC1, competes with
p300 for interaction with KLFS5, which showed that deacetylase
regulates transcription at levels other than catalytic regulation
[23]. Through our studies and those of others, we now know
that the Sp/KLF factors, aside from histones, are the only
family of factors which associates with all three classes of chro-
matin remodeling factors, with further regulation among these
classes of chromatin remodeling factors [4]. Thus, proteomic
approaches, which often excel in identifying protein—protein
interactions as well as post-translational modifications, played
an important role in identifying a novel pathophysiological tran-
scriptional regulatory mechanism.

We have further carried out crystallographic studies to
understand the biophysical mechanisms of the protein—protein
interaction and post-translational modifications as stated with
the ultimate goal to develop pinpoint drugs/compounds to
specifically regulate chromatin transcription in the context of
pathophysiological regulation. We have already solved the crys-
tal structure of TAF-I/SET [24]. Co-crystal structure analysis
should allow for designing specific compounds. Thus our func-
tional and structural proteomic analysis is a model approach for
comprehensive understanding of the role of proteins in cardio-
vascular pathophysiology.

In summary, proteomic approaches have been instrumen-
tal in the discovery of new pathophysiological mechanisms
of cardiovascular disease involving protein—protein interaction
and post-translational modification (acetylation). Given that our
studies were done in a timely manner as concurrent with studies
by others to study the role of epigenetic regulation with a focus
on acetylation/deacetylation in the cardiovasculature, the field of
cardiovascular research has much advanced in its comprehensive
understanding of involved proteins in recent years. Importantly,
in contrast to the work of others which have been mainly focused
on use of animal models, our proteomic studies have allowed for
understanding the underlying pathogenic mechanisms at the pro-
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tein level which complement these works done using different
approaches. These mechanistic insights will likely lead to new
approaches for therapeutic intervention. Cardiovascular disease
now sets a benchmark for understanding epigenetic regulation
in disease and will likely impact other fields (e.g. metabolic dis-
ease, cancer) which are diseases with similar acquired changes
in later life.

One concern which remains for proteomic analysis is that the
abundant protein is the first to be identified, which may not nec-
essarily physiologically relevant. More emphasis on combined
functional assays with MS-based identification will be needed.
We were fortunate that our selection of protein interaction
domain and cell conditions resulted in favorable results. How-
ever, it is important to note that much trial-and-error was needed
in establishing conditions which benefited much from our expe-
rience and training in classical cold-room techniques using
chromatographic columns to separate proteins. Essentially, the
MS-based techniques were more a technological advancement
allowing for detection with less amounts of protein, but the
questions and experimental logic for procedure used were more
consistent with those of the past. Knowledge and experience
in protein purification are thus likely prerequisites for effective
use of MS-based techniques. Further studies will likely be aimed
at the better understanding of the temporo-spatial regulation of
protein—protein interaction and post-translational modification
in the combinatorial context (e.g. complex) with further under-
standing of their roles in situ using imaging MS techniques
which are being developed at present. The eventual development
of an interaction and regulatory map of proteins in disease states,
not only in cardiovascular medicine but in all medical fields, will
surely allow for better understanding of the pathophysiology as
well as allow for targeted therapeutic intervention.

3. Proteomic analysis of extra-cellular proteins

For extra-cellular proteins, we have focused on discover-
ing new proteins and their functional roles for exploitation in
diagnostic purposes (e.g. biomarkers) as well as for therapeutic
purposes (e.g. bioactive molecules). Since the pioneering work
of predecessors of the lab in which cardiac myosin light chain
was purified and then applied to diagnosis of myocardial infarc-
tion [25], clinical application of protein chemistry has been
a longstanding research topic. The authors have also recently
shown that vascular smooth muscle proteins can be used in diag-
nosis of aortic dissection [26-29], which is the first diagnostic
application of a blood test for this disease, as well as study-
ing various oxidized LDL assays in the diagnosis of coronary
artery disease [30-32], in addition to characterization of other
cardiovascular diagnostic markers such as the natriuretic pep-
tides among others (e.g. interleukin-6 in coronary artery disease)
[33-35].

Thus, with this longstanding background in diagnostic appli-
cations of protein-based markers and assays, the authors were
keen to introduce MS technology to the lab early on. We first
used MALDI-TOF MS over 5 years ago not only to identify
post-translational modifications (e.g. acetylation) in the above
mentioned intra-cellular proteomic studies but also aimed at

using this technology to identify new pathophysiological pro-
teins in the cardiovasculature.

There are two critical determinants of using MS-technology
for detection of proteins. First is the detector as exemplified by
MALDI-based MS detection as well as electrospray ionization-
type detection (ESI). Importantly, MS technology allows for
detection of minute amounts of protein as would not have been
possible by classical techniques. The other important determi-
nant is fractionation or pre-MS separation procedures. This is
the most important step for any protein identification or detec-
tion procedure, either being a classical technique or recent one.
Finally, developing a workflow which best suits the specific
needs of the lab must be developed based on these steps. For
instance, if working with blood samples, a further workflow
involving sample preparation prior to the separation procedure
must be optimized.

Our studies have been focused on addressing the possibil-
ity of using MS-based technologies not only as a research tool
but also as a diagnostic tool for clinical medicine with a par-
ticular focus on blood-based techniques. On the former point
of the detector, while we also use ESI-based techniques as a
research tool, we have focused in main on using MALDI-based
detection. At present, four devices are used in the lab which
include a PerSeptive Biosystems Voyager DE-STR, Ciphergen
ProteinChip PBSII reader, and Shimadzu Biotech AXIMA-QIT
and AXIMA-CFR plus instruments. Our findings and opinions
are based primarily by use of such equipment and workflow as
optimized for such. Clearly, the more sophisticated and sensitive
instrumentation provides more information on the sample, but
questions still remain on quantitative assessment, reproducibil-
ity (between-run), and standardization as would be necessary for
diagnostic use. Further, the specifications as would be needed for
diagnostic detection have yet to be determined. As our knowl-
edge and experience with this technology advance and specific
diagnostic content and protocols become established, the speci-
fications as necessary for diagnostic use will become apparent.
Only then will a MS device specific for clinical diagnostic use
become available and most likely be refined for this purpose.
One further important issue for clinical diagnostic use would be
that the pricing of MS devices decrease to a reasonable level
to allow wide use as well as ease-of-use, but this will likely be
dictated by the necessary specifications needed.

The issue of protein fractionation has remained the most
challenging aspect. In blood, approximately 20 proteins includ-
ing albumin, IgG, and haptoglobin among others comprise the
majority of the proteins available. At present, methods are avail-
able to facilitate specific removal of these abundant proteins
from blood (e.g. Agilent, Beckman Coulter), but at times the
protein of interest may be attached to these abundant proteins
for which clearance may not necessarily be wise. lon exchange
and other protein purification procedures can be applied at
micro-scale levels to separate proteins as well. One technology
which warrants mentioning is the surface enhanced laser desorp-
tion ionization (SELDI) MS technology (Ciphergen/Bio-Rad)
which is characterized by chemically modified surfaces simi-
lar to chromatography (e.g. ion-exchange, metal-affinity, etc.),
but importantly manipulated on the MS plate thus allowing for
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both separation of protein as well as subsequent detection. This
seemed to be an advantageous solution to a single workflow for
on-chip fractionation and high-throughput analysis, although a
verdict has yet to be reached. Numerous diagnostic applications
of this technology are presently under investigation mainly in
the field of cancer (e.g. ovarian cancer, prostate cancer) [36,37],
as are studies which address its reproducibility (e.g. different
centers) [38] as would be necessary for a diagnostic platform.
Although an approved diagnostic use has yet to become avail-
able, studies have shown that MS-based diagnosis may provide
early and sensitive detection of ovarian cancer as compared to
the classical tumor marker, CA125, for example [36].

Two-dimension electrophoresis (2D-PAGE) and immuno-
based separation procedures remain major areas of research.
2D-PAGE has been classically used for protein separation as
well as differential analysis, and presently labeling methods as
well as computer-assisted identification procedures have much
facilitated this technology. It is important to note that MS tech-
nology is most optimized for detection of peptides and small
molecules (e.g. <5000 daltons) and when proteins and larger
molecules are of interest, 2D-PAGE separation still remains a
viable procedure despite its low-throughput. How to improve
upon 2D separation procedures therefore remains an important
topic. One recent technology which warrants mention is the PF
2D system (Beckman Coulter) which allows separation of pro-
teins by two-dimensional liquid chromatography system based
on separation by chromatofocusing with subsequent reversed-
phase chromatography. We performed differential proteomic
analysis using an animal model of diabetes mellitus and associ-
ated metabolic disorders (Otsuka Long-Evans Tokushima Fatty
rat) using this system [39]. Differentially expressed proteins
in serum were identified with MALDI-TOF mass spectrome-
try including apolipoproteins and alpha2-HS-glycoprotein. This
was the first application of this approach to differential serum
proteomics. While this technique still is in early stages and has
poor throughput, it shows the potential of non-gel-based 2D
techniques in identifying disease-associated proteins. A micro-
scale 2D device for clinical use, if developed, would clearly be a
welcomed tool not only for research but also for possible clinical
diagnostic use.

Antibody-based immuno-separation is also an attractive
procedure once the protein of interest is identified. Optimal
procedures and platforms (e.g. beads, plates) for the use of
immuno-based separation will also need to be addressed. Impor-
tantly, as protein fragments may be associated with disease as
well as their modifications, immuno-based isolation will likely
be pivotal for clinical application. For instance, fragmented and
modified forms of the cardiac troponin protein are known to be
associated with cardiac disease [40,41].

Whether MS instrumentation will find its way into main-
stream diagnosis remains a question to be answered, but it
is already used for diagnosis of inborn metabolic disorders
and familial Amyloidosis among others. For this technology to
become a viable addition to diagnostic testing, it will need to
show that it is cost-effective and also to show important infor-
mation which cannot be detected by any other technique. For
instance, protein fragmentation and post-translational modifica-

tion in disease are surely attractive targets in which detection
by MS would excel, and for this to be a viable test would likely
require that a panel of antibodies (e.g. protein chip) become
available to allow for effective detection (e.g. cost, time). Quan-
tization, reproducibility, and portability are also issues which
remain to be addressed.

4. Conclusions—implications and lessons learned

In all, this review has summarized our approaches to pro-
teomic medicine, and how we have used it in our lab to better
understand cardiovascular pathophysiology with a focus on epi-
genetic regulation as well as biomarker discovery with further
interest in clinical application of the technology. Although clini-
cal application or exploitation of MS technology is still in young
stages, further advancements will surely clarify the use of this
biotechnology as a medical tool.

In a general context, the cardiovascular proteome is a cur-
rent topic of interest and in the United States the National
Heart, Lung, and Blood Institute (NHLBI) has started a clin-
ical proteomics working group that is charged with identifying
opportunities and challenges in clinical proteomics and using
these as a basis for recommendations aimed at directly improv-
ing patient care [42]. The Human Proteome Organisation
(HUPO) plasma proteome project also had a cardiovascular
substudy which catalogued plasma proteins to be used as a
resource [43]. Other studies have been ongoing on a global level
to address the technologies and their results as would be relevant
to cardiovascular disease. Although most studies have resulted
in cataloging differential protein profiles in cells and disease
states [44,45], this is an important initial step in determining
the potential of the technology and cross-referencing of results.
Given the various technologies and instrumentation available at
present, these studies should be of value in determining which
method meets the needs for specific aims. As we learn through
our experiences in parallel with the advancements in technolo-
gies and instrumentation, this field will surely rapidly evolve
within the coming years. Eventually, we aim to have a com-
prehensive understanding of protein dynamics (e.g. interaction,
modification, degradation) in disease both at intra- as well as
extra-cellular levels with ultimate goals of better understanding
pathophysiological mechanisms which will lead to development
of new diagnostic and therapeutic techniques.
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