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Abstract
While proteomic methods have illuminated many areas of biological protein space, many
fundamental questions remain with regard to systems-level relationships between mRNAs,
proteins, and cell behaviors. While mass spectrometric methods offer a panoramic picture of the
relative expression and modification of large numbers of proteins, they are neither optimal for the
analysis of pre-defined targets across large numbers of samples nor for assessing differences in
proteins between individual cells or cell compartments. Conversely, traditional antibody-based
methods are effective at sensitively analyzing small numbers of proteins across small numbers of
conditions, and can be used to analyze relative differences in protein abundance and modification
between cells and cell compartments. However, traditional antibody-based approaches are not
optimal for analyzing large numbers of protein abundances and modifications across many
samples. In this perspective article, we will review recent advances in methodologies and
philosophies behind several microarray-based, intermediate-level, “protein-omic” methods
including a focus on reverse phase lysate arrays and micro-western arrays that have been helpful
for bridging gaps between large- and small-scale protein analysis approaches and have provided
insight into the roles that protein systems play in several biological processes.
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This article is intended to serve as an introduction to the philosophies and methodologies
behind protein-omic approaches from our personal perspective. Throughout this article, the
adjective “protein-omic” will be applied to describe affinity-based methods used for the
targeted analysis of tens to thousands of pre-defined protein targets. The philosophies behind
protein-omic and proteomic methods are quite different and are suited to answer different
sets of biological questions. The beginning of this article will be devoted to describing the
philosophies and methodologies that were precursors of micro-array based protein-omic
methods: namely the DNA microarray approach for analysis of mRNA expression and the
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western blotting method for analysis of proteins. We will then describe several early
examples of protein microarray-based protein-omic approaches applied to the analysis of
human cell signaling proteins and will then conclude by focusing on some of our recent
advances in the development and application of micro-western arrays—a recent next
iteration of the reverse phase cell lysate array method—for interrogating two different
questions in the fields of systems biochemistry and genomics: 1) the architecture of EGFR-
related signaling networks; and 2) the relationship between heritable variation in the human
genome and variation in protein expression and cellular behavior. We strongly believe that
systems level insight into many areas of biology will be accelerated by integrating protein-
omic data with other systems-level data sets.

Advances in DNA sequencing technology—more specifically, the ability to sequence the
whole genomes of organisms—ushered in the era of genomics. Knowledge of the sequences
of genomes [1][2] coupled with our ability to quantify changes in mRNA expression using
DNA microarrays and other technologies [3] were important early methodological drivers of
the field of functional genomics. These methods enabled biologists to simultaneously
monitor the relative expression levels of nearly all genes in a genome. More recently, the
further refinement of microarray methods and the development of more sophisticated
sequencing methods [4],[5],[6] have allowed for the identification [7] and more precise
quantification of the levels of lowly abundant mRNA and miRNA transcripts [8] and
identification of common and rare genetic polymorphisms. A distinguishing feature of next-
generation sequencing and expression microarray methods versus most currently used
protein analysis methods is their ability to simultaneously leverage the powers of
multiplexing and throughput to obtain a relatively comprehensive understanding of mRNA
expression space. Sequencing and microarray methods can be compared and contrasted to
analytical chemistry-derived methods. While DNA microarrays and mass spectrometers can
both analyze many genes or peptides from a single condition respectively, DNA microarrays
capture a much larger proportion of total mRNA expression space than a mass spectrometer
is able to capture for protein expression and modification space. Additionally, while the
number of DNA microarray experiments performed at any one time can be scaled up rather
cheaply by using more microarrays, the number of experiments that can be performed by
mass spectrometers cannot be easily scaled up without investing in many new instruments
and trained personnel. In contrast to microarray approaches where targets can be pre-
selected for studying a system of related genes or proteins, mass spectrometry approaches
are not as easily amenable to the study of pre-selected protein targets. While one can more
reproducibly target sets of peptides through the use of single or multiple reaction ion
monitoring approaches [9], much more effort must be invested in determining the
appropriate conditions for measuring peptides targeted with this approach than would have
to be invested to analyze targeted gene sets with expression microarrays.

The ability to simultaneously analyze nearly all human genes distinguishes
the field of genomics from proteomics. Fundamental and novel mechanistic
insight is likely to result from the deep and comprehensive analysis of
protein systems and their relationship to cell behaviors under many
conditions

The techniques and approaches used for monitoring mRNA expression can be traced back to
the Southern blotting method [10],[11], which was initially used for measuring the size and
identity of DNA fragments by applying a combination of gel electrophoresis and DNA
hybridization methods. Adaptation of the Southern blotting method to the analysis of mRNA
sizes and abundances was then described as the northern blotting method [12],[13],[14],[15],
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[16]. The northern blotting method and the related ribonuclease protection assay were useful
for the quantification of changes in mRNA abundance and splice site usage of small
numbers of target genes following a small number of conditions [17],[18]. The method
required a great deal of human intervention at multiple steps of the pipeline, including the
application of each sample to wells of custom-made polyacrylamide gels by human hands.
The method additionally required a great deal of effort at the stage of data analysis and
interpretation. Arguably, it was not until the advent of DNA microarrays that the expression
profiling approach was transitioned from answering small-scale, hypothesis-driven questions
to providing discovery-driven insight regarding whole gene systems. The power to
interrogate the expression changes of many genes simultaneously was then applied for
addressing many fundamental biological questions, and represented a major leap forward in
many fields of genetics and genomics. DNA microarrays and the related serial analysis of
gene expression (SAGE) method were initially applied primarily by geneticists to
complement other genetic approaches from model organisms [3],[19],[20]. However, the
philosophy and methodologies of proteomics have been developed and applied primarily by
analytical chemists. Analytical biochemists, unlike geneticists, have historically been
engaged in identification and quantification of system parts rather than in exploring the
coordinated behavior of biological systems following large numbers of perturbations. While
large-scale protein interaction maps have been defined with mass spectrometry approaches
[21], [22], temporal quantitative analysis of those relationships is not straight-forward due to
the challenges in quantitatively relating more than a handful of samples to each other with
isotopic labeling methods.

Comprehensive analysis of protein systems across many conditions is not
easily achieved by current proteomic methods

Functional genomic methods were able to extend their analytical reach to the simultaneous
analysis of a nearly comprehensive set of all genes in an organism in a relatively short time
frame. However, current proteomic approaches are still unable to reproducibly report on the
abundance or modification of more than a fraction of total proteins in a population of cells
across multiple conditions. For example, only 60% of 689 predicted open reading frames
(ORFs) in Mycoplasma pneumonia [23], 66% of ORFs [24] in yeast, 54% of ORFs in C.
elegans [25], and 50% of ORFs in Arabidopsis thaliana [26] have ever been detected
respectively by mass spectrometry projects aimed at identifying proteins in each organism.
The inability to detect the full complement of predicted ORFs could be a result of the lack of
expression of classes of proteins under the relatively small number of conditions examined
in the studies. However, the observation that peptides from soluble, highly expressed
proteins are typically over-represented versus lowly expressed transmembrane proteins [27]
and that non-mass spectrometry methods have previously detected many of these missed
proteins [28] suggests that current mass spectrometry methods reproducibly observe only a
subset of sample peptides which is biased towards abundant proteins.

The difference in scope between genomic and proteomic approaches has been driven, in
part, by the reality that the analysis of proteins is substantially more complex than for
nucleic acids. Firstly, complexity in protein isoforms, structure, and function arises from the
translation of mRNAs at multiple start sites; secondly, proteins are processed and modified
at many sites in a manner that varies from protein to protein; lastly, the physiochemical
makeup of proteins and peptides is diverse with major differences in polarity, charge, and
amenability to cleavage with a given set of proteases in a particular analytical pipeline.

A major attractive feature of mass spectrometry is that few or no affinity reagents are
theoretically required to measure the abundance of a particular protein. Currently, there
exists no universal synthetic affinity reagent for the high-throughput analysis of all protein
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isoforms and modification states. Rather, a great deal of time and effort has to be expended
to generate an affinity reagent to each protein isoform or modification of interest. The
cheapest and quickest custom affinity reagents are typically polyclonal antibodies directed
against small fragments of a protein. However, the total amount of affinity reagent generated
with each immunization protocol is only sufficient for a relatively small number of protein
analyses using conventional immunoblotting or similar approaches. After the reagent is
consumed during use, a whole new pipeline of antibody generation and validation must then
be undertaken to produce another new affinity reagent that may perform markedly
differently than the last version with respect to antigen affinity and selectivity. Because of
these limitations, most large scale protein analysis projects have relied heavily on mass
spectrometric approaches. However, as DNA microarrays and antibody approaches can be
likened to bullets specifically aimed at pre-selected targets, mass spectrometry can be
likened to a shotgun: in each mass spectrometry experiment, a small subset of total targets is
identified and quantified with a probability based on a complex function of variables
including protein abundance, enrichment pipeline, particular mass spectrometer and mode of
operation used, etc. For early discovery-driven efforts aimed at detecting new proteins and
modifications, such an approach was ideal. For the analysis of biological systems, a more
ideal approach would allow for the analysis of predefined target sets following large
numbers of time points and following large numbers of perturbations.

Historically, researchers applying proteomic methods used either two-dimensional gels to
reduce the complexity of the starting pool of proteins based on size and isoelectric point
[29],[30],[31] or used multi-dimensional high performance liquid chromatography (HPLC)
[32],[33] to reduce the complexity of proteins based on hydrophobicity and charge and then
used mass spectrometry to identify the bands in the gels [34] or the fractions eluting from
the HPLC column. The advent of isotopic labeling approaches for mass spectrometry [35],
[36],[37],[38],[39],[40] enabled the more quantitative measurement of the relative
abundances of proteins across samples. Currently, multiplexed versions of these isotopic
labeling methods theoretically allow for the relative abundance of proteins to be assessed
from up to eight conditions simultaneously. In practice, however, multiplexed isotopic
labeling methods still require a great deal of expertise to avoid erroneous interpretation of
the derived data [41]. Requirement of isotopically pure labeling reagents also renders each
experiment very expensive relative to the cost of standard immunoblotting experiments.

Even with the most sophisticated separation methods and instruments currently available,
only a limited slice of total protein expression and modification space can be analyzed with
any single combination of methods and instruments. If one enriches for a certain protein
modification type, then one inevitably loses the ability to simultaneously quantify and relate
the levels of proteins containing different modifications. Additionally following enrichment
of one modification type, one loses the ability to compare the ratio of modified and
unmodified forms of proteins. Without enrichment methods, even modern mass
spectrometers will typically be unable to reproducibly observe proteins of low abundance or
modifications of protein stoichiometry due to the high competing signals of peptides from
more abundant cellular proteins. While sensitivity for identifying a particular protein or
peptide can be greatly increased by training a mass spectrometer on a particular precursor or
product ion mass at a particular HPLC elution time window, a great deal of effort must be
invested to learn what peptides will elute at different times following different protocols and
under what fragmentation conditions a particular peptide can be observed or sequenced.

In summary, functional genomics approaches have recently enabled a more comprehensive
analysis of mRNA transcript abundances from a theoretically unlimited number of samples.
Conversely, proteomic approaches are typically able to monitor a small subset of the total
protein space across four to eight sample conditions.
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In contrast to discovery-driven proteomic approaches, most mammalian cell and molecular
biologists have typically utilized hypothesis-driven approaches that involve the analysis of
small numbers (typically on the order of 5 or 10) of protein targets per experiment. As an
example, the epidermal growth factor receptor tyrosine kinase has been studied by many
groups for more than 20 years in the context of cancer biology (for review see [42],[43],
[44],[45]). Molecular and cellular biologists studying the effects of small molecule inhibitors
on the EGFR system have typically monitored the changes in modification or abundance of
EGFR, and several downstream effectors from canonical pathways such as the Src family,
MAPK, AKT, mTOR, and the Stat family proteins [46],[47]. Thus, cell and molecular
biologists have and typically continue to study the coordinated activity of 5 to 10 proteins at
a time despite knowledge based on previous discovery-driven mass spectrometry
experiments indicating that thousands of cellular proteins undergo changes in abundance,
phosphorylation, and other forms of modification following EGF stimulation. Cell biologists
have typically relied on small-scale protein analysis methods such as immuno-histochemical
staining, western blots, and enzyme-linked immunosorbent assays (ELISA) following
genetic or other types of perturbations to study the EGFR system. Nearly all of these
methods rely in some way on the use of antibodies or other similar affinity reagents.

In comparison to mass spectrometric approaches, antibody-based methods are unable to
quantify protein abundances or modifications until an affinity reagent has been generated for
detecting it. If one desires the ability to study thousands of proteins with affinity-based
methods, thousands of unique affinity reagents must first be created and then validated for
use with many cell types. Similarly, if one desires the ability to observe site-specific
modifications of thousands of proteins, then a unique affinity reagent must be generated for
each particular modification.

Targeted protein-omic methods are bridging the gap between proteomics
and hypothesis-driven protein analysis approaches

Between the two extremes of discovery-oriented mass spectrometry approaches and
hypothesis-driven western blotting approaches, a new group of affinity-based approaches
has been developed in the past decade and a half that leverages many of the increases in
throughput, multiplexing, and automation provided by microarray and flow-sorting devices.
This class of protein analysis methods has previously been described as focused proteomics
[48] or targeted systems analysis approaches. Given the current trajectory of evolution of the
methodologies, approaches, and philosophies for comprehensively studying ever-larger sets
of gene families, we describe this new burgeoning class of approaches with the adjective
“protein-omic” (Fig. 1). This description underscores the importance that such approaches
place on reproducibly studying collections of pre-defined protein targets. Protein-omic
approaches are ideal for building models of biological systems because they allow for
related proteins to be interrogated under many conditions using many complementary
approaches. The proteins under study with such approaches are typically pre-selected based
on previous knowledge of the system at hand.

Evolution of microarray-based protein-omic methods
In the late 1990s and early 2000s, many independent groups began to leverage the
multiplexing, automation, and throughput advantages of the microarray (for in depth-review
see [49]) and flow-sorting methodologies [50],[51],[52] for analysis of protein systems.
Three of the more prominent microarray-based approaches used to analyze protein
abundances from complex cell lysate mixtures include forward phase, sandwich, and reverse
phase cell lysate microarrays (also called RPLAs).
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Forward phase arrays
One of the first methods described was the forward phase cell lysate array [53] (Fig. 2a).
With this method, antibodies were first deposited onto glass slides with a microarrayer.
Subsequently, cells grown under different conditions were independently lysed, and their
complex protein mixtures labeled independently with two differently colored dyes as in a
standard mRNA expression profiling experiment. These two mixtures were then applied to
the glass slides containing immobilized antibodies and the relative integrated intensities of
the dyes were quantified to determine the relative abundances of proteins in the different cell
samples. In practice, interpreting the data obtained by this method was complicated by the
difficulty in labeling all proteins in a cell with a particular stoichiometry of dye molecules as
well as the difficulty in generating affinity reagents with the ability to quantitatively
immuno-precipitate proteins from complex cell lysates following surface immobilization.

Sandwich arrays
Another approach was subsequently described that functioned as a miniaturized sandwich
enzyme linked immunosorbent assay (ELISA) [54] (Fig. 2b). With this methodology, a
monoclonal capture antibody was covalently immobilized onto the surface of glass slides.
Following blocking of the slides with a protein such as bovine serum albumin, a complex
lysate mixture was then incubated with the slides in order to capture particular proteins from
the mixture. A second antibody was then added to detect the captured protein. This second
antibody contained either a dye or another feature for quantifying the relative abundance of
proteins in the complex mixture. While this methodology allowed for much greater
selectivity in protein analysis owing to the use of two antibodies, it also suffered from the
requirement for two monoclonal antibodies with high affinity and selectivity which bound to
independent antigen epitopes so as not to compete with each other for binding to the antigen.
An additional substantial limitation of this approach is the potential for multiple antibodies
within the sample to cross react with each other and interfere with the reporting of other
antigens in the context of a complex lysate mixture.

A recent flow cell-based version of this approach has been described that mitigates some of
the cross-reactivity problems inherent in multiplexed approaches that combine many
antibodies in the same solution. In this new approach, magnetic bead-linked antibodies are
incubated in sequential fashion with cell lysates in the solution-phase. Then, following
magnetic capture, these beads are incubated with secondary antibodies and quantified via a
bead-based flow sorting machine [55].

Reverse phase lysate arrays (RPLA)
With the development of the reverse phase cell lysate microarray (RPLA) methodology,
picoliter volumes of proteins were micro-arrayed directly to nitrocellulose-coated slides
[56],[57],[58],[59],[60],[61],[62] (Fig. 2c). Then, following noncovalent immobilization, the
abundance and modification of proteins were measured with a primary antibody directed at a
single protein or modification followed by the addition of a secondary antibody directed at
the primary antibody analogously as in a standard western blot. This approach has achieved
wide-spread use for quantification of a relatively small but growing number of proteins in
both clinical and basic research applications. The approach has achieved the greatest usage
in core type facilities where a great deal of effort has been devoted to screening and
validation of antibodies for use in the approach. Typically antibodies are first screened
against pools of lysates from several different cell lines using a standard western blotting
method. When a large proportion of the antibody signal is found to originate from a single
band at a position on the blot corresponding to the predicted molecular weight, then the
antibody is more likely to be useful with the RPLA approach [63],[64],[65]. If multiple
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bands are observed, in addition to the band at the correct molecular weight, then the
antibody may not be useful with the approach because RPLAs are unable to discriminate
between proteins of different sizes. A potential problem with the RPLA methodological
pipeline is that even if most of an antibody signal appears to originate from a single band
when observing pooled lysates, each cell line may contain a unique series of cross-reacting
proteins that may be beneath the level of detection when diluted in the context of a pool of
lysates, but may result in substantial off-target signal when analyzed at maximal
concentration in the context of a single cell line. Off-target signals observed in the context of
a western blot will result in the addition of a constant background signal in the context of a
reverse phase lysate array. This constant signal results in compression of the dynamic range
of the true signal. Dynamic range compression may result in the masking of true differences
in protein expression or modification across cell lines or tissues.

When a series of pre-screened phospho-specific antibodies were examined side-by-side
using both western blots and reverse phase arrays, 4 of 34 antibodies generated identical
signals, 8 of 34 antibodies showed signals with compressed dynamic range by RPLA, and
22 of 34 antibodies did not show substantial change in signal when examined by RPLA that
showed substantial changes in signal by western blots [66]. This antibody cross-reactivity
problem is likely to extend to any antibody-based approach that results in signals with no
meta-data such as protein size or charge. Such approaches would include immuno-
histochemistry, flow cytometry, etc.

Because of the requirement for testing a large number of antibodies to achieve a small
number that faithfully report accurate protein abundances, the method has primarily been
used to analyze a relatively small number of proteins across a large panel of samples. This
approach has been useful for analysis of phosphorylation states of clinical samples and for
the temporal analysis of cellular phosphorylation states following stimulation of cells with
growth factors, small molecule inhibitors, and siRNA reagents [67].

While we and likely many others were dismayed at the large amount of work required to
achieve a modest set of validated antibodies for the approach, we have since developed the
micro-western array approach described just below which allows for more rapid screening
of antibodies than was previously possible and subsequently allows for antibodies with
modest off-target problems to be used in a rapid manner to interrogate many biological
conditions. Thus, with a combination of reverse phase lysate arrays and micro-western
arrays, we are able to scan deeper (i.e. more conditions) and wider (i.e. more proteins and
modifications) into protein space than was previously possible.

Micro-western arrays
A few years ago, our lab began working to develop a method that would leverage the
throughput and multiplexing capabilities of the reverse phase lyate array method but allow
for electrophoretic separation of protein samples such as in the common western blotting
method. Through electrophoretic separation of complex protein mixtures we developed the
micro-western arraying method to alleviate some of the problems of cross-reactivity that
have limited the number antibodies that can be used with RPLAs [68] (Fig. 2d). With this
method, six cell lysates were deposited 96 times onto the surface of acrylamide gels with a
non-contact microarrayer. Following electrophoresis and transfer to nitrocellulose, printed
replicates of these six lysates were confined to individual wells via gasketing devices and
each well was probed with two antibodies each, permitting up to 192 unique proteins to be
assessed per 96-well device. 1152 protein measurements were therefore possible in the first
iteration of the method for each micro-western array.
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We developed a method to cast acrylamide gels in such a way that they could be
subsequently arranged on the arrayer deck for the micro-arraying process. Casting the gels
with sheets of fabric provided sufficient tensile strength to the gels to allow them to be laid
out along the arrayer deck without being easily damaged.

Next, a method was designed that would allow us to deposit the samples onto gels and allow
them to be electrophoresed en masse. Depositing the samples directly to the gel in ten
iterative spotting deposits allowed for nearly local saturation of protein into the gel and
required no physical separation combs or stacking gels. This format allowed for proteins
from six independent cell lysates and one protein standard to be examined simultaneously
and required about two hours for micro-arraying two gels that would ultimately lead to the
production of two 96-well micro-western arrays. Three days were required to conduct the
entire method from the point of arraying the cell lysates to the stage of analyzing images.

We then applied the micro-western array methodology to reproducibly examine a larger
number of phosphosites temporally across a larger number of conditions than had previously
been described [68]. Following the screening of about two hundred antibodies for signals at
the predicted molecular weight in A431 cells stimulated with EGF, we chose 91 phospho-
specific antibodies for the study. The analysis implicated several putative mechanisms of
receptor tyrosine kinase coactivation, including: 1) transient inactivation of phosphatases; 2)
direct trans-phosphorylation of heterotypic receptor tyrosine kinases via receptor hetero-
dimerization; 3) indirect trans-phosphorylation of heterotypic receptor tyrosine kinases by
intracellular tyrosine kinases; and 4) release of latent growth factors via activation of
extracellular proteases. We are currently working to test the relevance of each of these
sources of receptor tyrosine kinase trans-phosphorylation and transactivation and are
building models of network influences that take into account much larger numbers of
phosphosite nodes.

We have since collaborated with several other laboratories to perform a similar approach.
Typically in the first step, we perform a discovery-oriented screen of protein or modification
changes in cells from few conditions using about 96 antibodies aimed at monitoring many
different cell processes and then in a subsequent step, we monitor the changes in a focused
set of targets over a larger set of time points and conditions.

Advantages of protein-omic approaches
The increased number of experimental conditions able to be addressed by protein-omic
approaches affords one the opportunity to measure the temporal response of the system to
combinatorial stimulations and inhibitions. The data from such experiments can then be
analyzed with abstract modeling methods, such as principal component analysis and
multivariate linear regression techniques [69]. Regression techniques have the added
advantage of identifying significant covariates between activated proteins in signaling
networks and cell phenotypic responses across the experimental conditions probed. Even
probabilistic network inference techniques, such as Bayesian network models [70], which
are powerful for identifying conditional dependencies between cell signaling nodes in an
experimental dataset, become more robust and meaningful due to the large experimental
space afforded by protein-omic approaches. Clustering techniques and self-organizing maps,
which serve to divide similarly expressed genes or proteins into subgroups for visualization
or functional interpretation are also aided by the ability to probe across a larger number of
conditions afforded by protein-omic approaches.

Several studies have already shown a glimpse of the insight that can be obtained by
combining protein-omic approaches with computational techniques in the study of cell
signaling networks. For example, time courses of 31 intracellular signals were measured via
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quantitative Western blotting with 16 combinatorial stimuli of extracellular ligand and
matrix components [71]. Simple statistical data analyses allowed for signaling nodes to be
correlated with differentiation and self-renewal phenotypes in murine embryonic stem cells.
In another study, sandwich arrays were utilized to compare the dynamics of 17 intracellular
signals of primary human hepatocytes and human hepatocarcinoma cells under seven
stimulatory conditions and seven inhibitors [72]. Simple regression of the affinity-based
signaling network dataset revealed unexpected downregulation of inflammatory signaling in
transformed hepatocytes reflecting their poor innate immunity. In addition to the discovery-
oriented protein-omic work, more hypothesis-driven work has been performed to answer
relevant questions in signal transduction, especially to elucidate network cross-talk. For
example, cells are under constant stimulation by conflicting signals, and activation of the
TNF receptor results in activation of both pro- and anti-apoptotic downstream pathways; yet,
healthy cells robustly elicit cell death despite conflicting signals [73]. Affinity-based
measurements of 19 intracellular proteins over 24 hours in the presence of pro-death ligand
TNF or pro-survival EGF and insulin identified several unexpected, previously unknown
activations of downstream signals (such as pro-survival ERK activation under TNF
stimulation) [53]. Further inspection of these downstream signals led to the discovery of
several autocrine cascades that elicit extracellular activation of cell surface receptors, which
in concert regulate cell death. This dataset has also been reanalyzed to find that dynamic
range of signals could be more important for signal transduction than absolute signal
strength [74]. In another interesting study, authors queried whether the differences in
apoptotic responses of different cell lines upon treatment with TNF and adenoviral
stimulation were due to cell-specific differences in signal transduction or whether common
effectors existed that could serve as converging nodes [75]. A predictive partial least squares
regression model of only five signals under combinatorial stimulation of TNF, adenovirus,
and interferon gamma led to the understanding that there exists a common processing
mechanism with which cells are able to efficiently render apoptotic decisions. The power of
protein-omic methodologies for hypothesis-driven mechanistic research has been
demonstrated additionally elsewhere in conjunction with other elegant computational
methodologies [76],[77]. We are confident that such protein-omic approaches will be
progressively more valuable and insightful as the number of proteins analyzed per
experiment scales upward to the level of thousands of proteins across many conditions
concurrent with improved methods and higher numbers of antibodies.

Expert commentary—Many previous protein-omic studies have focused on relating
differential protein phosphorylation levels with differential cell behavior following
stimulation with perturbing agents. However, many other fundamental systems-level
questions regarding protein abundance and function remain unanswered and are prime
candidates for leveraging the power of protein-omic approaches: 1) What role does variation
in the human genome play in regulating protein expression and localization; 2) What is the
degree to which mRNA and protein expression are correlated among tissues; 3) Which
protein abundances are robust to environmental influences and which are most sensitive?

Such questions are within reach of protein-omic methods. As an example, single nucleotide
polymorphisms (SNPs) have previously been identified that correlate with either the levels
of particular mRNA or with the response of cells to chemotherapeutic agents. Protein-omic
methods are ideal for performing the same types of analysis with proteins because they are
able to easily examine relative differences in protein abundance across many samples.

While SNPs in cis-regulatory regions might influence mRNA expression, the expression of
the corresponding proteins may be buffered through alterations in mRNA translation,
protein degradation or both. Conversely, SNPs that affect the activity or stability of a protein
degradation factor may have little influence on mRNA stability but may have a dramatic
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impact on the global expression levels of whole families of proteins. Because numerous
post-transcriptional mechanisms affect protein levels, directly examining the influence of
genome loci on protein abundances can potentially provide biological insight and identify
phenotypic biomarkers that could not be captured through evaluation of the transcriptome
alone. Initial attempts at understanding the genetic basis of protein expression variation have
shown several successes in this regard but have been limited by assay sensitivity, dynamic
range, and throughput [78],[79][80][81].

To begin to address such large-scale biological questions with greater sensitivity and
scalability, the development and validation of large collections of antibodies will be
invaluable. Human transcription factors represent an attractive protein family for first-pass
analysis given their over-arching importance for many biological processes and cell
behaviors through gene regulation. By raising antibodies to all human transcription factors
and validating their performance with micro-western arrays, their relative expression and
localization could be assessed and related to other data sets including genome variation,
mRNA expression, and cellular phenotypes. In a first pass, antibody signals could be
validated by measuring the signal above background coupled with the observed versus
expected molecular weight of proteins as measured by micro-western arrays across a panel
of diverse cell and tissue types. Those antibodies that result in multiple bands of different
molecular weights would then have to be analyzed in future experiments by micro-western
arrays or another immuno-blotting approach. However, those antibodies that resulted in a
single predominant band in a test set of cell lines would then be candidates for future use
with reverse phase lysate arrays, flow cytometry, or other approaches that either are higher
in throughput than micro-western arrays or provide more detailed information regarding the
cell-to-cell variation in protein expression. Antibodies directed at proteins with interesting
correlations to genome variation or to cell phenotypes could then be subjected to further
validation such as siRNA knockdown, over-expression, or peptide competition analyses to
validate that the antibody interacts specifically with its intended target and to validate the
causal role of observed protein correlations.

Five-year view—The next five years will represent an exciting time for the refinement,
advancement, and application of protein-omic approaches. While several major road-blocks
have limited the wide-spread application of protein-omic methods, we are optimistic that
many of these road-blocks will have been lifted in the next several years. In order to begin to
assemble thousands of custom antibodies, we have contracted with private companies to
generate antibodies and then have used micro-western arrays to validate their performance.
Even after an antibody has been shown to generate a single band by a western blot in one
particular cell line or context, the possibility always exists that the next cell line will express
a protein that cross-reacts with the antibody giving rise to off-target signals. In unpublished
work, we have used micro-western arrays for partial validation of thousands of antibodies in
dozens of cell lines. By using information from micro-western arrays, we have generated a
candidate set of over two hundred antibodies that are useful with the RPLA method and
another two hundred that have off-target bands but are useful with the micro-western array.
Any interesting biological observations that we make with RPLAs can then be followed up
with micro-western arrays and by functional validation via siRNA, over-expression studies,
or alternative methods. While we are currently identifying relationships between protein
abundances and genetic variation in cell lines, we hope to also begin to examine the
expression of proteins across many human tissues. In addition to total protein expression, we
also plan to examine the protein localization of proteins on large scale. Such information
should be valuable for developing causal relationships between transcription factors and the
genes whose expression they influence after perturbation.
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By saving the spleen cells from rabbits used in the generation of panels of polyclonal
antibodies, monoclonal antibodies can subsequently be developed and more efficiently and
rigorously validated across panels of cell lines and tissues using micro-western arrays. In the
next five years, our goal is to have at least one antibody against 50% of all human proteins
that is functional in at least one affinity-based method.

Lack of core facilities for validating and maintaining antibody stocks for applying the
methods, and for assisting in data analysis and management has hindered the widespread
application of protein-omic methods. While most major universities have mass spectrometry
and functional genomics core facilities, few have facilities for the integrated use of RPLA,
micro-western arrays, or other protein-omic methods. This disparity is perhaps driven by the
lack of integrated commercial instruments for performing the methods. In addition, most
NIH instrumentation grants are custom-tailored for purchasing one large instrument rather
than a collection of small instruments for performing a customized pipeline of techniques.
Additionally, unlike approaches that are driven by instrument vendors, many recent protein-
omic approaches have no sales force to introduce them to the biological community. We
have recently established a core facility at the University of Chicago for performing micro-
western arrays and RPLAs and are currently working with other universities to assist in their
establishment of core facilities and hope to see several more established in the next several
years to help accelerate the application of protein-omic approaches.

In summary, we see many areas of human biology and genetics being pushed forward
through the continued advancement and integration of proteomic methods with methods in
genomics and systems biology. It has been suggested that the Western blot should be retired
for proteomics [82]. While we have to agree that western blots are not useful for proteomics,
high-throughput western blots when used in clever combination with other affinity-based
methods are extremely useful for protein-omics—a new and burgeoning field that will serve
as a bridge between many other fields including proteomics, cell biology, genomics, and
systems biology.
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Key issues

Current large-scale proteomic methods are not ideal for the study of systems of
proteins across many biological conditions

Functional genomics methods allow a comprehensive view of mRNA expression and
are a nice paradigm for the reproducible examination of protein systems

Microarray based protein-omic methods have evolved to provide more quantitative
and high-throughput protein abundance and modification information than was
previously possible

Micro-western arrays enable the validation and application of an unprecedented
number of antibodies for quantitating protein abundance and modification

Combining RPLA, micro-western arrays, immuno-histochemistry, and other protein-
omic methods with data regarding variation in human genome, RNA expression, and
cell phenotypes may provide fundamental insight into many existing questions in
proteomics, cell biology, genomics, and systems biology
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Figure 1.
Dramatized illustration of experimental setup for hypothesis-driven, “protein-omic” and
proteomic approaches. (Top) Each arrow indicates an experimental condition, which may
represent the stimulation, or inhibition, of components of a biological system. Grey circles
indicate a protein modification measured. (Bottom) Resulting data matrix from the
experimental set up. Each column represents an experimental condition and the length of the
column indicates the richness of measured protein data space.
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Figure 2.
Four types of targeted protein-omic platforms are indicated: (a) forward phase arrays, where
samples are labeled and applied to immobilized antibodies specific to certain proteins on
nitrocellulose slides; (b) sandwich arrays, where captured proteins are detected by a second
labeled antibody targeted to that protein; (c) reverse phase lysate arrays, where complex
mixtures of proteins are printed and immobilized onto slides and then specific proteins
detected with a primary antibody; and (d) micro-western arrays, where samples are printed,
electrophoresed to separate proteins based on size, then transferred to nitrocellulose, and
then specific proteins detected with primary antibodies. A near infrared dye-labeled
secondary antibody can be used to generate fluorescent signal in (c) and (d) when used with
the LI-COR Odyssey near infrared scanner. Blue ellipses denote the targeted protein of
interest while green squares denote proteins that non-specifically cross-react with antibodies.
The filled circles underneath each array represent the strength of each platform with respect
to each criterion on the left.
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