





Realizing the Promise of Reverse Phase Protein Arrays

Fic. 1. Schematic representation of the RPPA workflow. Reprinted from Mueller, C. M., Liotta, L. A., and Espina, V. (2010) Reverse
phase protein microarrays advance to use in clinical trials. Mol. Oncol. 4, 461-481. Copyright (2010), with permission from Elsevier.

redundancy, and decrease costs. A third goal was the devel-
opment of general recommendations for sample collection
and handling, arraying, data collection, and bioinformatics.
The institution of standardized protocols was not the goal of
the working group, as the technology is still evolving and a
need for flexibility and innovation remains paramount. Never-
theless, the establishment of guiding principles and sharing of
best practices and algorithms for quality control for RPPA tech-
nology can be essential for (a) accelerating the learning curve for
new users, (b) increasing the utility of the platform, (c) clinical
trial design and approval, and (d) use of the technology under
College of Academic Pathologists/CLIA compliance. The cre-
ation of an RPPA society and the organization of yearly work-
shops were considered essential in order for these goals to be
attained. Here, we aim to share and disseminate, as a commu-
nity, current knowledge and future directions of the RPPA tech-
nology. These will now be discussed in further detail.

RPPA: The Process—The general process of RPPA is out-
lined in Fig. 1, and the following subsections discuss key

areas that were identified in the workshops as requiring spe-
cific consideration with regard to current challenges, optimal
performance, and future development. For further detail on
more general methods and protocols relating to RPPA, we
refer readers to specific publications dedicated to this topic
(49).

Protein Extraction Methods—Protein extraction from cells
and tissues is a critical step in any proteomic analysis, and it
is imperative that protein samples be prepared in appropriate
buffers using standardized operating procedures that main-
tain the integrity and activity of protein analytes under evalu-
ation. Protein extraction is typically performed in a buffer
containing chaotropes such as urea or detergents (e.g. Non-
idet P-40, Triton X-100, CHAPS); reducing agents; and inhib-
itors of proteases, phosphatases, and oxidoreductases (50).
However, many buffer types are suboptimal for the solubili-
zation of specific protein classes such as membrane or other
highly hydrophobic proteins. The development of specialized
buffers including urea/thiourea mixtures and new zwitterionic
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detergents such as sulfobetaines have improved the solubili-
zation of hydrophobic proteins (51-53).

A further consideration for certain RPPA studies may be
extraction of the relevant protein fraction. Lipid rafts within the
plasma membrane are important molecular platforms for sig-
naling function, and specialized methods have been devel-
oped to enable the extraction of detergent-insoluble lipid rafts
for proteomic analysis (51). Sonication methods or stronger
detergents may be required for efficient extraction of analytes
integrated within compacted cytoskeletal or heterochromatin
structures. Increased sensitivity of low-abundant nuclear and
DNA binding proteins may be further enhanced by isolating
nuclear fractions prior to protein extraction and RPPA (54).
Further evolution of subcellular fractionation protocols for
proteomic studies compatible with the handling of multiple
samples suitable for RPPA might enhance the sensitivity and
analysis of specific subcellular compartments and spatially
distinct signaling complexes. It is clear that a single protein
extraction buffer or method will not be suitable for every RPPA
platform, printing substrate, and analyte. Further comparison
of the performance and representation of the proteome using
different protein extraction buffers will enable a greater un-
derstanding of the limitations and benefits of different buffers
and methods of protein extraction for RPPA.

Array Printing: Considerations and Current Challenges—A
wide range of slide formats are commercially available (1-64
pads/subarrays per slide) for the immobilization of protein
samples enabling the development of focused, high-through-
put, multiplex assay formats. The first step in generating an
RPPA is the selection of a suitable substrate for printing, the
most common of which is nitrocellulose. There are also a
number of important considerations when choosing lysis buf-
fers and spotting buffers to ensure compatibility with both the
substrate and the arrayer. The inclusion of harsh or excessive
amounts of detergents can induce “foam formation” effects,
hampering sample recovery and microarray printing. Extrac-
tion buffers and methods that create samples with high vis-
cosity might not be suitable for certain printing platforms.
High detergent concentrations in samples can also impair the
immobilization of protein samples on specific hydrophobic
substrates utilized in RPPA, adversely influencing microarray
quality.

Currently, a number of different printing technologies are
used for sample deposition, namely, solid pin contact, piezo-
electric, and inkjet spotting. Like many technologies, each of
these has advantages and disadvantages; therefore, it would
not be appropriate to recommend one particular type of ar-
rayer for the generation of RPPA. The temperature and hu-
midity during the print run also require careful consideration to
minimize sample evaporation and maximize sample preser-
vation. Environmental control is a feature built into many
commercial arrayers. Thus, there are a number of important
parameters that require optimization for the successful gen-
eration of high-quality RPPAs.

The standard approach, used by many in the field, is to print
each lysate as a serial dilution, with subsequent detection
using high-affinity reagents, as initially implemented by Liotta,
Petricoin, and colleagues (3) Generally, it is accepted that this
concept provides an improved quantitative readout and better
quality control relative to sample analysis in a single concen-
tration format as realized in the initial dot blot approaches.
However, preparing, managing, and printing serial dilutions
from large numbers of samples (e.g. several hundreds) is very
demanding in terms of time, and printing large numbers of
samples can quickly exhaust the capacity provided by the 2
cm X 7 cm area of the standard single-pad slide format (Fig.
1), as well as introduce variance due to manual serial pi-
petting. As an alternative to printing each sample as a serial
dilution, it is possible to print serial dilutions of reference
lysates that contain differing amounts of the target analyte as
a calibration curve that spans the linear dynamic range of the
assay, as well as high and low controls, and to include indi-
vidual experimental samples in a single concentration, adopt-
ing a format more closely related to that used in a standard
ELISA or clinical immunoassay. This strategy can be espe-
cially advantageous when the starting concentration of the
analyte of interest is extremely low and dilution series spots
would not contribute to the quality of quantitation (e.g. laser
microdissected clinical tissue).

In summary, current RPPA approaches meet the technical
requirements for cost-effective and quantitative analysis of
cellular proteomes in a flexible format. Samples can be ana-
lyzed in small numbers (e.g. 5 to 50 individual samples), but
the analysis format can easily be expanded to compare thou-
sands of individual samples in parallel. This scale of through-
put is currently not feasible with conventional Western blot or
any other proteomic technology. In addition, the flexibility of
the platform for the analysis of large sample numbers in
parallel either for the protein network of choice or in an unbi-
ased manner remains a major strength of the platform.

Validation of Affinity Reagents for Use in RPPA— Antibodies
are among the most commonly used tools in basic science
research, as well as within clinical assays. In RPPA they are
used to detect the protein of interest in cell, tissue, or blood
lysates. Like other widely used clinical immunoassays such as
immunohistochemistry (IHC) that are dependent on the fidelity
and specificity of the primary and secondary antibody bind-
ing, the reliability of RPPA results largely depends on the
quality of the antibodies used. However, universally accepted
guidelines or standardized methods for determining the valid-
ity of antibodies for use in RPPA have not yet been estab-
lished. In a typical RPPA assay, as in IHC, there is no sepa-
ration of the proteins according to molecular weight;
therefore, antibody validation is crucial for the outcome of the
assay, as signals from potential cross-reactivities cannot be
distinguished from specific signals. Although the RPPA tech-
nology is currently based primarily on the use of antibodies as
affinity reagents, other reagents such as aptamers could be
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applied. However, it is expected that the underlying principles
of quality control and validation will remain a key challenge.

A “validated” antibody must be shown to be specific, se-
lective, and reproducible in the context for which it is to be
used. For RPPA, a good correlation between explainable
bands in Western blot and RPPA data should be demon-
strated. Further, the antibody must perform robustly across
different sample types and over time. It is critical to emphasize
that the quality of many antibodies, both monoclonal and
polyclonal, can change over time, requiring revalidation of
different batches. Furthermore, ongoing studies can reveal
previously unnoticed liabilities, requiring reevaluation of the
validation status of many antibodies. Given the known and
unexpected liabilities of affinity reagents, it is optimal to con-
firm the results of an RPPA study with an orthologous tech-
nology where possible. Indeed, the RPPA platform is ideally
suited as a discovery or primary screening platform. Never-
theless, with the appropriate quality control and high-quality
reagents, the RPPA platform can provide the precision and
robustness exemplified by other approaches such as ELISA
or IHC tests.

Three general approaches for antibody validation have
been described. 1—Perform RPPA on a large panel (>10) of
cell lines and/or tissue samples, then do Western blotting on
those samples that show differential expression. This is a
cost-effective approach and ensures that Western blotting is
done on samples with a wide dynamic range, a prerequisite
for validation. 2—Perform antibody validation on a panel of
standard cell lines with Western blot. Confirmation of results
obtained from the Western blot with RPPA needs to be shown
afterward (“reverse validation”). 3—Western-blot-based anti-
body validation using the material later intended for the use of
the RPPA (e.g. human tissue lysates). In this case, potential
cross-reactivity of the antibody should be detected before the
antibody is used for RPPA. In either case, the two minimum
criteria for antibody specificity are explainable single or mul-
tiple bands in a Western blot and good correlation between
Western blot and RPPA results. Indeed, the correlation be-
tween Western blot and RPPA data provides a good indica-
tion of antibody quality. However, the number and spectrum
of samples on which the correlation is established will affect
its power. On a typical Western blot, 10 to 15 samples are
tested. If the same samples are present on the RPPA array, a
standard Pearson correlation can be made. However, if the
expression level among all samples is similar (a histone pro-
tein, for example), or if, in contrast, expression is seen in only
one sample (a protein involved in apoptosis, for example), the
correlation is not representative and is subject to potential
artifacts. In addition, it can matter whether the correlation is
based on raw data or on normalized data, and in the latter
case how the normalization was done. Thus, correlation co-
efficients from different laboratories are not directly compa-
rable. Nevertheless, they remain of importance as an objec-
tive indication of antibody performance and can be used to

categorize antibodies with regard to their specificity as fol-
lows: (i) highly specific, (ii) use antibody with caution, or (jii)
antibody is not reliable.

Additional validation methods for affinity reagents may in-
clude perturbed systems—the use of an agonist or antagonist
to, respectively, activate or inhibit a specific signaling path-
way before Western blot and RPPA analysis; the use of a
phosphatase when a phospho-epitope is to be validated;
overexpression or inhibition by siRNA of the gene of interest;
or the use of cells or tissues from transgenes or knockout
animals. In the case of tissue samples, a combination of two
different methods may be used to validate an antibody (e.g.
IHC and Western blot) (55). Higher throughput Western blot
analysis including the so-called microwestern array technol-
ogy (56) or automated capillary-based systems including Sim-
ple Western™ technology from proteinsimple™ will help
overcome analytical and throughput bottlenecks in conven-
tional Western blot analysis, expediting antibody validation for
RPPA. The application of further technology advances (e.g.
hybridoma and phage-display technologies) in a coordinated
large-scale antibody generation and validation effort might
help in the future with the generation of specific and renew-
able “protein binders” (57, 58).

Many other ancillary approaches can contribute to confi-
dence in the robustness of RPPA data and thus the antibodies
used. For example, a high correlation between protein levels
in an RPPA analysis with RNA levels in the same sample set
would argue for antibody validity. However, as post-transcrip-
tional and post-translational regulation are common, protein
levels, and in particular post-translational modifications, often
do not correlate with RNA levels, and therefore a lack of
correlation between RPPA and RNA levels does not invalidate
an antibody. Further, coordinate expression patterns of indi-
vidual proteins, in particular proteins and post-translationally
modified proteins within a specific signaling pathway, adds to
the likelihood that the antibodies used are valid.

Antibody validation is both time consuming and costly.
Sharing antibody validation data, therefore, seems an obvious
way to accelerate research. Beyond the RPPA community,
these data are of interest for many laboratories and many
applications. Although validated antibodies can only be con-
sidered as such in the samples (and under the conditions) that
they have been tested in, an antibody that performs well in a
particular context is more likely to give satisfactory results in
other assays (59). It is also likely that the RPPA format and
experimental conditions utilized could alter the validity of par-
ticular antibody reagents. Indeed, reagents that perform well
on cell line studies might not perform well in patient samples,
and antibodies that provide accurate results with human tis-
sues might not be usable with other species such as mouse
(because of binding characteristics and cross-reactivity with
murine immunoglobulin) and drosophila. Thus, a global anti-
body database would be cost effective and could provide
important information to guide laboratories in the selection of
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Fic. 2. A global database providing a quality index for antibodies and comprehensive information about the validation process will
be the first stop for researchers performing the RPPA technology.

antibodies to test in their own platforms and assay conditions
(Fig. 2).

Few studies have been published on antibody validation for
RPPA. An important effort has been made by Major and
colleagues (60) through the creation of AbMiner, a valuable
database of more than 600 antibodies. This database in-
cludes Western blot results, from tests performed on a pool
(mixture) of 60 cell lines, and refers to official naming of the
genes and proteins targeted by each antibody. However, to
our knowledge, the database is not up to date (antibody
validation was performed in 2001-2003), does not provide
links to the validation data, and does not include comparison
between RPPA and Western blot. The ASKMD database of
279 antibodies described by Spurrier and colleagues (61) is
no longer accessible. More recently, Mannsperger and col-
leagues (62, 63) tested antibodies via Western blot followed
by RPPA on samples in which the target protein had been
depleted by siRNA. In this manner, they described the valida-
tion of antibodies for up to 26 proteins. Although very pow-
erful, this approach seems incompatible with the high-
throughput validation of large panels of antibodies. Sevecka
and colleagues (59) have attempted to increase the through-
put of antibody validation for RPPA. They tested 383 com-
mercial antibodies, first with RPPA and then via Western blot.
For RPPA, they selected only those antibodies that showed a
significant difference in expression among a panel of 11 cell
lines grown in different conditions. Indeed, they reason that an
important amount of nonspecific binding would cover specific
signals and thus flatten out the differences among samples.
This approach assumes that nonspecific binding is of similar

intensity among all samples, which is not always the case.
Nevertheless, performing RPPA prior to Western blot allows
for (i) primary selection of the antibodies and (i) further testing
of the successful antibodies via conventional methods on
those samples that show differential expression according to
RPPA. The authors validated only those antibodies that
showed a good Pearson correlation (r > 0.75) between nor-
malized RPPA data and Western blot intensities. Using these
criteria, 82 out of 383 antibodies were validated. Other groups
have published lists and validation status for specific studies;
however, the validation approaches and, in particular, primary
data are often not available for inspection and quality control.

These examples of published antibody validation sets show
the different requirements (and pitfalls) of a global antibody
database. In order to serve the RPPA community, such a
database would be required to meet the following criteria:

e Continuously updated by multiple laboratories

® Includes details of methods used for validation

® Includes the validation data (Western blot and RPPA
images)

® Indicates the correlation coefficient between Western blot
and RPPA for each antibody

Making such a database publically available is also ex-
pected to impact positively on antibody suppliers, as it would
be in their best interest to have an important fraction of
validated RPPA antibodies from their respective portfolios in
this global database.

Detection and Processing—Possibly the largest divergence
among RPPA laboratories concerns technical approaches
employed for the visualization and analysis of antibody sig-
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nals. Approaches include visualization via dye precipitation,
chemiluminescence, near-infrared dyes, quantum dots, and
ultrasensitive planar waveguide technologies. Different detec-
tion approaches require specialized instrumentation to gen-
erate high-resolution digital images that can subsequently be
used for data analysis. Importantly, the choice of detection
strategy can greatly influence the performance of the assay by
reducing background and increasing the dynamic range and
sensitivity. In some cases RPPA detection hardware and anal-
ysis software are platform specific, as is the case for Zepto-
READER and ZeptoVIEW software integrated within the Zep-
tosens platform provided by Zeptosens-Bayer Technology
Services. Other hardware and software solutions are platform
agnostic, such as standard/infrared microarray readers; con-
ventional and infrared flatbed scanners; and microarray image
analysis software like MicroVigene™ (VigeneTech), GenePix
Pro (Molecular Devices), Array-Pro Analyzer (Media Cybernet-
ics), and Mapix (Innopsys), each of which can be tailored
toward RPPA. Each approach has its own particular strengths
and limitations that must be considered in data analysis and in
the interpretation of the resultant data. For this reason, it is not
appropriate to recommend a particular approach at this point
in time. However, it is critical that all developers and users
rapidly share best practices and approaches to ensure the
implementation of robust approaches in a cost-effective
manner.

A key feature of RPPA is that the detection reagents (e.g.
antibodies) are physically separated from each other. Thus,
each array or subarray is probed with a single antibody and
represents an independent entity. To enable mass-parallel
multiplex analysis, biological samples are immobilized on
multiple replicate arrays. For this reason, in terms of quality
control within a specific study, it is important to assess the
coefficient of variation within results from a single affinity
matrix. However, assessment across slides and experiments
provides important quality control information on the printing,
affinity reagent, development, and imaging approaches. This
information is of particular importance when attempting to
combine information across studies. There are multiple ap-
proaches for assessing the quality of an individual RPPA slide
that can exploit the unique properties of RPPA including
printing of standard samples, high and low controls, calibrator
curves that span the dynamic range of the assay, and analysis
of the behavior of all samples. Information obtained from
these samples serves as a basis for judging data quality and
monitoring reproducibility. The discussion on how to judge
the quality of individual arrays revealed that most investiga-
tors would want to know what range of cv is commonly
considered as acceptable for data analysis.

Analysis Software

General Considerations—The first step in the analysis of
RPPA data is the quantification of the raw signal intensity of

each spot. For this, powerful and flexible software tools are
required that robustly localize spots on the arrays while being
capable of adapting to every potential layout of the slide.
RPPA arrays generally contain dilution series of at least a
fraction of the samples, and the software thus needs to cor-
rectly detect spots with intensities varying from background
to saturation levels within one array. Furthermore, current
printing devices allow many types of customized layouts,
containing several levels of subgridding combined with ran-
domized sample deposition. Ideally, the printing device com-
municates with the quantification software to inform about the
design and the localization of each lysate. Importation of the
sample name and its dilution step, corresponding to each
spot, is an absolute requirement for further data analysis and
can be done either at the level of the printer or before array
quantification.

In addition, the quantification software can propose a first
local background correction, and the possibility of implement-
ing additional analysis packages, for quality control and data
processing, can be of interest.

Current Packages in Use—A number of commercial soft-
ware packages are currently in use for the analysis of RPPA
data. These include MicroVigene (VigeneTech), Array Pro (Me-
dia Cybernetics), GenePix Pro (Molecular Devices), and Mapix
(Innopsys). With the exception of MicroVigene, these pack-
ages are designed for standard microarray analysis, but they
are sufficient to perform many of the basic functions required
in the initial stages of RPPA analysis.

Future Requirements —Instead of having separate software
tools for printing, labeling, quantification, and analysis, RPPA
would benefit from a single software tool that allows auto-
mated sample management throughout all steps, from sam-
ple lysis up to quality control and statistical analysis, including
quantification of the data. Barcoding each sample and each
array facilitates this process. The name and the dilution step
of each lysate, and its precise localization on the array, could
be automatically traced, thus minimizing errors due to manual
intervention. However, none of the RPPA platforms currently
have the exact same operating procedures and the same
equipment; therefore, the exact requirements would be differ-
ent for each laboratory. Important in-house efforts have been
made to develop such tools,®* which could be adapted by
other laboratories to their local workflow. As RPPA becomes
more widely used in a clinical laboratory environment, incor-
poration of these software management tools will graduate
under formal laboratory information management systems-
based oversight, as a regulatory requirement.

Additional Software Currently Available for Improving the
Quality of RPPA Data— Once spot intensities have been quan-

8 Patrick Poullet, Stephane Liva, Leanne de Koning, Sylvie Tron-
cale, Beilei He, Phillipe Hupé, Thierry Dubois, Emmanuel Barillot,
unpublished.

4 Rehan Akbani and Gordon Mills, unpublished.
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tified using software (such as that detailed above), it may be
necessary to perform additional data processing steps before
the data can be used for analysis. It is important to note that
these steps will vary depending on the method of detection
used (e.g. background is generally greater when using color-
imetric versus infrared detection). This section discusses the
steps needed to remove nonbiological artifacts from the data,
from single slides to multiple batches of slides.

Correcting Spatial Effects When Processing a Single
Slide—Spot intensities and non-printed background intensi-
ties may vary on a slide depending on their location. Those
spatial effects may be due to a variety of factors, including
nonspecific binding of the secondary antibody or components
from the signal amplification steps to contaminants or the
slide substrate itself. As a result, a slide may show patches of
high or low intensity across its surface; therefore surface
adjustment is required to account for that technical variation.
Positive and negative controls spotted on the slide can help to
address such spatial defects and thus greatly improve inter-
and intraslide spatial variabilities (64—66). Positive controls
can be mixtures of cell lines that express all the proteins of
interest or standard analytes representing the antibody target,
whereas negative controls are buffers, preferably containing
amounts of protein similar to that in the test sample, that do
not bind to any antibody. As the positive controls should all be
expressed at the same level, any differences between spots
on the array can be attributed to spatial effects. The underly-
ing principle is to compute the level of background noise at
each location on the slide and remove it from the observed
intensities.

Obtaining a Single Value from a Dilution Series When Pro-
cessing a Single Slide—Samples are often spotted on arrays
in a dilution series, often consisting of 5 to 10 spots. Using a
mathematical model, the dilution series is converted into a
single value that is indicative of the protein concentration in
the sample. Various models have been proposed in the liter-
ature, making different assumptions about the data. They
range from linear models (3) to log-linear (67), logistic (22), and
non-parametric (46). Of these, the non-parametric model
makes the least restrictive assumption that the observed in-
tensities increase monotonically with respect to the true pro-
tein concentrations. However, at very low or very high intensi-
ties, the models tend to saturate at either extreme, and the
results become less reliable. Indeed, the key limitation is that
several of the dilutions need to be in the “linear” range of the
concentration curve. Further, contributions of background at
high and low dilutions will be different, potentially displacing the
curve.

Processing Several Slides of the Same Antibody— Surpris-
ingly, processing identical sets of samples on different slides
labeled with the same antibody can result in datasets that
have very different means and variances. Neeley et al. (68)
processed clinically similar acute lymphoblastic leukemia
samples in two batches and observed differences in their

protein data distributions. There were additive and multiplica-
tive effects in the data that could not be accounted for by
biological or sample loading differences. They developed an
algorithm called variable slope normalization to detect and
correct the multiplicative effects. The additive effects can be
removed by median-centering all the samples on a slide.
Applying those methods allows effective comparison of dif-
ferent slides labeled with the same antibody, provided the
sample sets on the slides are biologically similar to each
other. Indeed, this approach tends to normalize differences
between samples and in particular is dependent on the sam-
ple sets’ sharing a similar “structure” in terms of types of
samples and levels of proteins.

Processing a Sample Set Across Several Different Antibod-
ies—Sample loading differences can occur as a result of
several factors, such as differences in protein concentration,
heterogeneity in cell size, or heterogeneity in the cellular com-
positions of tissues. In addition, protein degradation or ac-
cess of antibody to protein in spots can vary. Several methods
for normalization can be used. Normalization toward (a set of)
housekeeping proteins should be used with caution, as the
stability of these proteins in the studied lysates is difficult to
assess. Currently, methods for staining total protein are
widely used, such as Sypro Ruby, FAST green, and colloidal
gold (31). Samples can also be normalized to DNA content,
particularly when the sample is contaminated with blood, fat,
or high-abundance proteins (69). When a large series of
proteins has been studied, the observed expression levels
of many different proteins in one sample allow estimation of
the differences in the total amount of protein in that sample
versus other samples. Indeed, when a sample shows low
expression levels for dozens of phosphoproteins that act in
different pathways, this may be considered as a potential
bias due to low protein quantity/quality in that sample and
should be flagged for further analysis. To correct for such
sample loading differences, the median protein expression
in a sample can be normalized using all of the expression
levels for that sample. That makes the median protein ex-
pression for all samples equal to zero, accounting for any
loading differences. The procedure enforces the assump-
tion that the relative amounts of proteins in each sample are
the same and that one sample does not truly over- or
underexpress all studied proteins (regardless of whether
that is biologically true or not).

If the sample is a biological fluid, such as plasma, urine,
cerebrospinal fluid, saliva, or some other, less conventional
type of liquid sample, normalization will have to be to volume.
Intuitively, most clinical tests of biological fluids are based on
the concentration of an analyte, not the total mass. Therefore,
simply printing a sample, without concern for the included
quantity of protein, is the recommended strategy (70, 71).
Secondly, if a fluorescent small molecule is included in the
sample, a representation of the volume printed can be accu-
rately determined on a fluorescent slide reader. In the interest
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of conserving slides, the fluorescent small molecule can be
washed away as part of the routine workflow, or the slide can
be developed using a method that is insensitive to the fluo-
rescent signal, such as dye deposition.

We must remember that unless well-established calibrators
with known protein concentrations are printed along with the
samples, RPPA provides relative data, not absolute. We can
therefore only compare concentrations relative to other sam-
ples using the same antibody. Because the coefficient of pro-
portionality of observed values versus true concentrations may
vary from one antibody to the next, we cannot directly compare
observed data values to make inferences about concentrations
of different proteins. For instance, in the absence of calibrators,
we cannot directly infer that the concentration of protein x is
greater than that of protein y in sample j, or vice versa. Further,
inherent characteristics of each antibody such as affinity and
background can influence the apparent concentration of the
analyte. These challenges must be borne in mind when per-
forming analysis across different proteins.

Many of the techniques described above are implemented
in the SuperCurve (46) and NormaCurve (31) software.

Processing Multiple Batches of Samples Across Several
Different Antibodies—When processing multiple batches of
samples, we have to consider potential batch effects. Batch
effects are technical variations that are inadvertently introduced
during sample extraction, shipping, or processing. Common
methods used to assess batch effects include clustering, sin-
gular value decomposition/principle component analysis, or
standard statistical tests such as t test or F-test. When using
clustering or singular value decomposition/principle component
analysis plots, we determine whether samples cluster together
by batch or whether they are evenly dispersed in the plots. If the
batches are clinically similar to each other but the samples
cluster together by batch, this might indicate potential batch
effects. Many different algorithms are available to correct for
batch effects, including empirical Bayes (72) and analysis of
variance. However, in trying to correct for technical variation, we
might end up diminishing biological variation as well, so such
approaches must be used with caution.

In summary, there are a number of different software pack-
ages available for further processing of RPPA data. Although
these assist one in “cleaning up” the data, it is important to
use these with caution so as to not overprocess the data and
risk losing true biological relevance and insight. The software
packages outlined above can be applied to many types of
RPPA data; however, they are insufficient for use in real-time
clinical assays. Alternative approaches for processing clinical
data are discussed below.

Current RPPA Applications

Basic Research— Although many of the underlying causes
of human disease occur at genetic and epigenetic levels,
disease pathophysiology and drug response are dictated by

cellular phenotypes that in turn are regulated at the post-
translational protein level. The cellular proteome is an inter-
connected network of signaling pathways that control specific
cellular functions. These signaling networks are dynamic and
continuously adapt to environmental cues and biochemical or
pharmacological perturbations affecting cell function. No sin-
gle protein acts in isolation; thus detailed mechanistic analysis
of gene, protein, and cell function requires the study of inte-
grated signaling networks for a particular biological context.
Functional proteomics describes the large-scale study of pro-
tein expression levels, post-translational modifications, and
activation states supporting the systematic analysis of signal-
ing networks that control biological function. Traditionally,
proteomic methodology relied on quantitative mass spec-
trometry techniques that remain the standard for the de novo
identification of post-translational modifications that might
represent markers for specific biochemical signaling path-
ways or biological events. However, limitations regarding the
speed, cost, and sensitivity of mass spectrometry restrict
high-throughput application across multiple samples. The
evolution of the RPPA method combined with more sophisti-
cated sample handling and optical detection provides new
advances in the sensitivity, throughput, and speed of func-
tional proteomics. Thus RPPA has emerged as an alternative
and complementary approach to Western blot, ELISA, and
mass spectrometry methods by providing quantitative and
high-resolution analysis of the dynamic state of post-transla-
tional signaling networks that supports a broad range of basic
science applications.

Basic research applications of RPPA include the following:

® Understanding pathway regulators implicated in cell dif-
ferentiation and embryonic development

® Elucidating signaling pathway cross-talk following siRNA/
shRNA/small molecule targeting

® Functional genomics: pathway analysis of genome-wide
screens or selected transgenic knockout studies to link gene
function to key pathway nodes

® Characterizing the host pathway response following bac-
terial or viral infection

® Providing empirical input into the development, iteration,
and validation of mathematical modeling and other systems
biology tools

Indeed, protein levels and activation status are not static
but dynamic, and these dynamics can be addressed by per-
turbed systems as well as by time course studies (73). A
recent study demonstrated the power of dynamic profiling of
post-translational signaling events by RPPA by demonstrating
that time-staggered inhibition of EGF sensitizes cancer cells
to genotoxic drugs (74). Such temporal analysis of pathway
signaling at post-translational levels provides additional con-
text to the field of functional proteomics by informing on the
precise sequence and duration of post-translational signaling
events necessary to produce a specific functional outcome.
Such datasets are ideally suited to building more accurate
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mathematical models that can be used to predict how dy-
namic remodeling of pathway networks can modify cell func-
tion (74). However, the number of samples easily exceeds
1000 in these types of analyses (59, 75). RPPA is currently the
only technology capable of analyzing protein pathways in
such large series of samples simultaneously, and the RPPA
technology provides a tremendous contribution to our sys-
tems biology modeling of cancer based on network models
(76-80) and can serve to validate the integrity of established
mathematical models (81). It is still a challenging field, but the
unique ability of RPPA to accommodate large numbers of
lysates in a cost- and time-efficient manner clearly provides
an opportunity for discovery and validation in the field of
systems biology.

Drug Discovery/Biomarker Research—Drug targets are typ-
ically proteins; thus, although the therapeutic response is
often influenced by underlying genetic factors, a drug’s mech-
anism of action and drug sensitivity are ultimately dictated at
the protein level. Many diseases are now considered a con-
sequence of malfunctioning pathways, and for those complex
disease traits that do not represent single gene disorders, the
pathway networks that control and predict therapeutic re-
sponse are unclear and may be distinct across a heteroge-
neous patient population, distinct anatomical sites, and evolv-
ing disease etiology. Heterogeneity in a disease mechanism at
the pathway level represents a contributing factor to poor
clinical efficacy and high attrition rates during drug develop-
ment. Therefore, only by studying the proteome can we obtain
a clear understanding of a drug’s mechanism and the rela-
tionship between pathways and potential targets that can
inform new drug discovery and biomarker discovery pro-
grams that embrace the complexities of disease. RPPA tech-
nology is particularly well suited to drug and biomarker dis-
covery as a result of the high-sensitivity, high-reproducibility,
high-throughput, and quantitative features of the approach.
Recent studies have applied RPPA to determine the mecha-
nism of action and selectivity of emerging drug candidates at
the pathway level (82), as well as to uncover unexpected drug
resistance mechanisms (83). Dose- and time-dependent pro-
filing of pathway responses via RPPA following exposure of
cultured cells to candidate drugs enables precise calculation
of the potency upon key signaling molecules. Correlation of
potency (e.g. EC5,) values across multiple analytes at sequen-
tial time points following drug addition enables discrimination
of off-target activities from downstream signaling and path-
way cross-talk events (82, 84).

Combining RPPA with quantitative microscopy extends the
field of high-content biology from purely microscopic mea-
surement of cell morphology and specific subcellular mole-
cules to precise measurements of multiple signaling pathways
following compound dosing. A combined approach employ-
ing high-content imaging and RPPA profiling facilitates a more
unbiased approach to classifying drug mechanisms of action
and triaging optimal compound mechanisms of action for

further development (85). Such applications are well posi-
tioned to support the reemerging area of phenotypic drug
discovery, in which candidate drugs are selected on the basis
of their biological properties rather than potency upon a single
target (86, 87).

An important area of modern drug discovery is the identi-
fication of predictive biomarkers that enable future patient
stratification strategies and/or inform on appropriate combi-
nation and alternate therapies to counteract anticipated drug
resistance mechanisms. Separate studies by Cardnell and
Byers and by Ummanni et al. correlated drug sensitivity
across a panel of small cell lung cancer cells with basal levels
of protein and post-translational modifications determined via
RPPA to identify minimal sets of protein markers that predict
drug sensitivity and resistance (88, 89). Thus, RPPA can be
used to identify therapeutic response markers that might be
readily suitable for the development of antibody-diagnostic
tests to select patients for treatment study. The identification
of pathway markers of drug resistance can be directly cross-
referenced to approved drug or broader drug-target data-
bases to build rational drug combination hypotheses for fur-
ther testing (90). RPPA has been used to identify new,
unexpected mechanisms of targeted therapy resistance. In
such work the ability to quantitatively measure the activation
state of many dozens of signaling proteins at once was ex-
ploited (83), and the results pointed to the need to alter the
way certain kinase inhibitors are selected and graduate within
the lead optimization process. The application of these ap-
proaches at the preclinical phase might help reduce high
attrition rates in drug discovery and development by support-
ing investment in movement of the most promising candidate
drug biomarker and/or candidate drug combination strategies
forward into clinical development.

Key drug discovery and biomarker applications include the
following:

® Target validation at the post-translational pathway level

® Compound screening: accurate EC., value determina-
tions across dose- and time-series studies to define on- and
off-target effects

® De-orphanize compounds with unknown modes of action
through pathway screening

® Drug candidate profiling: establish pathway activity pro-
files across a range of preclinical models to inform disease
positioning

® Drug repurposing: disease repurposing of candidate
drugs based on pathway-level activities

® Predictive pharmacodynamics: monitoring organ-specific
pathway effects in vivo

® Rational drug combinations: identification of compensa-
tory and redundant pathway mechanisms to inform drug com-
bination strategies

® Biomarker discovery: detection of preclinical pharmacody-
namic biomarkers to guide in vivo and clinical drug dosing and
scheduling; identification of putative predictive biomarkers in
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preclinical discovery to inform future pharmacodiagnostic
strategies

Clinical Applications—RPPA has attributes that favor imme-
diate adoption for translational research and biomarker
guided clinical research trials. RPPA’s clinical utility is based
upon a number of key and unique attributes of the technology.
Firstly, RPPA provides tremendous analytical sensitivity, for
both tissue markers and body fluid analytes (3, 71, 91-93).
Depending on the affinity and avidity of a given antibody, a
few thousand molecules of a given analyte can be accurately
quantitated in a given sample. No existing competing tech-
nology can quantitatively measure large numbers of low-
abundance analytes, such as phosphorylated signaling pro-
teins, from a single small sample input (71, 94). Often the
amount of a given tissue or body fluid sample from a clinical
trial/patient sample is very small—for example, a few micro-
liters of nipple fluid aspirate. Tissue samples in a given clinical
trial biobank from neoadjuvant and metastatic sampling are
usually small-bore core biopsies or fine needle aspirates with
exceedingly small amounts of target material available for
analysis. In these instances, RPPA has been shown to be able
to concurrently measure a large number of analytes (95) with
analytical precision and accuracy as good as or better than
clinical-grade assays such as ELISA (27). Secondly, RPPA
provides the opportunity to study hundreds of patient sam-
ples simultaneously through the massively parallel printing of
small amounts of cell lysates or biofluids on a single affinity
matrix. This reversed orientation format then generates ex-
tremely reproducible results with cv values that are often less
than 5% (71, 91). The resulting format of serial slides supports
discovery science, in that almost any question regarding pro-
teins or post-translational modifications of proteins can be
simultaneously asked of hundreds of patient samples, pro-
vided that appropriate high-quality affinity reagents are avail-
able. This platform also supports hypothesis-driven science,
in that once a “hit” has been detected, massively parallel,
hypothesis-based proteomic interrogation of a large ensem-
ble of samples becomes possible. The outcome can be the
detection of a unique change in the expression of one or a few
proteins, or a pattern of changes in many proteins, or the
identification of a dysfunctional signaling pathway or network.
The ability to analyze thousands of samples is particularly
important for studies of human tissues and for a thorough
statistical analysis such as required by Bayesian modeling
and genome-wide screening approaches.

However, there are many strategic decisions to be made
and problems to be solved before success can be ensured
with this novel proteomics approach in clinical medicine, be-
cause of the complex nature of clinical samples. We mention
a few of them here, along with some of the solutions that are
currently available in the RPPA armamentarium.

Data Normalization for Clinical Applications — Assuming that
initial quality control experiments have been satisfied in terms
of antibody performance, the first concern is how to normalize

the data obtained from the microarray. This is described in
detail in a preceding section.

Quantitation of the Data— In the early clinical applications of
the RPPA technology, most investigators were satisfied to
characterize their set of clinical samples based on relative
protein levels across the samples analyzed. However, cur-
rently the best way to approach quantitation is to print stand-
ard curves of purified proteins corresponding to the specificity
of the antibodies to be tested on the array. The originating
RPPA papers used dilution curve approaches to determine
the linear dynamic range of antibody signals (3). More re-
cently, others have proposed further methods such as Super-
Curve (46) or NormaCurve (31) approaches for data normal-
ization and analysis. Although these approaches are highly
useful for the comparative analysis of many samples, these
types of approaches are not sufficient for real-time clinical
implementation in which the determination of a given patient
value above or below a predetermined cutoff point is required.
In these instances quantitation of the analyte is needed where
the RPPA assay becomes a calibrated immunoassay equiva-
lent to an ELISA-type approach that has demonstrated clinical
utility (96, 97) (Fig. 3). In such instances, a calibrator compris-
ing known amounts of the target analyte (or analytes) varies
by prespecified amounts while the background matrix (which
should be similar or identical in nature to the clinical samples
analyzed) remains invariant. A calibration curve is not the
same as a simple dilution curve where the total protein and
the analyte are co-varying at the same time. In such instances
(dilution curve approaches), nonspecific binding of the sec-
ondary and primary antibodies changes in variable ways de-
pending on the concentration of the input sample and the
analyte within the sample itself. With a calibration curve, non-
specific binding is more consistent, as the total protein
amount remains constant, but the target analyte varies by
predetermined amounts. The result is that quantitative values
for patient samples can be specified in terms of specific
amounts such as pg/mg protein for solid samples or pg/ml for
fluid samples by interpolation to the calibration curve. More-
over, in accordance with FDA-cleared immunoassay methods
such as ELISA and dot-blot assays, clinical implementation of
RPPA should include low and high controls that are above
and below any cutoff point used for decision making. Impor-
tantly, the FDA in the United States and similar bodies in
Europe prefer quantitative information of this sort.

Once quantitative data has been obtained from the large
sample sets available on the RPPA platform, the next step is
to use conventional statistical and bioinformatic protocols to
determine how specific the RPPA-based discrimination is
between patients and controls. For single analytes, the ap-
proaches are routine. However, multiple analytes, of individ-
ually marginal significance, can potentially be combined to
generate much better signals using simple ratios or more
complex pathway analysis (98). This is especially true for
ratios if one signal is elevated and the other is reduced.
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RPPA CALIBRATED ASSAY FORMAT FOR CLINICAL LABORATORY IMPLEMENTATION
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Fic. 3. How RPPA can be used as a calibrated immunoassay able to classify a given patient value above or below a predetermined

cutoff point using low and high controls and a calibration curve.

Composites of multiple analytes can also be deployed to
assess more complex relationships. In all cases, receiver op-
erating condition curves, an absolute requirement in the phar-
maceutical industry for validation of an assay, can unambig-
uously identify problems with false negative and false positive
signals (71, 98).

Matrix Effects on RPPA Output—The medium that the pa-
tient analyte is suspended in is termed the matrix, and it can
have substantial effects on the values obtained from an anal-
ysis because of nonspecific primary and secondary affinity
reagent (antibody) binding, epitope masking, and effects on
spot morphology. Thus, it is important to print patient samples
and standards/calibrators in a common matrix. Plasma, for
example, has its own consequence for standard curves that is
different from those for other biological fluids such as serum,
cerebrospinal fluid, or urine (71). Some investigators are uti-
lizing new sample processing and analyte-enrichment ap-
proaches including nanoparticle-based biomarker “harvest-
ing” techniques to reduce matrix effects and concentrate
analytes into the linear dynamic range of RPPA and other
immunoassay formats (99). However, this can introduce ad-
ditional challenges regarding things such as the complete-
ness of the concentrating approach, as well as changes in the
matrix that will then be unique to whatever solution is used to

generate the sample. These concerns require replication of
the enrichment process with standards. Importantly, different
standards, in their own matrices, should be printed on the
same RPPA slides, so that the entire analysis can be per-
formed without the need for sample-specific RPPA slides.
Patients and “Controls”—The identification of a disease- or
treatment-specific signal depends on the proper choice of
control patients who do not have the disease or treatment of
interest. The term “control patient” is intended to emphasize
the obvious, as there is no such thing as a control human who
is actually “normal.” Simply scrutinizing the ranges said to be
“normal” in conventional clinical chemistry will immediately
show this to be true. In addition, the variance of signals from
the patients will often be much tighter than the variance of
signals from the control patients. This is because the disease-
specific patients may have more in common than a collection
of people who can be included in the non-disease-specific
category. Many statistical approaches depend on the as-
sumption of a common variance in the samples being com-
pared. Clinical statisticians can give advice on how to address
this problem. Finally, examining the entire dataset from the
vantage point of the hierarchical clustering algorithm will often
identify subcategories of patients, both diseased and control,
that had previously been expected to be homogeneous (14, 35).
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Patient Samples and Sources of Error—As with any other
clinical immunoassay such as ELISA or IHC, the quality of the
output from an RPPA platform is only as good as the quality
of the samples provided. Careful consideration must be given
to preanalytical variables; therefore, the workflow for RPPA
applications to clinical samples must begin at the point of
procurement of the sample. Biopsy samples that sit at room
temperature for variable (or sometimes unknown) periods of
time may allow the analyte of interest to be degraded by
proteases or a post-translational modification such as phos-
phorylation to be modified, either through degradation by
phosphatases or, somewhat unexpectedly, activation by ki-
nases. Recent literature has revealed the lability of the pro-
teome and phosphoproteome due to preanalytical variables
such as intraoperative hypoxia, post-excision delay times,
tissue processing times, etc. (100-103). Formalin penetrates
at 1 mm/h, providing ample time for many proteins to change
in the hypoxic, acidotic tissue environment of the wounded
tissue sample before it is properly fixed or frozen. Because
many clinical sites lack the ability to snap-freeze tissue, new
types of rapidly penetrating tissue fixatives are being devel-
oped to provide formalin-like histomorphology concomitant
with protein/phosphoprotein preservation equivalent to that of
snap-frozen tissue. However, this is just the tip of the iceberg
in terms of sources of error that begin before the RPPA is ever
printed. Depending on the intended use of the RPPA appli-
cation, up-front cellular enrichment might be required for ac-
curate protein quantitation of a target analyte in particular cell
populations in patient material. Techniques such as laser
capture microdissection have been shown to be critical for
obtaining accurate information concerning the quantitative
values of a given signaling protein in particular cell popula-
tions in heterogeneous tissue samples (15, 35, 104). Many of
the new molecular targeted therapies are directed against
hyperactivated protein signaling networks, and many of the
drug targets within the implicated networks such as PI3K-
AKT, RAS-ERK, JAK-STAT, etc. are expressed in both tumor
epithelium and stromal compartments (endothelial cells, im-
mune cells, fibroblasts, etc.) in a tumor biopsy. Furthermore, it
is now apparent that marked intratumoral heterogeneity in
genomic aberrations can occur and be spatially constrained.
Thus, an ability to assess different areas of a given tumor
might provide additional information not available from anal-
ysis of the whole tumor. RPPA is extremely well positioned to
serve as a powerful companion diagnostic technology that
could potentially determine changes in signaling or other mol-
ecules in particular cell populations or specific areas in a
tumor. As we identify means of stratifying patients based on
the underpinning molecular signatures of their tumors and
measure these drug target activities, the absolute onus is on
us to get the measurement right. In order to properly transition
the RPPA from a research-oriented clinical technology to a
CLIA/College of Academic Pathologists—complaint/certified

format, different workflows will need to be devised and
implemented.

RPPA as a Clinical Laboratory Technique—One goal for
RPPA technology is its implementation as a routine clinical
laboratory test. In the United States, this means that the
product must be compatible with the CLIA regulatory stand-
ards that are applied to all clinical laboratory testing using
approaches approved by the College of Academic Patholo-
gists. Other countries have similar regulations to ensure that
test results, no matter where or when the tests are performed,
will be the same in terms of accuracy, reliability, and timeli-
ness. Accuracy is codified in the cv. For RPPAs performed in
the most experienced academic laboratories, between-array
cv values of 5% to 6% are frequently observed (31, 71, 91).
Clinical assays generally require cv values of 15% or less. This
suggests that the RPPA platform has the intrinsic capability to
be routinely implemented in a clinical laboratory as opportu-
nities and needs arise. The combination of exquisite analytical
sensitivity and clinical-grade accuracy should not be surpris-
ing given the background philosophical pedigree of the RPPA.
As RPPA is essentially a micro/nanodot-blot technique that
has a number of FDA predicates, utilizes FDA-cleared IHC
devices for staining that are routinely found in CLIA-certified
pathology and clinical laboratories, and uses analyte ampli-
fication from FDA-approved kits (e.g. Dako CSA for Her-
cepTest™), the format is highly amenable to CLIA-compli-
ant/accredited laboratories. By using predetermined cutoff
points, highly trained personnel, and written standard oper-
ating procedures and by tracking all possible sources of
variability, recent clinical trials for metastatic colorectal and
breast cancer have shown that RPPA can be applied in a
clinical laboratory setting (48).

Implementation of RPPA as a Clinical Diagnostic/Prognostic
Tool for Personalized Healthcare —Because of RPPA’s ability
to quantitatively measure the functional activation state of a
broad number of drug targets from clinical material, a growing
number of investigators are implementing the technology as a
clinical diagnostic and/or prognostic tool (35, 48). The devel-
opment of a rapidly growing cadre of targeted therapeutics,
each with its own predictive companion diagnostic marker
set, heralds a not-too-distant future wherein tissue-based
analysis will expand beyond the measurement of a handful of
tissue markers (e.g. HER2, ALK, ER, etc.) to a clinical reality in
which panels of dozens to hundreds of specific markers will
need to be quantitatively measured at once. Measuring such
large panels of proteins and phosphoproteins will not be
possible with immunohistochemical analysis, as this ap-
proach, even in multiplex, requires more tissue than is prac-
tically obtainable in a clinical setting—especially with fine
needle aspirates and core needle biopsies, which underpin
most personalized therapy-based workflows. In contrast, the
RPPA platform is especially and uniquely well suited for such
a task (105). Moreover, such assays may combine prognostic
with predictive markers whereby a tissue biopsy sample is
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used to determined disease outcome risk (e.g. high-risk re-
currence versus low-risk recurrence) and at the same time
provide a molecular rationale to stratify high-risk subjects to
tailored therapy. Such efforts have been recently posited for
diseases such as node-negative lung cancer (94). Recently,
the RPPA technology was successfully implemented to un-
cover a new phenotype of breast cancer wherein the patients
were found to have activated HER2 signaling (phosphorylated
HER?2) in the absence of FISH/IHC positivity (35). This finding
has been subsequently validated by others (106) and is un-
derpinning evaluation of patient selection by HER2 phosphor-
ylation status.

Integration of RPPA data with other genomic, metabolomic,
lipidomic, and drug sensitivity sets will inevitably provide ad-
ditional insight into disease and drug mechanism studies.
RPPA analysis of the activation state of proteins will provide
an additional function context for genomic mutation and var-
iant analysis data. A recent study published by the Cancer
Genome Atlas Network applied multivariate statistical analy-
sis to a combined dataset consisting of RPPA, genomic DNA
copy number, DNA methylation, exome sequencing, mRNA
arrays, and microRNA analysis of breast cancer patient biop-
sies (107). Broadscale multi-omic integration of RPPA phos-
phoprotein and protein data along with genomic, metabolo-
mic, and other data types has been recently utilized across
the NCI-60 cell line set (95). Thus the integration of RPPA
proteomic data with other omic datasets is well positioned to
provide novel insights and enhance the value of any single
omics approach. However, significant bioinformatics chal-
lenges in defining how to best integrate orthogonal datasets
remain to be resolved. Data integration and the development
of user-friendly software tools to support robust bioinformatic
and statistical analysis of combined omics data are key pri-
orities for future development.

RPPA Platform of the Future—Future technologic advances
can be envisioned that will simplify the RPPA workflow, re-
duce the complexity of the assay steps, and render a direct
quantitative output. The basic advantages of the RPPA con-
cept that are likely to be retained in any future version of the
technology are as follows:

1. Antigen-down configuration: The analyte antigen is im-
mobilized on a solid phase with high protein binding capacity
per unit area. Only one type of primary antibody is required for
antigen recognition, obviating the need for an antibody sand-
wich pair. This attribute also vastly expands the repertoire of
antibodies to include any specific anti-peptide antibody.

2. Miniaturization and multiplexing: Hundreds of different
analytes can be measured with very high sensitivity and pre-
cision from a starting sample volume of only 20 wl. This is an
extremely competitive aspect of the technology, particularly in
dealing with patient samples for which earlier diagnostics
have resulted in less material being available for analysis.

Beyond these basic constraints, a major target of RPPA
technology improvement would be to eliminate the need for

image capture and image analysis of the stained array. We
can imagine an RPPA platform of the future in which the
quantitative readout is done automatically for each array spot.
In this future version of the technology, the array slides are
loaded into a reader and the data are generated immediately,
without the need for fluorescence or colorimetric staining and
image capture. Two classes of emerging technologies offer
means to generate a direct readout. The first is MALDI using
isotope-labeled antibodies or antibodies with mass tags. The
second is nanosensor technology that employs amperometric
sensing of enzyme tags. Both of these approaches are under
development in RPPA labs. We can speculate that within the
next few years a fully automated clinical-grade RPPA platform
will exist that can take an input sample from a body fluid, cell
lysate, or microdissected tissue sample and directly read out
the quantitative results for hundreds of analytes.

Final Conclusions: Current Limitations and Future Direc-
tions to Advance the Field—RPPA represents a rapidly
emerging and advancing cost-effective technology that is
able to quantitatively analyze hundreds of proteins and post-
translational modifications at low levels in small samples.
Although mass spectroscopy approaches hold great promise
for the analysis of samples, they do not currently have the
throughput, sensitivity, ability to deal with small amounts of
material, or cost effectiveness of the RPPA platform. How-
ever, one of the limitations of the RPPA platform is that, like
other antibody-dependent technologies (e.g. ELISA, forward
phase array, bead capture assay, immunohistochemistry), the
platform is inherently less of a de novo discovery platform,
such as mass spectrometry, and more of a profiling/highly
multiplexed clinical immunoassay in which the targets are
known ahead of time. One of the special attributes of the
RPPA platform is its unparalleled ability to measure a large
number of low-abundance signaling proteins/phosphopro-
teins from a small amount of input material. Typical clinical
applications using 10,000 to 20,000 laser capture microdis-
sected cells can be used to generate quantitative data via
RPPA for 100 to 150 signaling proteins (94, 108). The analyt-
ical sensitivity of RPPA has been evaluated by a number of
investigators who have reported the lower limits of detection
as in the fg/ml range, with linearity in the sub-pg/ml range (91,
109), which is more than several orders of magnitude more
sensitive than current multiple reaction monitoring lower limits
of detection (110, 111).

RPPA has been shown by many investigators to generate
linear quantitative data from as little as a single cell equivalent
and a few thousand molecules per “spot” (91, 109). Recent
reviews have discussed more thoroughly the analytical sen-
sitivity comparisons between RPPA and other immunoassay
measurement techniques (105). In contrast to RPPA, MS-
based analysis does not rely on a priori knowledge about the
target or the availability of high-quality antibodies, can meas-
ure many types of post-translational modifications, and does
not rely on an antibody for detection. However, MS has very
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poor analytical sensitivity relative to immunoassays, including
RPPA. This deficiency limits the utility of MS for clinical bio-
marker measurement. Based on the strengths and limitations
of the two approaches, a highly synergic workflow could be
established wherein MS analysis is used for up-front de novo
target discovery and immunoassay techniques such as RPPA
are used in clinic and research settings for high-throughput
protein/multiplexed validation and profiling.

The RPPA platform has demonstrated utility in the charac-
terization of cell lines, animal models, and patient samples,
including for the clinical management of patients. The power
of the technology is manifest at least in part in the hundreds
of publications using and evaluating the RPPA technology
identified in a scan of Medline. This makes a community-wide
effort to define and share information on hardware, software
algorithms, and analytical challenges and limitations critical in
order for the promise of the platform to be realized in discov-
ery and clinical research. Although establishing best practices
is important for discovery research and hypothesis validation,
the opportunity and, indeed, the need to implement RPPA into
patient care in a CLIA or GLCP environment requires a much
higher standard of validation.

Although the RPPA technology has unmatched attributes
when it comes to multiplexed protein analysis of small
amounts of clinical samples and large numbers of samples,
there are numerous aspects of the technique that have the
potential for improvement that could allow those in the field to
more fully capitalize on the platform.

1. The platform is critically dependent on high-quality affin-
ity reagents. A concerted effort by academia and industry has
resulted in a rapid increase in high-quality affinity reagents,
greatly facilitating the implementation and utility of RPPA.
However, the effort and approaches needed for validation and
revalidation of affinity reagents remain perhaps the greatest
challenge and opportunity for a concerted community effort. It
is important to emphasize that the unique characteristics of
RPPA require greater specificity and different antibody char-
acteristics than many other approaches. Indeed, once the
initial repertoire of high-quality antibodies is exhausted, the
validation rate for new targets and antibodies will probably be
in the range of 20%. Thus the commitment from the RPPA
Workshop participants to share antibody lists and validation
approaches is critical to cost containment and to democra-
tizing the technology platform.

2. As the amount of high-quality data generated on the
RPPA platform is rapidly increasing, it is becoming possible to
consider the generation and dissemination of a “Human Pro-
teomics Atlas” that would both complement and extend the
utility of similar genomics efforts. This will require the devel-
opment of a centralized user-friendly data repository for RPPA
data storage and sharing, similar to those existing for gene
expression profiling. RPPA data have already been hosted on
several of the publicly available cancer genomics data portals,
such as the University of California Santa Cruz Cancer

Genomics Browser (112, 113), the MSKCC cBio portal (114),
and the Cancer Genome Atlas portal. Beyond the importance
of sharing RPPA data, these data portals are of great interest
for their capacity to integrate data from different sources,
such as RPPA, phenotype, gene expression, copy number,
mutation status, small molecules, and drug sensitivity data
(95, 115). In this manner, the RPPA technology will provide a
tremendous contribution to systems biology modeling of can-
cer based on network models. These annotated network
models allow better understanding of genomic drivers and
identify new protein biomarkers and drug targets. These types
of data-mining and pathway-network building tools provide
unique opportunities to develop interomic data “stitching”
and a systems network view of biology that could enable a
much deeper understanding of diseases such as cancer.

3. New uses for RPPA—for example, in drug screening;
systems biology; and the analysis of subcellular fractions,
serum, and plasma—uwill require flexible approaches and plat-
forms. Thus, although high-quality best practices should be
shared across the community, the platform needs to remain
flexible with the ability to rapidly adapt to emerging opportu-
nities. At this point, reporting conventions such as MIAME,
MIAPE, MIARE, and MISFISHIE and validation approaches
such as REMARK and BRISQ are likely too rigid for current
implementation; however, at some point the platform would
benefit from reporting requirements and even standardized
best practices as they emerge. The development of shared
reference material and standards would be especially useful
to the RPPA community.

4. Ongoing analysis of the best practices for sample han-
dling and the development of new approaches to limit the
effects of sample handling on protein quality remain para-
mount. Further approaches to qualify individual samples, and
particularly patient samples, as high quality are necessary in
order to limit the effects of noise contributed by damaged
samples to marker discovery and implementation.

The potential to implement RPPA into clinical practice cre-
ates a separate set of challenges. However, based on the
opportunity and need for platforms that can quantitatively
handle small patient samples, this opportunity requires an
active community effort. Further, the standard operating pro-
cedures and rigor required for implementation into patient
management will provide important information for the re-
search laboratory, resulting in cross-fertilization that will ben-
efit both approaches. As indicated above, the key outcome of
the first three global RPPA Workshops was a consensus on
the need to develop and implement processes to share best
practices; to develop a highly annotated database of vali-
dated affinity reagents; to develop a database to manage,
analyze, and share RPPA data; and to continue development
of the platform through subsequent workshops and the cre-
ation of an RPPA society.
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