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Cancer can be defined as a deregulation or hyperactivity
in the ongoing network of intracellular and extracellular
signaling events. Reverse phase protein microarray tech-
nology may offer a new opportunity to measure and pro-
file these signaling pathways, providing data on post-
translational phosphorylation events not obtainable by
gene microarray analysis. Treatment of ovarian epithelial
carcinoma almost always takes place in a metastatic set-
ting since unfortunately the disease is often not detected
until later stages. Thus, in addition to elucidation of the
molecular network within a tumor specimen, critical ques-
tions are to what extent do signaling changes occur upon
metastasis and are there common pathway elements that
arise in the metastatic microenvironment. For individual-
ized combinatorial therapy, ideal therapeutic selection
based on proteomic mapping of phosphorylation end
points may require evaluation of the patient’s metastatic
tissue. Extending these findings to the bedside will require
the development of optimized protocols and reference
standards. We have developed a reference standard
based on a mixture of phosphorylated peptides to begin
to address this challenge. Molecular & Cellular Pro-
teomics 4:346–355, 2005.

Major discovery efforts brought about by advances in
genomic and proteomic technologies have resulted in many

new potential drug targets. Most of these new targets are
proteins involved in cellular signaling, and a number of
array-based technologies are being developed to assess
and validate these candidates (1–6). These emergent tech-
nologies provide the opportunity to measure the varying
activities of enzymatic networks in cell lines before and after
perturbation in vitro. However, these models may not accu-
rately recapitulate the activity of a protein-signaling network
within a cell in situ because these networks exist within the
context of the inter- and intracellular microenvironment.
Therefore, it is critical that protein array technologies be
developed to measure the status of kinase-driven molecular
networks as they exist within the context of the cellular
milieu in both normal and diseased tissues. Protein microar-
rays can be used to profile the working state of cellular
signal pathways in a manner not possible with gene mi-
croarrays since post-translational modifications cannot be
accurately portrayed by global gene expression patterns
alone (3, 7–20).

Unique and potentially revolutionary opportunities exist for
protein microarray technology. Because most new drug tar-
gets for cancer and many other diseases are signaling-re-
lated, a proteomic approach that can elucidate ongoing post-
translational phosphorylation events now makes it possible to
generate a diagnostic portrait, based on the activity of the
drug targets themselves, of who will respond to a particular
therapy and who will not. Thus, providing clinicians with
knowledge of which pathways are active in a patient’s tumor
will enable them to specifically apply targeted therapy. The
technology may also be used to monitor total and phospho-
rylated proteins over time, before and after treatment, or
between disease and non-disease states, allowing us to infer
the activity levels of the proteins in a particular pathway in real
time (21–25). Proteomic approaches to molecular network
analysis may provide more valuable clinical information than
just “response” analysis and is an enabling tool for true pa-
tient-tailored therapy.
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PROTEIN MICROARRAY FORMATS

Protein microarray formats can be divided into two major
classes: forward phase arrays and reverse phase arrays
(RPAs).1 In the forward phase array format, the analyte(s) of
interest is captured from the solution phase by a capture
molecule, usually an antibody, that is immobilized on a sub-
stratum and acts as bait molecule (1, 2) (Fig. 1). In a forward
phase array, each spot contains one type of immobilized
antibody or bait protein. Each array is incubated with one test
sample such as a cellular lysate or serum sample representing
a specific treatment condition, and multiple analytes from that
sample are measured simultaneously. In contrast, the RPA
format immobilizes an individual complex test sample in each
array spot such that an array is comprised of hundreds of
different patient samples or cellular lysates. In the RPA format,
each array is incubated with one detection protein (i.e. anti-
body), and a single analyte end point is measured and directly
compared across multiple samples (17, 24, 26–29) (Fig. 1).
Probing multiple arrays spotted with the same lysate concom-
itantly with different phosphospecific antibodies provides the

effect of generating a multiplex readout. Efforts are ongoing in
our laboratory to multiplex the arrays even further through the
use of dual color infrared dye-labeled antibodies as well as
quantum dots. Using these technologies, it is hoped that
multiple analytes can be measured on the same spot on the
same array (30, 31). The utility of reverse phase protein mi-
croarrays lies in their ability to provide a map of known cell
signaling proteins. Identification of critical nodes, or interac-
tions, within the network is a potential starting point for drug
development and/or the design of individual therapy regimens
(21, 22). The array format is also amenable to extremely
sensitive analyte detection (Fig. 2) with detection levels ap-
proaching attogram amounts of a given protein and variances
of less than 10% (1, 32). Detection ranges could be substan-
tially lower in a complex mixture such as a cellular lysate;
however, the sensitivity of the RPAs is such that low abun-
dance phosphorylated isoforms can still be measured from a
spotted lysate amount of less than 10 cell equivalents. This
level of sensitivity combined with analytical robustness is
critical if the starting input material is only a few hundred cells
from a biopsy specimen.

The reverse phase protein array has demonstrated a unique
ability to analyze signaling pathways using small numbers of
cultured cells or cells isolated by laser capture microdissec-
tion from human tissue procured during clinical trials (17, 24,
26, 27). Using this approach, microdissected pure cell popu-
lations are taken from human biopsy specimens, and a protein
lysate is arrayed onto nitrocellulose-coated slides (Fig. 3). Key
technological components of this method offer unique advan-
tages over tissue arrays (33) or antibody arrays (34, 35). First
the RPA can use denatured lysates so that antigen retrieval,
which is a large limitation for tissue arrays, is not problematic.
Protein microarrays can also consist of non-denatured lysates
derived directly from microdissected tissue cells so that pro-
tein-protein, protein-DNA, and/or protein-RNA complexes
can be detected and characterized. Each patient sample is
printed on the array in serial dilutions, providing an internal
standard. When an internal reference standard of known and
fixed amounts of the analyte are applied to the same array, a
direct and quantitative measurement of the phosphorylated
end point can be attained within the linear dynamic range of
the assay. Finally RPAs do not require direct labeling of the
patient sample as a readout for the assay, which provides a
marked improvement in reproducibility, sensitivity, and ro-
bustness of the assay over other techniques (36).

The RPA platform has been used to explore a variety of
signaling pathways involved in malignant progression and
tumor biology (17, 26–29, 37). For example, in a study of
prostate tissue, pathway profiling of microdissected cells from
normal, stroma, and prostate tumors revealed the preliminary
finding that activation of protein kinase C � is down-modu-
lated in prostate cancer progression (26). If validated, this
finding could have profound effects on the rationale behind
some current therapies (38) and illustrates the importance of1 The abbreviation used is: RPA, reverse phase array.

FIG. 1. Classes of protein microarray technology. Forward phase
arrays (top) immobilize a bait molecule such as an antibody designed
to capture specific analytes with a mixture of test sample proteins.
The bound analytes are detected by a second sandwich antibody or
by labeling the analyte directly (upper right). Reverse phase arrays
immobilize the test sample analytes (e.g. lysate from laser capture
microdissected cells) on the solid phase. An analyte-specific ligand
(e.g. antibody; lower left) is applied in solution phase. Bound antibod-
ies are detected by secondary tagging and signal amplification (lower
right).
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proteomic technology coupled to signal pathway profiling in
providing new and unexpected insights into cellular processes.

MAPPING MOLECULAR NETWORKS IN EPITHELIAL
OVARIAN CANCER

With these potentials in mind, we are elucidating the value of
RPAs in several types of human cancer tissues to gain insights
into potential novel therapeutic strategies. In particular, epithe-
lial ovarian cancer represents a clinical challenge for which
much remains to be discovered. Of all gynecological cancers, it
carries the worst prognosis primarily due to the late stage at
presentation. For the patient with advanced disease, cytoreduc-
tive surgery and cytotoxic chemotherapy with taxane and plat-
inum compounds will produce an initial response in the majority
of patients, but ultimately most will experience relapse or de-
velop drug resistance and consequently die of their disease (39).

As a result of poor outcome and inability to detect disease
confined to the organ, a lot of emphasis has been directed at
identifying new disease biomarkers, indicators of response to
therapy, and novel treatment options for patients with ad-
vanced or refractory disease. Newer chemotherapeutic
agents including topoisomerase I inhibitors and taxane ana-
logues may offer scope for defeating resistant neoplastic cells
(40). Furthermore our increasing knowledge of the molecular
biology of ovarian cancer coupled with advances in global
expression profiling has led to the development of novel tar-
geted therapies including monoclonal antibodies, small mol-
ecule inhibitors, gene therapy, selective hormonal agents, and
cytokines (40). For epithelial ovarian cancer, much emphasis
has been placed on developing agents that block epidermal
growth factor receptor signaling with either monoclonal anti-

body (cetuximab) (41) or small molecule inhibitors of the re-
ceptor tyrosine kinase (gefitinib) (42). Other innovative agents
undergoing trials that specifically target signal transduction
pathways directly associated with tumor growth and progres-
sion include bevacizumab (Avastatin), a monoclonal antibody
that inhibits vascular endothelial growth factor receptor (43),
and imatinib mesylate (Gleevec), a small molecule inhibitor of
three tyrosine kinases, Bcr-Abl, c-Kit, and platelet-derived
growth factor receptor (44). However, as a consequence of
the heterogeneous nature of ovarian cancer, the efficacy of
specific cancer agents will invariably only suit a subset of
patients and probably only at a particular stage of their dis-
ease. Given the multitude of molecular defects in ovarian
cancer, it is therefore necessary to profile multiple signal
transduction pathways simultaneously and define a carcino-
genic “fingerprint” specific to the patient. Novel agents can
then be selectively applied either alone or in combination with
other novel or existing treatments.

Our laboratories have a significant interest in defining and
tailoring combinations of new specific drug targets for pa-
tients with ovarian and other cancers using the reverse phase
arrays to characterize the activated state of cellular signaling
pathways in human patient biopsy material. At a molecular
level, the process of growth, invasion, and migration of neo-
plastic cells is driven by a substantial number of integrated
and interconnecting pathways that can be quantitatively and
sensitively detected in human tissue lysates using protein
microarray methodology (45). In a previous study, ovarian
cancer epithelial cells were microdissected by laser capture
(46), and the activation state of prosurvival and mitogenic

FIG. 2. Example of sensitivity and reproducibility analysis of the reverse phase protein microarrays. The first spot of A1 and C1 is 45
pg, and the first spot of B1 and D1 is 38 pg. Rows A and C are duplicates from dilutions for recombinant active Akt protein. Rows B and D
are duplicates from dilution for phospho-Akt (Ser-473) peptide. In each grid, the sample was diluted 2-fold from the first spot. Each dilution
was spotted in duplicates. From columns 1 to 10, each first spot is 2-fold diluted from the previous one. For example, the first spot of grid A1
is 45 pg, the first spot of grid A2 is 22.5 pg, and the first spot of grid A3 is 11.25 pg. The array was stained with phospho-Akt antibody (1:250
dilution).
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signaling pathways was evaluated to assess the profiles in
primary tumors at different stages of disease progression (27).
While the levels of phosphorylated extracellular signal-regu-
lated kinase 1/2 were higher in advanced stage tumors and in
those with endometrioid morphology in conjunction with Akt,
expression levels tended to be more patient-specific rather
than stage-specific (27). The findings exemplify the need to
develop patient-tailored therapy that blocks the signaling driv-
ing neoplastic progression at the time of treatment irrespec-
tive of the stage.

TARGETING THE METASTATIC OVARIAN TUMOR

Unlike other solid epithelial tumors, ovarian cancer spreads
initially by surface shedding into the peritoneal cavity followed

by invasive implantation. Approximately 70% of patients with
ovarian cancer present with International Federation of Gyn-
ecology and Obstetrics Stage III or IV disease, indicating that
they have metastatic dissemination to the peritoneum beyond
the pelvis (47). Accordingly prognosis of the majority patients
with ovarian cancer is governed by the behavior of the dis-
seminated metastatic cells and not by the primary tumor. Our
understanding of the signaling events that facilitate the de-
tachment, migration, and survival of neoplastic cells from the
primary tumor is not fully known, and whether these changes
are a cause or consequence of the metastatic process re-
mains to be determined. These answers are critical in identi-
fying specific targets for therapeutic intervention of advanced
metastatic disease.

FIG. 3. Application of reverse phase arrays in mapping molecular networks of ovarian cancer. A, using laser capture microdissection
(LCM), ovarian cancer epithelial cells were isolated under direct microscopic vision from stained tissue sections leaving residual stroma on the
slide. Approximately 25,000 cells were dissected for each case and lysed directly on the laser capture microdissection cap with extraction
buffer. One hundred arrays were printed on nitrocellulose-coated slides. H&E, hematoxylin and eosin. B, example of an ovarian cancer reverse
phase array probed for active extracellular signal-regulated kinase (ERK) signaling using a phosphospecific antibody detected with a
tyramide-based avidin/biotin amplification system. Samples are printed in two columns: the left column represents primary tumors, and the
right column represents metastatic lesions. Cases are printed in duplicate, five-point dilution curves to ensure the linear detection range for the
antibody concentration is achieved. The sixth point represents a negative control consisting of extraction buffer alone. A positive control lysate
(A431 squamous carcinoma cell line) is printed on the array for monitoring immunostaining performance. Phosphorylation-specific reference
peptides are printed in a 12-point dilution curve on the bottom of the array for comparative, precise quantification of patient samples between
arrays. pERK, phosphorylated extracellular signal-regulated kinase; EGF, epidermal growth factor. C, stained slides for the multiple phospho-
rylation-specific end points were scanned using Adobe Photoshop. Following total protein estimation with a Sypro Ruby stain, the intensity
values of each antibody were normalized to total protein, and dilution curves were generated using Microvigene software. Histograms could
then be generated to compare alterations in cell signaling between the primary and metastatic samples.
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As an adjunct to and extension of our previous study of
primary ovarian carcinoma (27), we utilized RPA technology to
profile a matched cohort of primary and metastatic ovarian
carcinomas. In characterizing signal pathway alterations be-
tween the two tissue microenvironments, we hoped to gain
insights into the aberrant signaling that maintains shed neo-
plastic ovarian cells at secondary sites. In collaboration with
the National Ovarian Cancer Early Detection Program (North-
western University Hospital, Chicago, IL), 15 frozen tissue
samples were obtained from nine patients with a diagnosis of
Stage III or IV epithelial ovarian cancer. Six patients had
matched primary ovarian tissue and omental metastases ob-
tained during cytoreductive surgery. The histological diag-
noses comprised papillary serous, endometrioid, and mixed
carcinomas and one primary peritoneal carcinoma. Epithelial
cells were microdissected from frozen tumor sections and
printed on the arrays as described previously (27) (Fig. 3). The
slides were probed with 26 phosphospecific antibodies to
proteins involved in mitogenesis including growth factor re-

ceptors, signal transducing proteins, and nuclear transcription
factors to profile the phosphoproteomic signal pathway
circuitry.

Analysis of multiple different kinase substrates detected by
phosphorylation-specific antibodies revealed a striking de-
gree of patient heterogeneity in the activity of the signaling
cascades within each patient. Unsupervised hierarchical clus-
tering analysis revealed that the samples were divided into
two large groups: one in which the majority of end points were
activated and the other in which they were not (Fig. 4). This
division was not based on primary or metastatic tissue origin
or by histologic type. Interestingly the primary peritoneal car-
cinoma did not have a significantly different phosphopro-
teomic portrait than the primary ovarian tumors. The second
observation was that comparison of cell signaling within the
primary group itself or the metastatic group demonstrated
considerable variation in the level of signal pathway activa-
tion; there was no common pattern specific to either of the
tissue microenvironments.

FIG. 4. Unsupervised hierarchical clustering analysis of multiplexed kinase substrate end points. The multiple different kinase
substrates are outlined on the horizontal axis, and the tissue phenotype is on the vertical axis. Higher relative levels of a phosphorylated
substrate are represented in red; lower levels are in green. Matched cases are labeled in the same color type on the vertical axis, and
unmatched cases are represented in black type. Met, metastatic tissue; cl Casp 3, cleaved Caspase 3; p, phosphorylated; ER�, estrogen
receptor �; COX-2, cyclooxygenase-2; PKC, protein kinase C; JNK, c-Jun N-terminal kinase; SAPK, stress-activated protein kinase; GSK3,
glycogen synthase kinase-3; mTOR, mammalian target of rapamycin; STAT, signal transducers and activators of transcription; EGFR,
epidermal growth factor receptor; MARCKS, myristoylated alanine-rich C kinase substrate; ERK, extracellular signal-regulated kinase.
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Finally perhaps the most intriguing finding was that the
metastatic signatures were dramatically changed compared
with their matched primary counterparts with entirely different
portraits emerging. Each patient’s proteomic pattern had
evolved as the tumor spread to a secondary site. In part, these
results are similar to our previous work in primary ovarian
cancers in that the patterns of activation in human ovarian
tumors may indeed be patient-specific. The additional discov-
ery that metastatic cell signaling is so dissimilar to the primary
tumor highlights the critical need for patient-tailored therapy
that is designed to specifically target the disseminated cells
as it is these aberrant pathways that most likely reflect the
behavior of the disease within the patient. In this small cohort,
each of these patients may have responded quite differently
to conventional chemotherapy despite being of similar dis-
ease stage. The acquired change in the tumor proteome may
indeed be associated with drug resistance. The question cur-
rently being addressed by our group is whether metastasis to
different secondary sites, e.g. liver or lung, shows the same
degree of signaling heterogeneity, demonstrating organ- or
patient-specific phosphorylation patterns.

The expression profile produced by the microarray experi-
ments represents a snapshot of the proteomic state of the
tissues from two distinct microenvironments. To pursue the
identification of specific targets that may separate primary
and metastatic tumors, we then applied principle component
analysis to identify end points that will segregate them from
each other. Principle component analysis is an analytic
method that identifies a subset of variables that is responsible
for the majority of the observed differences among data sets
(48). It has been used previously for data mining of both cDNA
(49) and tissue microarrays (50) to determine transcriptional
fingerprints underlying phenotypic variations. In our cohort,
principle component analysis identified several phosphoryl-
ated proteins that represented most of the variation between
primary and metastatic tissue expression patterns. These in-
cluded the phosphorylated forms of c-Kit, Ask, myristoylated
alanine-rich C kinase substrate, I�B�, and Ras-GRF. Using
partition analysis (51, 52), we then found that most of the
primary and metastatic tumors could be distinguished from
each other by phosphorylated c-Kit expression alone; 13 of
the 15 tissue samples could be categorized as either primary
or secondary origin (Fig. 5).

The c-kit gene encodes a transmembrane receptor tyrosine
kinase, a family of receptors that play important roles in the
regulation of cellular proliferation and differentiation (53). Its
expression and activation are well documented in a variety of
human tumors including gastrointestinal stromal tumors, leu-
kemias, germ cell tumors (53), and breast tumors (54). The
expression of c-Kit has been also described in epithelial ovar-
ian carcinoma, and although the data vary considerably, the
majority have shown elevated expression compared with nor-
mal ovary (55). Furthermore c-Kit correlates with advanced
stage and chemotherapy resistance in serous ovarian carci-

nomas (56). c-Kit expression represents one of the fine ex-
amples of how expression profiling has led to the develop-
ment of a selective tyrosine kinase inhibitor, imatinib mesylate
(Gleevec) (44).

To our knowledge, comparisons of phosphorylated c-Kit
expression in primary and metastatic ovarian tumors have not
been evaluated previously. Our results have revealed poten-
tially important insights into the most optimal and therapeutic
formula for advanced ovarian cancer. In this small study set,
the transition from primary to secondary site correlated with
activation of c-Kit; therefore these patients may specifically
benefit from Gleevec therapy. However, because the individ-
ual patients had such a heterogeneous pattern of activated
signals in other pathways, combination therapy with other
specific kinase inhibitors would have to be selectively applied
based on each phosphoproteomic fingerprint.

Clinical trials of Gleevec therapy are already underway for
ovarian cancer (40). RPA technology could be an effective
method of stratifying patients who may benefit from therapy
or for comparing pre- and post-treatment proteomic patterns
in patients who are c-Kit-positive. For patients with resistant
or refractory disease, an entirely different therapeutic regime
may then be chosen based on their activated kinome state.

It is clear, based on these aforementioned case studies,
that reverse phase protein microarray technology can gener-
ate important and enabling data. However, circumspection is
clearly warranted as the translation of intriguing research find-
ings into clinical implementation is fraught with the challenges
of reproducibility, standardization, and clinical validation.
What technological advances and method developments are
required before phosphoproteomics-based molecular net-
work analysis of patient tissue is being routinely performed at

FIG. 5. Analysis of phosphorylated c-Kit by tissue origin. Shown
is the one-way analysis of normalized relative intensity values for
phospho-c-Kit (pcKIT) demonstrating segregation of primary and
metastatic tissue origins by this end point.
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the bedside and the results are used for therapeutic decision
making?

CHALLENGES FOR PROTEIN MICROARRAY USE AT THE BEDSIDE

The field of gene expression profiling was catalyzed by the
ease and throughput of manufacturing probes with known,
specific, and predictable affinity constants. In contrast, the
probes (e.g. antibodies, aptamers, ligands, and drugs) used
for protein microarrays cannot be manufactured with predict-
able affinity and specificity. The availability of high quality,
specific antibodies or suitable protein binding ligands is a
major limiting factor and starting point for the successful
utilization of this technology (4). Post-translational modifica-
tions or protein-protein interactions of an individual protein
will contain critical biological meaning that cannot be ascer-
tained merely by measuring the total concentration of the
analyte. Consequently a significant challenge for protein mi-
croarrays is the need for antibodies or similar detection
probes that are specific for the modification or activation state
of the target protein.

Antibody specificity must also be thoroughly assessed and
validated by Western blot prior to use in any protein array
format, and appropriate standards for specificity should be
established. Such standards should include evidence of a
single, appropriate sized band in immunoblot analysis of com-
plex biological samples similar to those planned for array
analysis such as cell lines or whole or microdissected tissue
samples. Assessment of a phosphospecific antibody might
also require evidence of a differential signal between control
and treated samples known to activate the pathway or end
point of interest. These same positive and negative controls
are also printed directly on each array to ensure real time
assessment of specificity. A web posting of our validated
antibodies can be found at home.ccr.cancer.gov/ncifdapro-
teomics/. A significant challenge for cooperative groups,
funding agencies, and international consortia is the genera-
tion of large comprehensive libraries of fully characterized
specific antibodies, ligands, and probes. Fortunately some
large initiatives such as those of the internationally based
Human Proteomic Organization and the Human Proteome
Resource in Sweden and individual investigators are begin-
ning efforts to provide the scientific community with critical
antibody resources (57–59).

Another issue faced in research using human tissues is
small tumor size and limited availability of specimens for
study. While techniques such as laser capture microdissec-
tion and RNA amplification allow one to utilize biopsy speci-
mens and small tumors for study, it will be important that
future clinical trials incorporate tissue accrual components to
allow for the facile evaluation by molecular techniques.

REFERENCE STANDARD DEVELOPMENT

Perhaps the biggest challenge facing the widespread use of
the RPA in the clinical laboratory setting is the standardization

of each step and process involved in array production, bioin-
formatic analysis, and ensuring that tissue is processed and
handled rapidly and optimally. A recent assessment of the
gene expression microarray literature found that there is little
standardization in the field with regard to the methods, anal-
ysis, and controls used and also data validation (60). These
issues often prevent productive data comparisons between
laboratories and platforms and between experiments sepa-
rated in time. This is a particularly relevant issue with regard to
the analysis of clinical trial specimens by protein arrays where
accrual of samples may occur over extended periods of time
and analysis may require the use of multiple arrays to accom-
modate all samples for a particular study. In addition to the
standardization of tissue handling techniques and sample
preparation protocols, development of a universal reference
standard that could be deposited onto every array would
allow one to identify and compensate for variation in instru-
mentation, reagents, samples, and operators in different lab-
oratory settings and across time.

Ideally an RPA reference standard would serve as a univer-
sal positive control for the staining process and antibody
validation and also be incorporated into data analysis. A good
quality reference standard should be renewable, reproducible
on a large scale, reliable across a broad range of end points,
and stable over long periods of time. A reference standard
should also resemble the test samples as closely as possible
(61). Our group has assessed various types of source mate-
rials for use as a reference standard on our reverse phase
protein array platform. Human tissue extracts, although es-
sentially identical to our test samples, are not renewable or
routinely available in large enough quantities for large scale
reference standard production. We also found that any par-
ticular tissue extract often does not provide reliable signal for
all phosphospecific end points of interest in our profiling
studies. Theoretically multiple tissue extracts could be com-
bined into a reference standard to overcome this problem, but
this only serves to compound the problems of large scale
production and renewability. Alternatively extracts from a
wide variety of treated cell lines can be purchased or pro-
duced in large quantities, but they share the same problems
of long term reproducibility and stability found with tissue
extracts.

In our laboratory, the use of tissue extracts or lysates from
treated cells as reference standards has proven most useful
as controls for antibody validation and as positive controls for
antibody staining on reverse phase arrays (Fig. 3B). Ultimately
we have chosen to develop a reference standard containing
phosphorylated peptides specific for each of the antibodies
routinely used in our profiling studies (Fig. 6). Phosphopep-
tides represent an invariant, renewable, scalable, and repro-
ducible source material for a high quality reference lysate.
Since they are often the immunogen source itself, they bind
probe antibodies with high affinity. The peptides can be
printed in mixtures on arrays in extended dilution curves and
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be used to develop a reference calibration curve (Fig. 6). For
routine clinical implementation, much like how an ELISA is
used, each phosphospecific analyte measurement for any
experimental sample that falls into the linear range of the
calibrant can be converted into reference standard units
based on the calibrant and the dilution factor. The use of a
universal reference standard on every array produced in a
single facility or a number of different laboratories will facilitate
normalization and comparison of test samples across time,
platforms, studies, and sites.

COMBINATORIAL TARGETED MEDICINE: THE FUTURE OF PATIENT
STRATIFICATION AND “THERANOSTICS”

The use of proteomic profiling to determine the activation
status of many dozens of phosphorylation end points and
identification of the key signaling nodes in individual tumor
tissues could lead to dramatic and significant improvements
in therapeutic efficacy and patient survival. Armed with the
information about which signaling pathways are being utilized
by the primary tumor cells, surrounding stroma, and meta-
static lesions will allow us to build specific function interaction
maps for each patient. Data produced from our patient-
matched ovarian cancer primary/metastasis series indicates
the potential need to evaluate the metastatic signaling portrait
prior to treatment selection. The metastatic signatures were
clearly very different from the primary tumor taken at the same
time at surgery, and these fingerprints appear to be virtually
patient-specific (Fig. 4). The use of bioinformatics may even-
tually allow us to understand how this information changes
and fluxes as a consequence of disease stage and treatment

choice not just within the tumors but in the surrounding cel-
lular milieu. These protein interactions are interdependent on
each other, and kinase activity at one location will affect other
kinases and substrates within a circuit. We can take advan-
tage of this fact so that we can imagine a future in which
targeting a number of critical nodes along the entire deranged
signal pathway can result in an outcome with a higher poten-
tial for efficacy and lower toxicity (62). Recent mathematical
modeling experiments have indicated that, through the selec-
tion of multiple and specific signaling interconnections, a
large supra-additive synergy can be achieved by inhibiting
specific interdependent “nodes” simultaneously (63, 64). This
finding is significant based on the patient-specific signaling
heterogeneity revealed in actual patient tissue portraits as
outlined previously.

The phosphoproteome profiled using RPAs may play a
dominant and key role in personalized medicine as the aber-
rant function of protein kinases are often at the center of many
diseases, including cancer (65–73). The ability to develop a
portrait built on the activation states of the drug targets them-
selves represents the power of theranostics (therapeutic drug
targets that also are diagnostic biomarkers, such as ErbB2)
for cancer and disease treatment. Drug discovery efforts fo-
cusing on the development of small molecular weight com-
pounds and biologic agents that can mitigate and modulate
specific kinase activity is an intense area of focus for industry
due to their key roles in cancer and biology (74–79). On the
basis of proteomic and genomic portraits of the disease, an
individualized selection of therapeutic combinations that best

FIG. 6. Phosphopeptide reference standard development. Antibody-specific phosphorylated peptides can be used as components of a
reference standard for reverse phase protein arrays. This example shows phosphorylated peptides printed in 24-point dilution curves on the
arrays at a starting concentration of 1 �g/ml. Peptides were printed alone or in mixtures. The reference lysate sample was composed of whole
prostate tumor tissue or peripheral blood lymphocytes. Three different mixtures of peptides were added to determine whether the antibodies
could detect peptides arrayed in mixtures. Mixture 1: pCREB, pSMAD, pFADD, pPTP1C, and pc-Cbl; Mixture 2: pCREB, pAkt, pSMAD-1, and
pENOS; Mixture 3: all nine peptides. The left panel represents an array probed with anti-phospho-c-Cbl Y700 antibody (BD Transduction
Laboratories Inc.), and the right panel represents a duplicate array stained with anti-phospho-Akt Ser-473 antibody (Cell Signaling Technology
Inc.). p, phosphorylated; CREB, cAMP-response element-binding protein; FADD, Fas-associated death domain; PTP, protein tyrosine
phosphatase; ENOS, endothelial nitric-oxide synthase. SMAD, human homolog of mothers against decapentaplegic; PTPIC, protein tyrosine
phosphatase.
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target the protein network for that specific patient can be
selected and used, resulting in a paradigm shift in patient
treatment and disease management.

* The views expressed here are expressed solely by the authors
and should not be construed as representative of those of the De-
partment of Health and Human Services, the U. S. Food and Drug
Administration, or SAIC, Inc. Moreover, aspects of the topics dis-
cussed have been filed as U. S. Government owned patent applica-
tions. Drs. Petricoin and Liotta are co-inventors on these applications
and may receive royalties provided under U. S. Law.

‡‡ Supported by Specialized Program of Research Excellence in
ovarian cancer Grant P50CA83639A and Basic Biology of Ovarian
Cancer Program Project Grant PO1 CA64602.

§§ To whom correspondence may be addressed: CBER/FDA, Bldg.
29A/2D12, HFM 710, 8800 Rockville Pike, Bethesda, MD 20892. Tel.:
301-827-1753; Fax: 301-827-0449; E-mail: petricoin@cber.fda.gov.

¶¶ To whom correspondence may be addressed: CBER/FDA, Bldg.
29A/2B20, HFM 710, 8800 Rockville Pike, Bethesda, MD 20892. Tel.:
301-402-0211; Fax: 301-827-0449; E-mail: wulfkuhlecber.fda.gov.

REFERENCES

1. Liotta, L. A., Espina, V., Mehta, A. I., Calvert, V., Rosenblatt, K., Geho, D.,
Munson, P. J., Young, L., Wulfkuhle, J., and Petricoin, E. F., III. (2003)
Protein microarrays: meeting analytical challenges for clinical applica-
tions. Cancer Cell 3, 317–325

2. Pavlickova, P., Schneider, E. M., and Hug, H. (2004) Advances in recom-
binant antibody microarrays. Clin. Chim. Acta 343, 17–35

3. Lal, S. P., Christopherson, R. I., and dos Remedios, C. G. (2002) Antibody
arrays: an embryonic but rapidly growing technology. Drug Discov. To-
day 7, S143–S149

4. Templin, M. F., Stoll, D., Schrenk, M., Traub, P. C., Vohringer, C. F., and
Joos, T. O. (2002) Protein microarray technology. Trends Biotechnol. 20,
160–166

5. Petach, H., and Gold, L. (2002) Dimensionality is the issue: use of pho-
toaptamers in protein microarrays. Curr. Opin. Biotechnol. 13, 309–314

6. Kukar, T., Eckenrode, S., Gu, Y., Lian, W., Megginson, M., She, J.-X., and
Wu, D. (2002) Protein microarrays to detect protein-protein interactions
using red and green fluorescent proteins. Anal. Biochem. 306, 50–54

7. Hunter, T. (2000) Signaling—2000 and beyond. Cell 100, 113–127
8. Blume-Jensen, P., and Hunter, T. (2001) Oncogenic kinase signalling. Na-

ture 411, 355–365
9. Celis, J. E., and Gromov, P. (2003) Proteomics in translational cancer

research: toward an integrated approach. Cancer Cell 3, 9–15
10. Jeong, H., Tombor, B., Albert, R., Oltvai, Z. N., and Barabasi, A. L. (2000)

The large-scale organization of metabolic networks. Nature 407,
651–654

11. Charboneau, L. (2002) Utility of reverse phase protein microarrays: appli-
cations to signaling pathways and human body arrays. Brief. Funct.
Genomics Proteomics 1, 305–315

12. Cutler, P. (2003) Protein arrays: the current state-of-the-art. Proteomics 3,
3–18

13. Ge, H. (2000) UPA, a universal protein array system for quantitative detec-
tion of protein-protein, protein-DNA, protein-RNA and protein-ligand
interactions. Nucleic Acids Res. 28, e3 i–iii

14. MacBeath, G. (2002) Protein microarrays and proteomics. Nat. Genet. 32,
(suppl.) 526–532

15. MacBeath, G., and Schreiber, S. L. (2000) Printing proteins as microarrays
for high-throughput function determination. Science 289, 1760–1763

16. Miller, J. C., Zhou, H., Kwekel, J., Cavalio, R., Burke, J., Butler, E. B., Teh,
B. S., and Haab, B. B. (2003) Antibody microarray profiling of human
prostate cancer sera: antibody screening and identification of potential
biomarkers. Proteomics 3, 56–63

17. Paweletz, C. P., Charboneau, L., Bichsel, V. E., Simone, N. L., Chen, T.,
Gillespie, J. W., Emmert-Buck, M. R., Roth, M. J., Petricoin, E. F., III, and
Liotta, L. A. (2001) Reverse phase protein microarrays which capture
disease progression show activation of pro-survival pathways at the
cancer invasion front. Oncogene 20, 1981–1989

18. Wilson, D. S., and Nock, S. (2003) Recent developments in protein microar-
ray technology. Angew. Chem. Int. Ed. Engl. 42, 494–500

19. Zhu, H., and Snyder, M. (2001) Protein arrays and microarrays. Curr. Opin.
Chem. Biol. 5, 40–45

20. Zhu, H., and Snyder, M. (2003) Protein chip technology. Curr. Opin. Chem.
Biol. 7, 55–63

21. Liotta, L. A., Kohn, E. C., and Petricoin, E. F. (2001) Clinical proteomics:
personalized molecular medicine. J. Am. Med. Assoc. 286, 2211–2214

22. Petricoin, E. F., Zoon, K. C., Kohn E. C., Barrett, J. C., and Liotta, L. A.
(2002) Clinical proteomics: translating benchside promise into bedside
reality. Nat. Rev. Drug Discov. 1, 683–695

23. Espina, V., Dettloff, K. A., Cowherd, S., Petricoin, E. F., III, and Liotta, L. A.
(2004) Use of proteomic analysis to monitor responses to biological
therapies. Expert Opin. Biol. Ther. 4, 83–93

24. Zha, H., Raffeld, M., Charboneau, L., Pittaluga, S., Kwak, L. W., Petricoin,
E., III, Liotta, L. A., and Jaffe, E. S. (2004) Similarities of prosurvival
signals in Bcl-2-positive and Bcl-2-negative follicular lymphomas iden-
tified by reverse phase protein microarray. Lab. Investig. 84, 235–244

25. Carr, K. M., Rosenblatt, K., Petricoin, E. F., and Liotta, L. A. (2004) Genomic
and proteomic approaches for studying human cancer: prospects for
true patient-tailored therapy. Hum. Genomics 1, 134–140

26. Grubb, R. L., Calvert, V. S., Wulfkuhle, J. D., Paweletz, C. P., Linehan,
W. M., Phillips, J. L., Chuaqui, R., Valasco, A., Gillespie, J., Emmert-
Buck, M., Liotta, L. A., and Petricoin, E. F. (2003) Signal pathway profiling
of prostate cancer using reverse phase protein microarrays. Proteomics
3, 2142–2146

27. Wulfkuhle, J. D., Aquino, J. A., Calvert, V. S., Fishman, D. A., Coukos, G.,
Liotta, L. A., and Petricoin, E. F., III (2003) Signal pathway profiling of
ovarian cancer from human tissue specimens using reverse-phase pro-
tein microarrays. Proteomics 3, 2085–2090

28. Nishizuka, S., Chen, S.-T., Gwadry, F. G., Alexander, J., Major, S. M.,
Scherf, U., Reinhold, W. C., Waltham, M., Charboneau, L., Young, L.,
Bussey, K. J., Kim, S., Lababidi, S., Lee, J. K., Pittaluga, S., Scudiero,
D. A., Sausville, E. A., Munson, P. J., Petricoin, E. F., III, Liotta, L. A.,
Hewitt, S. M., Raffeld, M., and Weinstein, J. N. (2003) Diagnostic markers
that distinguish colon and ovarian adenocarcinomas: identification by
genomic, proteomic, and tissue array profiling. Cancer Res. 63,
5243–5250

29. Nishizuka, S., Charboneau, L., Young, L., Major, S., Reinhold, W. C.,
Waltham, M., Kouros-Mehr, H., Bussey, K. J., Lee, J. K., Espina, V.,
Munson, P. J., Petricoin, E., III, Liotta, L. A., and Weinstein, J. N. (2003)
Proteomic profiling of the NCI-60 cancer cell lines using new high-
density reverse-phase lysate microarrays. Proc. Natl. Acad. Sci. U. S. A.
100, 14229–14234

30. Calvert, V. S., Tang, Y., Boveia, V., Wulfkuhle, J., Schutz-Geschwender, A.,
Olive, D. M., Liotta, L. A., and Petricoin, E. F. (2004) Development of
multiplexed protein profiling and detection using near infrared detection
of reverse phase protein microarrays. Clin. Prot. 1, 81–89

31. Geho, D. H., Lahar, N., Ferrari, M., Petricoin, E. F., and Liotta, L. A. (2004)
Opportunities for nanotechnology-based innovation in tissue proteom-
ics. Biomed. Microdevices 6, 231–239

32. Espina, V., Woodhouse, E. C., Wulfkuhle, J., Asmussen, H. D., Petricoin,
E. F., III, and Liotta, L. A. (2004) Protein microarray detection strategies:
focus on direct detection methods. J. Immunol. Methods 290, 121–133

33. Torhorst, J., Bucher, C., Kononen, J., Haas, P., Zuber, M., Kochli, O. R.,
Mross, F., Dieterich, H., Moch, H., Mihatsch, M., Kallioniemi, O.-P., and
Sauter, G. (2001) Tissue microarrays for rapid linking of molecular
changes to clinical endpoints. Am. J. Pathol. 159, 2249–2256

34. Sreekumar, A., Nyati, M. K., Varambally, S., Barrette, T. R., Ghosh, D.,
Lawrence, T. S., and Chinnaiyan, A. M. (2001) Profiling of cancer cells
using protein microarrays: discovery of novel radiation-regulated pro-
teins. Cancer Res. 61, 7585–7593

35. Knezevic, V., Leethanakul, C., Bichsel, V. E., Worth, J. M., Prabhu, V. V.,
Gutkind, J. S., Liotta, L. A., Munson, P. J., Petricoin, E. F., III, and
Krizman, D. B. (2001) Proteomic profiling of the cancer microenvironment
by antibody arrays. Proteomics 1, 1271–1278

36. Espina, V., Mehta, A. I., Winters, M. E., Calvert, V., Wulfkuhle, J., Petricoin,
E. F., III, and Liotta, L. A.(2003) Protein microarrays: molecular profiling
technologies for clinical specimens. Proteomics 3, 2091–2100

37. Celis, J. E., Moreira, J. M., Gromova, I., Cabezon, T., Ralfkiaer, U., Guld-
berg, P., Straten, P. T., Mouridsen, H., Friis, E., Holm, D., Rank, F., and

Reverse Phase Arrays for Molecular Network Analysis

354 Molecular & Cellular Proteomics 4.4



Gromov, P. (2005) Towards discovery-driven translational research in
breast cancer. FEBS J. 272, 2–15

38. Tolcher, A. W., Reyno, L., Venner, P. M., Ernst, S. D., Moore, M., Geary,
R. S., Chi, K., Hall, S., Walsh, W., Dorr, A., and Eisenhauer, E. (2002) A
randomized phase II and pharmacokinetic study of the antisense oligo-
nucleotides ISIS 3521 and ISIS 5132 inpatients with hormone-refractory
prostate cancer. Clin. Cancer Res. 8, 2530–2535

39. Agarwal, R., and Kaye, S. B. (2003) Ovarian cancer: strategies for over-
coming resistance to chemotherapy. Nat. Rev. Cancer 3, 502–516

40. See, H. T., and Kavanagh, J. J. (2004) Novel agents in epithelial ovarian
cancer. Cancer Investig. 22, Suppl. 2, 29–44

41. Mendelsohn, J., and Baselga, J. (2003) Status of epidermal growth factor
receptor antagonists in the biology and treatment of cancer. J. Clin.
Oncol. 21, 2787–2799

42. Sewell, J. M., Macleod, K. G., Ritchie, A., Smyth, J. F., and Langdon, S. P.
(2002) Targeting the EGF receptor in ovarian cancer with the tyrosine
kinase inhibitor ZD 1839 (“Iressa”). Br. J. Cancer 86, 456–462

43. Ferrara, N. (2002) Role of vascular endothelial growth factor in physiologic
and pathologic angiogenesis: therapeutic implications. Semin. Oncol.
10–14

44. Sattler, M., and Salgia, R. (2004) Targeting c-Kit mutations: basic science to
novel therapies. Leukoc. Res. 28, Suppl. 1, S11–S20

45. Liotta, L. A., and Kohn, E. C. (2001) The microenvironment of the tumour-
host interface. Nature 411, 375–379

46. Emmert-Buck, M. R., Bonner, R. F., Smith, P. D., Chuaqui, R. F., Zhuang,
Z., Goldstein, S. R., Weiss, R. A., and Liotta, L. A. (1996) Laser capture
microdissection. Science 274, 998–1001

47. Partridge, E. E., and Barnes, M. N.(1999) Epithelial ovarian cancer: preven-
tion, diagnosis and treatment. Can. Cancer J. Clin. 49, 297–320

48. Joliffe, T. (1986) Principle Components Analysis, pp. 1–15, Springer, Berlin
49. Kurella, M., Hsiao, L. L., Yshida, T., Randall, J. D., Chow, G., Sarang, S. S.,

Jensen, R. V., and Gullens, S. R. (2001) DNA microarray analysis of
complex biologic processes. J. Am. Soc. Nephrol. 12, 1072–1078

50. Iwafuchi, H. (2004) Principle component analysis of salivary gland tumors.
Mod Pathol. 17, 803–810

51. Ciampi, A., Lawless, J. F., McKinney, S. M., and Singhal, K. (1988) Regres-
sion and recursive partition strategies in the analysis of medical survival
data. J. Clin. Epidemiol. 41, 737–748

52. Lu, K. H., Patterson, A. P., Wang, L., Marquez, R. T., Atkinson, E. N.,
Baggerly, K. A., Ramoth, L. R., Rosen, D. G., Liu, J., Hellstrom, I., Smith,
D., Hartmann, L., Fishman, D., Berchuck, A., Schmandt, R., Whitaker, R.,
Gershenson, D. M., Mills, G. B., and Bast, R. C., Jr. (2004) Selection of
potential markers for epithelial ovarian cancer with gene expression
arrays and recursive descent partition analysis. Clin Cancer Res. 10,
3291–3300

53. Akin, C., and Metcalfe, D. D. (2004) The biology of Kit in disease and the
application of pharmacogenetics. J. Allergy Clin. Immunol. 114, 13–19

54. Tse, G. M., Putti, T. C., Lui, P. C., Lo, A. W., Scolyer, R. A., Law, B. K.,
Karim, R., and Lee, C. S. (2004) Increased c-kit (CD117) expression in
malignant mammary phyllodes tumors. Mod. Pathol. 17, 827–831

55. Schmandt, R. E., Broaddus, R., and Lu, K. H. (2003) Platelet-derived growth
factor receptor in ovarian serous carcinoma and normal ovarian surface
epithelium. Cancer 98, 758–764

56. Raspollini, M. R., Amunni, G., Villanucci, A., Baroni, G., Taddei, A., and
Taddei, G. L. (2004) c-KIT expression and correlation with chemotherapy
resistance in ovarian carcinoma: an immunocytochemical study. Ann.
Oncol. 15, 594–597

57. Hanash, S. (2003) Disease proteomics. Nature 422, 226–232
58. Tyers, M., and Mann, M. (2003) From genomics to proteomics. Nature 422,

193–197
59. Agaton, C., Galli, J., Hoiden Guthenberg, I., Janzon, L., Hansson, M.,

Asplund, A., Brundell, E., Lindberg, S., Ruthberg, I., Wester, K., Wurtz,
D., Hoog, C., Lundeberg, J., Stahl, S., Ponten, F., and Uhlen, M. (2003)
Affinity proteomics for systematic protein profiling of chromosome 21
gene products in human tissues. Mol. Cell. Proteomics. 2, 405–414

60. Ntzani, E. E., and Ioannidis, J. P. (2003) Predictive ability of DNA microar-
rays for cancer outcomes and correlates: an empirical assessment.
Lancet 362, 1439–1444

61. Cronin, M., Ghosh, K., Sistare, F., Quackenbush, J., Vilker, V., and
O’Connell, C. (2004) Universal RNA reference materials for gene expres-
sion. Clin. Chem. 50, 1464–1471

62. Petricoin, E., Wulfkuhle, J., Espina, V., and Liotta, L. A. (2004) Clinical
proteomics: revolutionizing disease detection and patient tailoring ther-
apy. J. Proteome Res. 3, 209–217

63. Araujo, R. P., Doran, C., Liotta, L. A., and Petricoin, E. F. (2005) Network-
targeted combination therapy: a new concept in cancer treatment. Drug
Discov. Today 1, 425–433

64. Araujo, R. P., Petricoin, E. F., and Liotta, L. A. (2005) A mathematical model
of combination therapy using the EGFR signaling network. Biosystems,
in press

65. Bray, D. (2003) Molecular networks: the top-down view. Science 301,
1864–1865

66. Ponder, B. A. (2001) Cancer genetics. Nature 411, 337–341
67. Evan, G. I., and Vousden, K. H. (2001) Proliferation, cell cycle and apoptosis

in cancer. Nature 411, 342–348
68. Kaptain, S., Tan, L. K., and Chen, B. (2001) Her-2/neu and breast cancer.

Diagn. Mol. Pathol. 10, 139–152
69. Leyland-Jones, B. (2002) Trastuzumab: hopes and realities. Lancet Oncol.

3, 137–144
70. Sebolt-Leyopold, J. S. (2000) Development of anticancer drugs targeting

the MAP kinase pathway. Oncogene 19, 6594–6599
71. Santen, R. J., Song, R. X., McPherson, R., Kumar, R., Adam, L., Jeng,

M. H., and Yue, W. (2002) The role of mitogen-activated protein (MAP)
kinase in breast cancer. J. Steroid Biochem. Mol. Biol. 80, 239–256

72. Sebolt-Leyopold, J. S., and Herrera, R. (2004) Targeting the mitogen-
activated protein kinase cascade to treat cancer. Nat. Rev. Cancer 4,
937–947

73. Keen, N., and Taylor, S. (2004) Aurora-kinase inhibitors as anticancer
agents. Nat. Rev. Cancer 4, 927–936

74. Traxler, R., Bold, G., Buchdunger, E., Caravatti, G., Furet, P., Manley, P.,
O’Reilly, T., Wood, J., and Zimmermann, J. (2001) Tyrosine-kinase in-
hibitors: from rational design to clinical trials. Med. Res. Rev. 21,
499–512

75. Zwick, E., Bange, J., and Ullrich, A. (2001) Receptor tyrosine kinases as
targets for anticancer drugs. Trends Mol. Med. 8, 17–23

76. Normanno, N., Campiglio, M., De, L. A., Somenzi, G., Maiello, M.,
Ciardiello, F., Giani, L., Salomon, D. S., and Menard, S. (2002) Cooper-
ative inhibitory effect of ZD1839 (Iressa) in combination with trastuzumab
(Herceptin) on human breast cancer cell growth. Ann. Oncol. 13, 65–72

77. Moasser, M. M., Basso, A., Averbuch, S. D., and Rosen, N. (2001) The
tyrosine kinase inhibitor ZD1839 (“Iressa”) inhibits HER2-driven signaling
and suppresses the growth of HER2-overexpressing tumor cells. Cancer
Res. 61, 7184–7188

78. Cuello, M., Ettenberg, S. A., Clark, A. S., Keane, M. M., Posner, R. H., Nau,
M. M., Dennis, P. A., and Lipkowitz, S. (2001) Down-regulation of the
erbB-2 receptor by trastuzumab (Herceptin) enhances tumor necrosis
factor-related apoptosis-inducing ligand-mediated apoptosis in breast
and ovarian cancer cell lines that overexpress erbB-2. Cancer Res. 61,
4892–4900

79. Herbst, R. S., Fukuoka, M., and Baselga, J. (2004) Gefitinib—a novel
targeted approach to treating cancer. Nat. Rev. Cancer 4, 956–965

Reverse Phase Arrays for Molecular Network Analysis

Molecular & Cellular Proteomics 4.4 355


