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Abstract

Background—For many diseases such as cancer where phosphorylation-dependent signaling is
the foundation of disease onset and progression, single-gene testing and genomic profiling alone
are not sufficient in providing most critical information. The reason for this is that in these
activated pathways the signaling changes and drug resistance are often not directly correlated with
changes in protein expression levels. In order to obtain the essential information needed to
evaluate pathway activation or the effects of certain drugs and therapies on the molecular level,
the analysis of changes in protein phosphorylation is critical.

Methods—Existing approaches do not differentiate clinical disease subtypes on the protein and
signaling pathway level, and therefore hamper the predictive management of the disease and the
selection of therapeutic targets.

Conclusions—The mini-review examines the impact of emerging systems biology tools and the
possibility of applying phosphoproteomics to clinical research.
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Personalized medicine redefines clinical research

We are currently living through a revolution in healthcare and medicine that will
significantly influence our day-to-day lives in the future. The primary shift is occurring from
a single-target treatment and one-fits-all strategy of therapeutic intervention, to a much more
personalized medicine that precisely defines molecular misregulations on an individual level
and can pinpoint those patients that would benefit most from a particular treatment regime
[1]. One clear example is that, it could significantly increase survival rates, reduce toxic
effects, and improve cancer patients’ quality of life, if a physician can match individual
patients with their therapies designed specifically to treat the individualized molecular
profile of their cancer.

One of the prime storylines that perfectly exemplifies the beginning of such a transformation
has been the introduction of Gleevac (imatinib) for treatment of chronic myelogenous
leukemia (CML) [2-5]. CML is characterized by overproliferation of myeloid cells and
usually onset by the abnormal increase in phosphorylation-dependent signaling of a tyrosine
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kinase ABL through its genetic fusion with BCR. It was the first drug developed for direct
and specific kinase inhibition, demonstrating potent activity with low toxicity levels due to
its targeted treatment toward individuals with the presence of the oncogenic BCR-ABL
fusion. The striking success of imatinib has validated the great utility of using kinase
inhibitors for cancer treatment and opened the doors for multiple new compounds being
developed, currently accounting for over 30% of drug development resources [6].

However, the real game-changer in attitudes of drug developers and healthcare providers
came through a realization that despite imatinib being singularly effective in regressing
CML in many of patients, some of those affected still display resistance to the drug, while
majority of others (~90%) form resistance within 5-y period [7]. Outside of BCR-ABL point
mutations, further molecular analyses into these phenomena have uncovered dozens of
signaling pathways that are affected by CML, such as the activation of Src family tyrosine
kinases [8: 1. In many cases, Src is often responsible for progression of the disease into more
aggressive stages, as well as for overcoming the BCR-ABL inhibition. As a confirmation of
this, a second-generation CML kinase inhibitor, dasatinib, which has been developed as an
answer to imatinib resistance, has a potent inhibitory effect on both BCR-ABL and Src
kinases [10. 111 In addition, a number of other mechanisms of drug resistance have been
observed that involved evolutionary changes in signaling pathways to compensate for BCR-
ABL inactivity [12]. As an example, findings that dual inhibitions of other downstream
kinases in addition to BCR-ABL, such as mTOR [13] or MEK1/2 [14], can significantly
decrease CML progenitor growth. This example highlights a much generalized concept,
synthetic lethality, where one needs to also account for oncogene-addicted cells that often
employ other pathways to activate downstream targets and promote their own survival.
Thus, inhibition of these secondary pathways should be a necessary treatment option to
further impede the disease progression [15 161,

Here, CML serves as just one example of how a complicated signaling pathway can cause
the progression of a disease through multiple networks, feedback loops, and compensation
mechanisms. In fact, leukemia actually represents relatively a much simple case to
understand and treat in comparison to solid tumors. In carcinomas, such as breast, colon or
lung, it is incredibly difficult to find specific targets that would cause a significant tumor
remission in vivo. Any current therapies only produce a short-lived response and eventual
resistance to the treatment [17]. What has become more evident over the past years is that
the to-date identified therapeutic targets alone do not provide anticipated results, particularly
when it comes to receptors on cells as drug targets. It would be much more beneficial to turn
the focus to the downstream signaling cascades that could offer more predictive outcomes.

What makes therapy development even more difficult are the observations that signaling
pathways activated in one individual tumor or sub-category do not automatically translate
into another person’s seemingly identical tumor due to the highly heterogeneous nature of
the disease [18]. Currently, for many carcinomas, the pathological parameters for
stratification include size, morphological pattern, metastasis presence, degree of
differentiation, and detection of oncogenic marker genetic mutations. However, these
strategies are not nearly sufficient for true classification of a disease and singular tumors,
and do little to predict proper therapeutic treatment or individual response to it. It is
imperative, therefore, to have the necessary tools to study multiple molecular pathways
simultaneously in each individual case in order obtain a more comprehensive picture about
the system and the true effects of drug treatment.
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Systems biology for clinical research

Systems biology strategies seem to be the logical choice for personalized medicine, which
embraces a comprehensive high-throughput analysis of many important individual features
on a molecular level, such as genomic, transcriptomic, proteomic, phosphoproteomic, and
metabolomic examinations. Such an all-inclusive multidimensional “omics’ analysis would
provide an insight into not only target mutations and morphological differences, but, more
importantly, into the effected signaling networks and molecular differentiation, enabling
pre-symptomatic diagnosis, molecular classification, tailored therapy formulation, and
evaluation of patient response (Fig. 1). The new integrative set of tools that would allow this
should be fast, highly accurate, and enable simultaneous detection of all of the necessary
molecular components from a small clinical sample.

To date, only one component of the “omics” approach — genomic profiling - has been
significantly utilized for predictive measurements and disease classification, likely due to
the ease of amplification, detection, and quantitation. The genome-based strategy has been
used for numerous clinical analyses, such as lymphoma classification [19] and breast cancer
transcript analysis [20]. While single gene testing and genomic profiling have become
important tools to characterize predictive diagnostic features, it is far from adequate to
reflect the complex, dynamic nature of many diseases. First of all, mMRNA abundance profile
does not always correspond to the protein expression levels. It has been previously
demonstrated that only up to 40% of mRNA levels can accurately predict the changes in
protein expression [21: 221, Second, the genomic and transcriptomic profiling offer no
insights into protein interactome patterns, subcellular localization, or their functional status.
Finally, and more importantly, utilizing only genomic profiling, all information about
protein post-translation modifications (the driver of signal transduction) is missing. This is
especially critical in carcinomas, where abnormal regulation of phosphorylation is the main
cause and marker of onset and progression of the disease. Because proteins are the
workhorse of the molecular networks responsible for most cellular processes, proteomic
analysis offers a more in-depth understanding of molecular abnormalities. As
phosphorylation-based signaling molecules are becoming the most significant target for
cancer and many other disease treatments, phosphorylation and enzyme (kinase/
phosphatase) activity profiling should emerge as a critical element in therapy selection.

Pathway profiling and phosphoproteomics will become an integral part of clinical research
for personalized medicine and preventative healthcare with multiple attractive features. It
will enable identification and recognition of disease biomarkers, will allow sub-
classification of individual cancers through comprehensive analysis of effected signaling
pathways, will empower discovery of new targets and treatment options, will elucidate the
poorly-understood mechanisms of drug resistance, and will facilitate the monitoring of the
tumor response to treatments [23]. While currently phosphoproteomic analyses are primarily
utilized in an R&D setting, the development of new clinically-friendly tools will finally
bring this powerful oncoproteomic profiling strategy into the medical setting.

Current status in phosphoproteomics

Phosphoproteomic platforms that allow simultaneous detection and quantification of
multiple molecular markers within cellular signaling microenvironment would be the most
valuable and attractive systems. While a number of technologies have become available for
partial phosphoproteomics profiling studies [24], the most successfully utilized to date have
been protein array platforms and LC-MS based quantitative phosphoproteomics studies.

Over the past decade, protein microarrays have been demonstrated as a very powerful tool in
comprehensive analysis of signaling networks. They provide a researcher with the ability to
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quantitatively monitor known signaling targets throughout various treatments and
environments in a flexible, multiplexed, and time-efficient manner. Reverse phase protein
microarrays (RPPMA) have become particularly popular for this screening purpose due to
robustness and reproducibility of the platform, and the ability to use very small amounts of
clinical samples — a typical bottleneck in these analyses [25: 261, Already, certain clinical
studies have begun appearing in the literature that utilize RPPMA for therapeutic studies and
detailed disease classification. As an example, Wulfkuhle et.al. has recently published a
multiplexed phosphoproteomic RPPMA analysis of 25 distinct human breast cancer surgical
specimen, which allowed certain level of sub-classification of these tumors based on
phosphorylation profile of the targeted markers [27]. It is easy to envision that with much
larger sample sizes, such multiplexed phosphoproteomic analyses could provide an
abundance of clinically-relevant information.

Nonetheless, despite the evident utility of the protein arrays, they are greatly limited by the
requirement of good-quality highly selective antibodies, which are currently available only
for a limited number of proteins. The problem is even more significant for detection of
phosphorylation. Though there have been attempts to create antibody arrays that detect
phosphorylation changes in certain target proteins [28-30], they are generally limited by the
availability of phosphosite-specific antibodies. These assays typically detect only well-
characterized phosphorylation events, while providing no information about the overall
phosphorylation profile of the targets. While some assays have used general phospho-
tyrosine antibodies to analyze the changes in global pTyr levels of specific proteins, this
approach is still not sufficient enough, as it targets only tyrosine phosphorylation. In many
cases, some of the most important information can be obtained from the phosphorylation
analysis of the downstream signaling networks, such as Raf/MEK/ERK, PI3K/PTEN/Akt/
mTOR and Jak/STAT pathways, which are saturated with serine/threonine phospho-sites
important for cancer progression [31: 321 |n addition, it has been also demonstrated on
multiple occasions that the detection of a single or few well-characterized phospho-sites in a
protein of interest using phosphospecific antibodies is not sufficient. Often, relevant protein
targets have multiple, sometimes dozens, of important phosphorylation sites, as is the case
with Raf, Erk, MEK, Bim, mTOR and others. In some cases, the location of phosphorylation
can have completely different or opposite effects 31 321, While strategies like single reaction
monitoring (SRM) and multiple reaction monitoring (MRM) can overcome the troublesome
issues of poor antibody quality and availability, they still require a priori knowledge of the
phosphorylation sites on target proteins. Therefore, though this strategy has been
successfully demonstrated to allow effective phosphopeptide quantitation in many instances
[33-35], it cannot be routinely used for discovery of new phospho-targets or profiling of
multiple lesser-known sites. To overcome this, high-throughput large-scale
phosphoproteomic analysis using LC-MS can be utilized, allowing for un-biased
simultaneous detection and quantification of phosphorylation events in discovery mode.

Since the great advancements in mass spectrometry instrumentation, large-scale
phosphoproteomic experiments have become the standard in unbiased high-throughput
analysis. There have been hundreds of studies published on successful use of quantitative
MS-based phosphoproteomics in analysis of clinically-relevant samples [34 36-39] The
demonstrated LC-MS utility ranges from examination of cancer-induced signaling
pathways, to biomarker discovery, to identification of new therapeutic targets, to elucidation
of causes for drug resistance, to uncovering of novel potential synthetic lethality targets for
poly-therapy regimes. The significant advantage of this unbiased approach lies in its ability
to not only scrutinize the targeted hypothesis-based signaling pathways of interest, but also
uncover new targets and networks with previously unknown involvement in particular
cellular processes [40]. Quantitative phosphoproteomics has become the unprecedented
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source of new high-throughput information and the workhorse in signal transduction studies
in both cell lines and clinical samples.

Though these large-scale phosphoproteomics experiments, in our opinion, are currently the
most optimal way of profiling phosphorylation changes, it is not a feasible approach for
most clinical research due to high cost and lengthy time associated with large scale
experiments. Because an extremely large number of phosphorylated proteins are present in a
single sample (as many as one-third of proteins can be phosphorylated simultaneously;the
phosphorylation events that are of most interest to a researcher or a clinician can become
overwhelmed by non-changing “house-keeping” phosphorylated proteins. This presents
enormous challenges in bioinformatics and data validation. Additionally, a typical mass
spectrometry-based phosphoproteomic experiment also requires relatively large amount of
sample, which is difficult to obtain in clinical setting.

A viable phosphoproteomic platform for clinical research?

We envision that a new platform is needed for clinical research. It integrates the best
qualities of protein arrays and MS-based phosphoproteomics, which allows multiplexed
detection of changes in target protein phosphorylation, followed by rapid mass-spectrometry
profiling of the effected phosphoproteins with the goal of phosphosite localization. Protein
arrays could be generated with covalently linked antibodies against known molecular
targets, biomarkers, and other proteins observed to be controlled by phosphorylation in a
system of interest. After various treatments, the target proteins can be immunoprecipitated
using the generated protein array plates. The changes in the phosphorylation levels of the
bound proteins across different sample types and treatment options can be detected using a
universal phosphorylation method such as infrared fluorophore-based pIMAGO reagent
developed in our group 41421, The pIMAGO (phosphoimaging) reagent is a water-soluble
nanopolymer-based molecule multi-functionalized with titanium metal ions, enabling strong,
selective and unbiased binding to any phosphoprotein, and with multiple fluorescent
molecules that provide enhanced fluorescence detection. Simultaneously, pIMAGO
detection can be multiplexed with another general protein antibody, which will allow a more
direct assessment of changes in the level of phosphorylation against the total protein
amount. Following the detection and selection of the proteins with observable changes in
phosphorylation, the effected wells can be treated with a protease such as trypsin, and the
resulting peptides are subjected to a phosphopeptide enrichment technology to isolate
phosphopeptides. An efficient enrichment is highly desirable. The previously demonstrated
high selectivity (>95%) and recovery (>90%) of PolyMAC (Polymer-based Metal Affinity
Capture) enrichment makes it well-suited for optimal retrieval of these modified peptides
[43]. Finally, the isolated phosphopeptides can be rapidly identified by LC-MS and the
phosphorylated residues localized (overall strategy is presented in Fig. 2).

This strategy would have the inherent benefit of an unbiased detection of possible
phosphorylation changes in protein markers of interest through antibody arrays without the
need to analyze every phosphoprotein by mass spectrometry in the first step, thus allowing
for targeted analyses only of those proteins involved in the signaling events. While still far-
fetched, such an approach provides an example of a valuable platform for impartial and
balanced high-throughput phosphoproteomic analysis of clinically-relevant samples.

Is clinical research ready for phosphoproteomics?

One of the great challenges in the application of phosphoproteomics to clinical sample
analysis is the transition from controlled laboratory settings to highly heterogeneous
environment of clinical sample collection and preservation. Non-standardized handling of
samples can often result in significant variability of results, and thus hinder interpretation
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and subsequent treatment. This is particularly true for phosphoproteomics, where a simple
and commonly-used formalin fixation is not a viable approach due to the slow preservation
process, which allows ample time for unwanted ex vivo protease and phosphatase activities.
This concern was to some extent addressed by the recent publication from Mueller et.al.,
who used a combination of enzyme inhibitors, permeation enhancers, reversible cross-
linkers, and a balanced buffer to improve phosphorylation profile stabilization while still
allowing for efficient histology analysis [44]. Nonetheless, their one-step biomarker and
histology preservative approach still uses chemical interference, thus potentially introducing
undesirable artifacts into the analysis.

As a result, snap-freezing remains the most preferred approach for proteomic sample
preservation. While effective, this strategy cannot be universal, as it cannot constantly be
practiced in the surgical room where the primary attention has been on the patient and not
the sample preservation. Requirement for liquid nitrogen or dry ice for storage and
transportation is often another limiting factor. In response, new techniques are being
continuously introduced that allow effective sample preservation instantly without a
negative effect on the total protein levels or amount of phosphorylation. Among them, the
most notable protocol is based on the inactivation of enzymes through heat and pressure,
originally introduced by Svensson et.al. [45], and already made into a successful commercial
product [46]. While this method has great potential for phosphoproteome stabilization, it
was shown to negatively affect MRNA levels. Thus, the search for the most optimal
universal sample collection and preservation approach for comprehensive systems biology
analysis is still undergoing. Without radical improvements, this might well be the major
hurdle to bring phosphoproteomics to clinical research.

Overall, significant advancements in the proteomics and phosphoproteomics technologies in
recent years have provided us with a wealth of information regarding biochemical signaling
networks and disease progression pathways. Integration of these strategies into the
comprehensive and integrative systems biology analysis of all relevant biomolecules would
generate an incredibly valuable tool for disease sub-classification, formulation of targeted
therapy, and in-depth examination of treatment outcomes and possible drug resistance [47].
A publication by Michael Snyder’s groups this year has examined the possibility of using a
systems biology approach to molecular profiling of a single individual using their integrative
personal “omics” profile (iPOP) strategy [48]. The preliminary observations have already
demonstrated the power of detailed dynamic “omics” analysis on the molecular and
physiological scale, producing interesting results with significant medical implications. It
can be easily envisioned that the introduction of phosphoproteomics will add another
dimension that could provide the ultimate tool to characterize cellular states for personalized
medicine. The task is enormous but, with much at stake, analytical chemists and clinical
researchers need to work together to face the challenge.
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A systems biology approach for comprehensive and multidimensional clinical sample

analysis.
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Integrated phosphoproteomics approach that combines molecular target enrichment using
antibody microarrays, pIMAGO-based detection and quantitation of phosphorylation, and

LC-MS analysis of effected phosphoproteins.
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