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Since the advent of the new proteomics era more than a decade ago,
large-scale studies of protein profiling have been exploited to
identify the distinctive molecular signatures in a wide array of
biological systems spanning areas of basic biological research,
various disease states, and biomarker discovery directed toward
therapeutic applications. Recent advances in protein separation and
identification techniques have significantly improved proteomics
approaches, leading to enhancement of the depth and breadth of
proteome coverage. Proteomic signatures specific for invasive lung
cancer and preinvasive lesions have begun to emerge. In this review
we provide a critical assessment of the state of recent advances in
proteomic approaches and the biological lessons they have yielded,
with specific emphasis on the discovery of biomarker signatures for
the early detection of lung cancer.
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CHALLENGES IN LUNG CANCER RESEARCH

Lung cancer is the deadliest cancer in the United States and
worldwide, accounting for 15% of all cancer incidence and 29% of
all cancer deaths, with a 5-year survival rate of only 15% (1, 2).
Lung cancer represents a spectrum of diseases with tremendous
heterogeneity at the pathological and molecular levels (3–6) that
is strongly associated with smoking as a risk factor. With about
20% of the United States adult population smoking and 1 billion
smokers worldwide, it was estimated that in 2009 lung cancer
claimed more lives than breast, prostate, colon, liver, kidney, and
melanoma cancers combined (2, 7). Despite the recent improve-
ments of bronchoscopic and surgical techniques as well as
advances in chemotherapy and radiation therapy treatments,
attempts to improve patient outcomes are faced with immense
challenges. Several noninvasive detection technologies have been
investigated. Imaging techniques, such as chest radiography, low-
dose spiral computed tomography, sputum cytology, and molec-
ular biomarkers in various biological samples, have been tested
for their diagnostic value for early detection of lung cancer (8, 9).
Although these tests vary in their sensitivity and specificity, only
low-dose chest computed tomography was shown to reduce lung
cancer–specific mortality (10–12). This encouraging finding calls
for new molecular strategies to address the noninvasive diagnos-
tic and risk assessment for lung cancer. These molecular strategies
will have to demonstrate clinical utility and may complement
currently tested strategies.

NATURAL HISTORY OF LUNG CANCER PROGRESSION
AND A WINDOW FOR EARLY DETECTION

Lung cancer can be considered to result from a long history of
repeated airway damage and repair cycles. Although clinically
addressed at the time of diagnosis, the disease process develops
for months and years before affecting patients’ lives. This rather
long disease process (Figure 1) represents a window of opportu-
nity where the intervention should take place with the aim of
preventing the development of disease (e.g., primary prevention,
such as smoking cessation, or chemoprevention). Only about
20% of high-risk individuals are likely to develop lung cancer
(13), but the questions of who will develop a malignancy and at
what rate the disease will progress remain. The next significant
hope in achieving a difference in the management of the disease,
short of preventing its development, is to diagnose it early while it
is measurable yet presymptomatic. To this aim, the search for
lung cancer–specific biomarkers has been intensified; however,
no biomarker has been proven clinically useful for the early
diagnosis of lung cancer (14).

PROTEOMIC APPROACHES FOR DISCOVERY
AND VALIDATION OF CANCER BIOMARKERS

Considerable progress has been made in the past decade in
identifying tumor characteristics through advances of molecular
biology technologies. Much of this progress was driven by in-
creasing knowledge of tumor-related aberrations that affect
nucleic acids at genomic, transcriptional, and posttranscriptional
levels. Proteins are the functional end product of genes that
ultimately control vital biological processes via their expression
level and posttranslational modifications. Moreover, the number
of proteins produced by cells far exceeds the number of genes
because proteins vary in their stability compared with mRNA and
are subjected to many levels of posttranscriptional and post-
translational regulations, such as splicing variants, fusions, and
posttranslational modifications. Therefore, to advance our un-
derstanding of the biology of lung cancer and to obtain a more
integrated view of the disease biology, it is critical to capture the
full spectrum of the variations in protein expression patterns, their
posttranslational modifications, and their functions in cancer cells.
Thus, the main objectives of applying proteomics research in lung
cancer are (1) to use the molecular complexity of the proteome
and provide the depth and breadth necessary for the discovery of
the full spectrum of protein expression changes in clinically
relevant specimens, (2) to derive lessons in pathogenesis, and (3)
to build a comprehensive understanding of the disease after
integration with other molecular approaches. Hence, proteomics
presents an attractive alternative to comprehensive genomic
analysis of tumors qualitatively and quantitatively.

Proteomic Discovery Platforms

Several analytical approaches have been adopted to identify
novel proteins and to help us understand their structure, function,
and interaction with proteins and other molecules. There have
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been attempts to bring this knowledge to the clinic by means of
new diagnostic and predictive biomarkers as well as the identi-
fication of therapeutic targets. A list of the most common
proteomic approaches is summarized in Table 1. These were
reviewed in details elsewhere (15–17).

PROTEOMIC APPLICATIONS IN LUNG
CANCER RESEARCH

Analysis of Preinvasive Lesions for Risk

Assessment Biomarkers

Preinvasive lesions of the lung are attractive specimens when
considering the investigation of how lung cancer develops and
progresses from a normal epithelium to an invasive phenotype.
Biopsy specimens are collected using autofluorescence bronchos-
copy. Although working with these specimens remains challeng-
ing because of their scarcity and the difficulty in bringing a de-
tailed histological classification to daily practice, these lesions are
likely to harbor molecular alterations that are indicative of lung
cancer risk, including tumors of different histological subtypes. A
high-throughput proteomic approach combined with an in vitro
carcinogenesis cell model and tissue immunoassay analysis
identified changes in proteins associated with sequential patho-
genesis of non–small cell lung cancer (NSCLC) (18). We reported
proteomic patterns specific for normal alveolar and normal

bronchial tissues, preinvasive lesions, and invasive lung cancer
tissues (19, 20). The proteomic profiles obtained by matrix-
assisted laser desorption ionization mass spectrometry (MALDI
MS) of normal lung, preinvasive lesions, of the lung and invasive
lung cancer tissues were able to cluster these three groups in
a continuum based on 38 discriminatory features (molecular
weight signatures expressed as mass-to-charge ratios, m/z) .

Proteomic Analysis of Invasive Tumors

MALDI MS has been applied to fresh frozen lung tumors and has
demonstrated the ability not only to distinguish lung cancers from
other tissues but also to define proteomic profiles and histological
classes predictive of tumor behavior (20). This technology has
progressed to the high-throughput proteomic profiling of forma-
lin-fixed paraffin-embedded (FFPE) tissue sections after on-
tissue tryptic digestion and to the top-down identification of most
abundant proteins. This method was applied to FFPE-archived
specimens in different tissue types, including lung cancer (21, 22).

A major advance in the field has been to increase the depth of
the proteomic analysis through a bottom-up approach called
‘‘shotgun proteomics.’’ In shotgun analyses, protein mixtures are
digested to peptides, which are then analyzed most commonly by
multidimensional liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) (23). MS/MS spectra encode
the sequences of peptides as well as the masses and sequence

Figure 1. Diagram illustrating the natural his-

tory of lung cancer development and position-

ing several windows of clinical relevance in the
management of lung cancer, showing a long

window of opportunity for ‘‘chemopreven-

tion,’’ a window of ‘‘early detection’’ divided

conceptually by periods of time based on
whether the disease is measureable (a window

of ‘‘risk assessment’’ covers the entire early

detection period and may be called window
of ‘‘early diagnosis’’ should the tumor be mea-

surable) a window of ‘‘clinical diagnosis,’’ and

a window of ‘‘detection of recurrence.’’ These windows correspond to the many clinical outcomes that may require the development of different
biomarker profiles for optimal management of lung cancer.

TABLE 1. COMPARISON OF PROTEOMIC APPROACHES IN CANCER BIOMARKER DISCOVERY RESEARCH

2-D gel separation MALDI MS LC-MS/MS LC-MRM MS Protein/antibody arrays

Purpose Profiling, separation

and identification

Profiling Inventory and

identification

Targeted protein

quantitation

Targeted protein

detection

Protein detection

and identification

Protein pI and MW.

Identification by

peptide mapping

and sequencing,

Detection of

intact peptides

and proteins

Identification via

peptide sequences.

Peptide specific

MS/MS transitions.

Detection using

antibodies or ligands

Quantitation Semi-quantitative Semiquantitative Semiquantitative Quantitative, labeled

reference peptides.

Label free techniques

Not quantitative

PTM detection Yes No Yes Yes Yes

Throughput Low High High Low High

Reproducibility High High High High High

Sensitivity Moderate low High High High

Depth of analysis 100–1,000 proteins 100–300 peaks 500–4,000 proteins 1–100 proteins 0–500 proteins

Major disadvantages pI and MW range

limitations.

Contamination by

polysaccharides

and nucleic acids

Detection of

abundant proteins.

Limited MW range

(2–30 kDa). No

identification.

High false

discovery rate

Cost of labeled

peptides for

absolute

quantitation

Antibody specificity

and availability.

Only known proteins

can be detected.

Definition of abbreviations: 2-D 5 two-dimensional; LC-MRM MS 5 liquid chromatography coupled to multiple reaction monitoring mass spectrometry; LC-MS/MS 5

liquid chromatography coupled to tandem mass spectrometry; MALDI MS 5 matrix-assisted laser desorption ionization mass spectrometry; ; MW 5 molecular weight;

pI 5 isoelectric point; PTM 5 posttranslational modification.
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positions of any posttranslational modifications. Matching of MS/
MS spectra to database sequences enables the identification of
the peptides and therefore the proteins from which they are
derived. Shotgun analyses by LC-MS/MS can also provide for
quantitative analysis of protein components (24). Shotgun pro-
teomics has proven to be the most versatile and effective method
for dissecting multiprotein complexes, signaling networks, and
complex subcellular proteomes (25). Shotgun analyses have
generated the most complete proteomic inventories of major
eukaryotic subcellular organelles, whole cell and tissue pro-
teomes, and proteomes of human biofluids, including plasma
and serum. Using shotgun analysis of pooled tissue lysates from
early stages of NSCLC tumors and normal adjacent tissues, we
identified dozens of proteins that are differentially expressed in
NSCLC compared with nonmalignant control tissues (26). Re-
cently, a comparison of the proteome of FFPE tissues and fresh
frozen tissues by shotgun analysis revealed an equivalent number
of identified proteins with 92% overlap among the proteins
identified (27), which opens the prospect of further applying
high-dimensional proteomic analysis to archived materials. Using
an immunoaffininty step in tandem with LC-MS/MS, Rikova and
colleagues profiled the global changes in phosphoproteome in 41
NSCLC cell lines and 150 primary tumors (28). Several novel
activated tyrosine kinases were identified in this study, including

PDGFRa and DDR1, which had not been previously implicated
in NSCLC. More recently, another group adapting similar
approaches successfully identified several other signaling tyro-
sine kinases that are altered in mesothelioma cell lines, such as
JAK1, STAT1, cortactin, FER, p130Cas (BCAR1), SRC, and
FYN (29). In summary, shotgun proteomics has proven to be an
invaluable tool for the discovery of novel molecular alterations
associated with the pathogenesis of complex biological systems
such as lung cancer. Future studies designed with a clearly defined
biological question that targets certain fractions of the proteome
or subproteome (e.g., membranal proteome or glycoproteome)
should yield a more in-depth view of the molecular biology of lung
cancer.

MALDI Profiling and Imaging Mass Spectrometry

A novel strategy that combines tissue imaging technology and
MALDI MS was used to identify lung cancer risk–associated
biomarkers in which direct mapping and high-resolution imaging
of biomolecules present in tissue sections were performed (30).
Imaging MS allows simultaneous mapping of hundreds biomol-
ecules (metabolites, lipids, peptides, and proteins) with an exact
correlation to tissue architecture. Based on signal intensity (for
a chosen m/z value), relative quantification can be obtained
throughout the investigated section (Figure 2) (31). Quantifica-

Figure 2. Preinvasive proteins biomarker candidate from a lung tumor biopsy detected by matrix-assisted laser desorption ionization imaging mass

spectrometry (MALDI MS). (A) Hematoxylin and eosin image of the tissue section. (B) Array of matrix deposited on a serial section for MS analysis.

(C) MALDI MS image of the protein at m/z 8565, demonstrating overexpression in high-grade preinvasive and invasive areas. Gray scale provided,

white corresponding to the highest intensity. (D) MALDI MS peak of the candidate biomarker protein at m/z 8,565 demonstrating differential peak
intensity variations in normal, preinvasive, and invasive tissues (LG, low grade; HG, high grade).
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tion of the signals to provide a histology-independent lung cancer
risk assessment based on proteomic data will take this effort to the
next level toward early detection of lung cancer.

Proteomic Analysis of Blood

Proteomic analysis of blood represents an appealing choice to
researchers addressing the discovery of biomarkers because it can
be quickly and easily obtained noninvasively in large quantities
over time. Given the low abundance of known cancer markers in
serum or plasma, it is critical to select proteomic technologies that
provide sufficient depth of analysis for biomarker discovery.
Several recent studies have investigated the extent to which
proteomic technologies can unravel the complexity of the plasma
proteome. In this regard, the Human Proteome Organization
completed a comprehensive collaborative study to characterize
the human serum and plasma proteomes (32). The rapid proteo-
mic profiling of blood, tissue, or urine with minimal sample
preparation, using the peak pattern as a diagnostic tool, has
generated great enthusiasm but has been minimally successful at
providing robust signatures to translate to the clinic. In this
approach, the focus is on the use of MS peak patterns of abundant
proteins or peptide fragments that correlate with an early disease
stage but are usually not part of the disease mechanism. Several
studies have used MALDI MS to study proteins and peptides in
serum (33, 34). For example, we previously identified a seven-
signal proteomic signature diagnostic of stage I NSCLC using
MALDI MS analysis of undepleted and unfractionated serum
with an overall accuracy of 78% and a sensitivity of 67.4% (34).
Patz and colleagues identified four differentially expressed serum
proteins (transferrin, retinol-binding protein, antitrypsin, and
haptoglobin) that discriminate between NSCLC and control
subjects (35). Using the same MALD MS approaches, several
other groups have reported serum protein expression profiles that
distinguish patients with various cancers from control subjects
(recently reviewed by Ocak and colleagues [15]). Despite the
numerous advantages and novel biological insights brought by
MALDI MS technology, several preanalytical and analytical
limitations hinder wider applications and implementation of this
approach in the clinical setting. The major preanalytical chal-
lenges are related to the lack of standardized sample collection
and preparation techniques, leading to the introduction of
analytical bias and the lack of reproducibility. The extreme
complexity of biofluids, such as blood, serum, or plasma, and
the low abundance of most of the specific protein markers are
among other factors that reduce the sensitivity of detection by MS
technologies. In fact, the sensitivity of MALDI MS and most
other MS technologies is limited to the most abundant proteins,
typically within the 1 mg/ml range, whereas most of the known
serum biomarkers are 1,000-fold less concentrated. Finally,
although implementation of MALDI MS techniques to fresh
tissue or blood samples may provide a large number of discrim-
inatory peaks, it does not allow direct identification of the
corresponding proteins (15).

Validation of Diagnostic Serum Biomarkers

After the discovery of new biomarkers, the next critical steps are
to validate and evaluate their performance in clinically relevant
patient populations (36). Multiple levels of validation have to
take place before confirming the clinical utility of the biomarker
(37, 38). This includes confirmation of detected changes in protein
level by different techniques and correlation with biological
outcomes of lung cancer such as early detection, chemosensitiv-
ity, or survival. These phases of clinical validation will evaluate
a biomarker’s performance in relevant clinical context and how it
may affect clinical management of risk or disease (39).

Biochemical methods for protein markers validation have
been dominated by immuno-based assays. Although immuno-
based detection assays have been the most trusted and reliable
method for biomarker validation, they rely on the tight and
specific binding of the antibodies against the targeted molecule
but are limited by the quality of antibodies and are labor intensive
and are relatively low throughput (40). Recently, multiple re-
action monitoring, a high-throughput liquid chromatography
tandem mass spectrometry–based method, has been developed
that can allow biomarker validation (41, 42). In this approach,
biological specimens are depleted of abundant proteins and
minimally processed with the optional addition of standard
labeled proteins. Kuhn and colleagues used this approach to
identify a panel of serum biomarkers from patients with rheuma-
toid arthritis (43). Another novel technology that combines the
specificity of immune assays with the sensitivity of MS, denoted
stable isotope standards and capture by antipeptide antibodies
(SISCAPA), was developed to quantify peptides in complex
digests (44). In this method, antipeptide antibodies immobilized
on nano-affinity columns are used to enrich specific peptides
along with spiked stable-isotope–labeled internal standards of the
same sequence. Upon elution from the antipeptide antibody
supports, electrospray MS is used to quantify the peptides
(natural and labeled). SISCAPA is thus limited to sequence-
defined (predetermined) analytes but offers the possibility of
significantly increased sensitivity by removing unwanted peptides
from the set delivered to the MS. No blood-based biomarker for
lung cancer has been validated using these techniques, although
ongoing technical improvements of protein separation and de-
tection may allow for applications of these approaches as
validation platforms in the near future. Blood sample repositories
were recently developed in the context of a joint NCI/SPORE/
EDRN effort and are available for phase II validation of
candidate biomarkers (http://edrn.nci.nih.gov/resources/sample-
reference-sets).

Circulating Autoantibodies

Tumor-associated antigens (TAAs) are proteins that are altered
in a variety of ways in cancer cells that render them immunogenic.
These include overexpression, mutations, misfolding, truncation,
and degradation (45). A large number of TAA targets have been
identified from patient sera in several immunological diseases and
malignancies using various high-throughput screening platforms,
such as cDNA expression phage display libraries and protein
microarrays (46). In lung cancer, autoantibodies against the
protein gene product 9.5 have been identified as a potential lung
cancer TAA using immunoreactivity of patients’ sera against
tumor proteins isolated by two-dimensional proteomics (47).
Using phage display libraries, TAAs have been detected in the
blood of patients who developed lung cancer up to 5 years before
tumors were detected with spiral computed tomography using
screening (48). Therefore, monitoring these autoantibodies in
serum from individuals at high risk for lung cancer represents an
attractive option for developing a screening test. Using these
approaches, several groups reported the identification of large
numbers of immunogenic peptides that are potential targets for
autoantibodies. For example, two separate groups identified
several potential immunoreactive peptides for autoantibodies
using the T-7 cDNA-based phage library as a screen from sera of
patients with NSCLC (48–50). Using similar techniques, Chen
and colleagues identified and validated ubiquitin 1 among several
other peptides as a potential autoantibody target in lung adeno-
carcinoma from sera of patients with early-stage disease (51). A
recent study by Wu and colleagues reported the identification of
six peptide clones discriminatory of NSCLC using phage display
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techniques, but only one protein identity has been confirmed (52).
However, most of the identified antigens were found to elicit
antibodies in a relatively small proportion of patients. One other
common challenge to these phage display techniques has been the
inability to detect posttranslational modifications. Recently this
obstacle was overcome by the development of a multidimensional
fractionation technique using liquid chromatography to isolate
a mixture of native proteins extracted from cancer cell lines.
Using this method, antibodies directed against C-terminal hy-
drolase L3 ubiquitin were identified in the sera of patients with
colon cancer and, more recently, in the blood of patients with lung
adenocarcinoma (53). The validation of these novel lung cancer
autoantibodies mandated the development of robust detection
assays that are sensitive, reproducible, and high throughput. To
test the utility of autoantibodies as a diagnostic tool for lung
cancer, indirect ELISA tests were developed and validated for
a panel of six known lung cancer TAAs (p53, NY-ESO-1, cancer-
associated antigen, GBU4-5, Annexin 1, and SOX2) (54, 55).
These efforts yielded an assay with high reproducibility, pre-
cision, and linearity that was able to identify nearly 40% of
primary lung cancers via a peripheral blood test. This approach
promises to address the need for early diagnosis (Figure 1),
particularly for presymptomatic, curable disease. These assays
need further clinical validation in large cohorts of high-risk
patients, retrospectively and prospectively, before moving to
the clinical practice.

SUMMARY AND FUTURE CLINICAL IMPLICATIONS

The importance of clinical proteomics derives from its future
fundamental impact on our understanding of complex disease
processes such as lung cancer and from the new opportunities in
the early detection, prognosis, and therapeutic management of
the disease. In this review we attempt to provide an up-to-date
overview of the recent progress in proteomics technologies and
their wide range of applications in lung cancer, with a main
emphasis on early detection. The rapid development of proteo-
mic technologies has led to the assembly of large protein in-
ventories and to a better understanding of how they interact,
insight into the role of specific posttranslational modifications,
and addressing some of their biological functions. Although
proteomic profiling of lung cancer and related biological speci-
mens has yet to demonstrate clinical utility in early detection, it
has the potential to highlight differences between lung cancer and
nonmalignant lesions and between different levels of risks as well
as stages and histology subtypes. Molecular profiling may assist
with identifying high-risk populations and offers a unique oppor-
tunity to study early carcinogenesis. Integrating the findings from
different scales of biological organization from gene to protein to
cell using systems biology approaches will provide a global view
of the key molecular changes associated with tumor progression.
Therefore, systems biology can potentially expedite the trans-
lation of ‘‘omics’’ to personalized molecular medicine in the
foreseeable future.

The development of specific and sensitive diagnostic bio-
markers from biological fluids, such as sputum, blood, or exhaled
breath, should improve early detection strategies, monitoring of
disease progression, treatment response, and surveillance for
recurrence. There is a need for extensive validation using novel
proteomics research platforms and demonstration of clinical
utility.
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