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In an effort to further our understanding of lung cancer biology and
to identify new candidate biomarkers to be used in the management
of lung cancer, we need to probe these tissues and biological fluids
with tools that address the biology of lung cancer directly at the
proteinlevel. Proteins are responsible of the function and phenotype
of cells. Cancer cells express proteins that distinguish them from
normal cells. Proteomics is defined as the study of the proteome, the
complete set of proteins produced by a species, using the technol-
ogies of large-scale protein separation and identification. As aresult,
new technologies are being developed to allow the rapid and
systematic analysis of thousands of proteins. The analytical advan-
tages of mass spectrometry (MS), including sensitivity and high-
throughput, promise to make it a mainstay of novel biomarker
discovery to differentiate cancer from normal cells and to predict
individuals likely to develop or recur with lung cancer. In this review,
we summarize the progress made in clinical proteomics as it applies
to the management of lung cancer. We will focus our discussion on
how MS approaches may advance the areas of early detection,
response to therapy, and prognostic evaluation.
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Lung cancer is the leading cause of cancer-related death
worldwide among both males and females, with more than 1 mil-
lion deaths annually (1). Non-small cell lung cancer (NSCLC)
accounts for about 80% of all lung cancers. Although advances
have been made in diagnosis and treatment strategies in the last
decade, the prognosis of NSCLC patients is poor, with a 5-year
overall survival of 15 to 20% (2). This is mainly due to a lack of
early diagnosis tools, with more than 60% of the patients
diagnosed with advanced or metastatic disease (3) and therefore
not eligible for a curative surgical resection. Lung cancer is
often suspected on the basis of abnormal chest imaging and/or
nonspecific symptoms. Bronchoscopy, with cytopathologic ex-
amination of bronchoalveolar lavage, endobronchial brushings
and biopsies obtained from the suspect area, is in general used
as an initial diagnostic tool. However, while this procedure is
100% specific for lung cancer, the sensitivity is low and ranges
from 30% for small peripheral lesions to 80% for central
endobronchial tumors (4). More invasive and expensive di-
agnostic tests are often required, delaying the diagnosis and the
subsequent treatment initiation. Surgical resection offers the
best chance for cure. For patients undergoing surgery, the long-
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term prognosis remains disappointing, with a 5-year overall
survival of 50% only (5). Recent studies showed that survival of
surgically resected patients with NSCLC might be improved by
systemic platinum-based adjuvant chemotherapy (6, 7), but
which patients might benefit from this treatment cannot be de-
termined accurately.

To improve lung cancer management and survival, there is
a great need to develop screening and early diagnosis strategies
that are sensitive, specific, and noninvasive; tools predicting
prognosis to optimize treatment and avoid overtreatment; and
tools identifying potential therapeutic targets. During the last
10 years, genomic and proteomic approaches have been used
for these purposes. While epigenetic and genetic alterations are
driving carcinogenesis and genomic studies have provided
valuable information on lung cancer molecular biology (8), a
proteomic approach opens a new window into the pathogenesis
of lung cancer. In favor of this new approach are two main
arguments. First, the phenotype of a cell is determined by
proteins and cannot be predicted by genomics alone. Indeed,
protein expression levels are poorly correlated to messenger
RNA expression levels (9); and post-translational modifications
such as phosphorylation, glycosylation, and proteolytic process-
ing, which are common events, have the potential to signifi-
cantly modify protein functions and characteristics of the cell or
tissue where the protein is expressed. Second, while genetics
require DNA extraction from tumor cells that are not easily
obtained by noninvasive methods, proteomics do not necessar-
ily need a direct access to tumor cells. Proteins can easily and
noninvasively be obtained from various sources such as blood
and exhaled breath condensate (EBC).

In this review, we summarize recent applications of mass
spectrometry (MS) to proteomic profiling of lung cancer. We
discuss the challenges of this approach, its limitations, and the
potential applications to the management of lung cancer.

METHODOLOGICAL CONSIDERATIONS

A mass spectrometer analyzes proteins after their conversion to
gaseous ions, based on their mass-to-charge ratio (m/z). It is
made of three basic elements: an ion source charging proteins
and converting them to gaseous ions, a mass analyzer separating
them as a function of their m/z ratios, and a detector capturing
the ionized proteins after separation. Two methods of ionization
are routinely used: matrix-assisted laser desorption ionization
(MALDI) uses a laser to desorb and ionize proteins from the
solid phase to the gaseous phase, and electrospray ionization
(ESI) ionizes and vaporizes proteins from liquid solutions
(Table 1). The most frequently used mass analyzers are time-
of-flights (TOF), quadruple ion traps, linear ion traps, obitraps,
and Fourier-transform ion cyclotron resonance (FT-ICR) cells.
The combination of the same or different mass analyzers allows
one to select and fragment ions of interest to determine their
structures or in the case of peptides their sequence. This
analytical approach is referred to as tandem mass spectrometry
or MS/MS. Mass spectrometers not only identify protein
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TABLE 1. MASS SPECTROMETRY-BASED PROTEOMICS TECHNOLOGY PLATFORMS

MALDI MS Two-Dimensional Gel Tandem MS MRM MS/MS
Purpose Profiling Profiling and ID Profiling and ID Quantitation
Sample preparation + Depletion, fractionation + Depletion, fractionation Digestion Digestion
Analytes MS Peaks Spots MS-MS Spectra Peak areas
Representative of Proteins, peptides Proteins Peptide sequences Protein amounts

Depth of analysis 100-300 peaks

100-1,000 proteins

500-3,000 proteins Single target protein

Analysis compare Patterns Patterns Inventories Amounts
Protein identification Difficult Readily by MS High-throughput Quantitative
Information Correlation to biology Link to biology Link to biology Verification

Definition of abbreviations: MALDI = matrix-assisted laser desorption/ionization; MRM = multiple reaction monitoring; MS = mass spectrometry.

sequences, but can also detect post-translational modifications
such as acetylations and phosphorylations. Overall, MS can
detect significant changes in protein profiles associated with
clinical features, such as the development of neoplasia, histol-
ogy, response to chemotherapy, and prognosis.

Matrix-assisted Laser Desorption lonization Time-of-Flight
Mass Spectrometry

Among proteomic technologies, matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-TOF
MS) is a technique that has allowed rapid progress in cancer
biology. Itis a simple and high-throughput technique that analyzes
with high sensitivity and specificity intact proteins expressed in
complex biological mixtures, such as serum, urine, and tissues.
This technique requires the sample co-crystallization with
a matrix that absorbs laser energy and subsequently ejects and
ionizes molecules via a proton transfer mechanism into the gas
phase, forming ions with the general formula [M+H]* (Figure
1). Ions are then accelerated in the ion source by a fixed
potential difference and travel a fixed-length field-free distance
before reaching the detector at a speed inversely proportional
to their m/z ratios (lighter ions are faster to reach the detector
than the heavier ions for a same charge). The time taken by
each ion to hit the detector creates a signal, which indicates m/z
ratio in the x-axis and ion intensity in the y-axis. Because the
MALDI process essentially favors the production of singly
charged molecular ions, it allows the analysis of complex protein
mixtures without fractionation (10). Intact proteins with molec-
ular weights (MW) 1 to over 200 kD can be determined with
high accuracy. Several characteristics of MALDI-TOF MS
make it a widely used technique for the analysis of complex
biological samples (such as tissues, whole cells, laser-captured
microdissected cells, blood, serum, urine) with high mass ac-
curacy (far better than any gel system), high-throughput capa-
bility (sample analysis in seconds), small required sample size
(possible analysis of just a few cells) and higher tolerance for
salts, buffers, or biological contaminants. When used in combi-
nation with surface chromatography, this method is also known
as surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry (SELDI-TOF MS). It uses chromatographic
chip arrays to selectively bind subsets of proteins from complex
samples. The surfaces can be washed to remove nonspecifically
bound proteins and substances that can interfere with the
ionization process. Then, matrix solution is applied to the array
binding the proteins and MALDI-TOF MS is performed.
MALDI MS is a very sensitive analytical technique, partic-
ularly for peptides and proteins. The amount of sample
necessary for analysis ranges from a few fentomoles for peptides
to a few picomoles for higher MW proteins (~> 50 kD)
deposited on target. As with every other ionization method,
ion suppression effects occur with MALDI. These happen in the
gas phase during the desorption/ionization step and occur when

molecules with different proton affinities compete for the ion-
izing protons.

Liquid Chromatography Tandem Mass Spectrometry

Powerful for the separation and identification of peptides and
proteins in a complex mixture, this technique directly couples
liquid chromatography (HPLC) with ESI MS and has had a
profound impact on tumor protein profiling (11).

With electrospray ionization, analyte samples are directly
analyzed from solution. Ions are formed by an electrospray
process by pushing the analyte solution through a thin needle
biased at positive voltage. A continuous spray forms at the tip of
the needle. The spray process forms very small droplets that
progressively desolvate liberating ions. One of the fundamental
properties of electrospray-produced peptide and protein ions is
that they carry multiple charges. The MW of the analyte is then
obtained by deconvoluting the signal distribution. One limita-
tion of ESI MS is that because each sample molecule generates
a distribution of ions, it becomes increasingly difficult to analyze
and deconvolute overlapping signal distributions from complex
mixtures. However, electrospray ionization is performed from
a liquid sample, and liquid-based chromatographic separation
systems such as reverse-phase HPLC can be directly coupled
to the mass spectrometers (Figure 2) for mass determination
(liquid chromatography [LC]-MS) and peptide sequence anal-
yses (LC-MS/MS).

A fully automated LC-MS platform follows a “bottom-up”
analytical approach (as opposed to a “top down” approach, in
which intact proteins are ionized and fragmented to peptidic
fragments). In the bottom-up (also referred to as “shotgun”)
proteomic approach, proteins are first digested with site-specific
proteases, and the resulting peptides are separated by LC and
analyzed online by fast cycles of ESI MS and MS/MS (Figure 2).
Cycles consist of an initial MS scan in which charged peptides
are measured according to their m/z ratios. The most abundant
of these are then sequentially selected for MS/MS analyses. The
resulting fragment ions are then analyzed in a second MS scan
according to their m/z ratios. Based on our understanding of the
fragments produced in the collision cell and their precise MW,
peptide sequences can be deduced. Through comparisons with
predicted sequences of the same nominal mass in gene and
protein databases, peptides are identified and proteins from
which they came are deduced. However, with extremely
complex protein mixtures, confident and reproducible identifi-
cation by MS/MS sequencing becomes difficult. Also, the high-
abundance proteins may obscure the low-abundance ones. To
overcome these problems, different separation methods are
combined with MS analysis, such as size exclusion, anion ex-
change, strong cation exchange, isoelectric focusing, and reverse
phase chromatography. In particular, multidimensional protein
identification technology (MudPIT), a combination of strong
cation exchange and reverse phase columns, can be adapted to a
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shotgun MS proteomic platform (12-14), taking advantage of
ion exchange and reverse phase separations, data-independent
scanning (15), and a reduced total analysis time.

Commonly, two types of ESI mass analyzers are used for
high-throughput proteomic analyses, namely ion traps (16, 17)
and Fourier-transformed mass analyzers (FTMS) (18, 19).
These physically “trap” ions in their centers. Once the ions
are cooled in the center of the trap, they can be sequentially
ejected from the trap according to their m/z ratios and then
detected. In modern ion trap instruments such as high-capacity
or linear traps, the sequence of events from MS to MS/MS
measurements is very fast (in the ~0.1- to 0.2-s time frame).

These instruments are ideal for high throughput proteomic
analyses in the LC-MS configuration (17, 20). Although ion
traps offer very high-throughput and sensitivity, they lack mass
resolution and accuracy (typically above 100 ppm). FTMS
instruments currently provide the highest mass measurement
accuracy available for structural characterization of peptides,
proteins, and other biomolecules (18, 21, 22). FTMS instru-
ments consist of an ion source, some ion optics to transfer the
ions into the magnetic field, and the ion cyclotron resonance
(ICR) cell or Penning trap (18, 21, 22). Ions are trapped in the
ICR by a magnetic field, excited by a resonant excitation pulse,
and the resulting changes in image charge around detector
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Figure 2. Bottom up or shotgun protein identifi-
cation by liquid chromatography (LC)-mass spec-
trometry (MS)/MS from a complex protein mixture.
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i and the resulting peptides are separated by multi-
dimensional liquid chromatography (typically

strong cation exchange followed by reverse-phase
| separation) coupled online to the mass spectrom-

Computer cluster

Protein <«—
identification 2)

Protein extract
. . —> Peptide MW determination
l Digestion
(trypsin) ] —
Peptides &
Separation
Multidimensional liquid
chromatography 400

m/z 2000

On line peptide MS/MS scan
Fragmention spectrum

eter. As they elute, the m/z ratios of the peptides
are first determined followed by one or several MS/
MS scans from the most abundant peptide signals.
This cycle is repeated until all of the peptides have
eluted from the chromatography column. For each
precursor peptide selected for MS/MS, peptides of
similar nominal mass are extracted from sequence
databases and predicted fragmentation patterns
are derived in silico. These patterns are then com-

100

Database search

n) Correlation: MW and
fragmentation pattern

m/z 2000

pared with the experimental fragmentation spec-
trum to generate correlation scores. Positive
identification of a protein is based on the observation
of two or more peptides issued from its sequence.
Modified by permission from Reference 131.




162

electrodes are digitized by fast Fourier Transform and stored in
computer memory. One of the advantages of FTMS is the very
high resolving power, providing mass accuracy routinely better
than 1 ppm. LC-MS (and LC-MS/MS) can be performed using
FTMS, but the duty cycle limits the abilities of the instrument to
effectively perform a fast scan of the LC run and subsequently
perform MS/MS measurements. To partially circumvent this
limitation, hybrid ion trap/FTMS instruments have been de-
veloped. In this case, peptides from the LC run are selected,
fragmented, and the resulting ions are analyzed in the ion trap
while the ICR cell is used to accurately measure the MW of the
parent ions (thereby achieving higher cycle rates) (23). The
newly developed ion trap/orbitrap mass spectrometers (24) are
capable of performing similar measurements (25-27).

Imaging Mass Spectrometry

MALDI MS profiling/imaging is a technology used for direct
mapping and high-resolution imaging of biomolecules present
in tissue sections (28, 29). Frozen tissue sections approximately
10 pm thick are mounted on conductive target plates (indium-
tin oxide—coated glass slides) (Figure 3). Matrix is then homo-
geneously deposited in a manner to avoid delocalization of the
analytes contained within the sections. Several strategies can be
used including spray-coating and automated printing of high-
density droplet arrays. Individual spectra are acquired from the
entire surface of the section with a fixed spatial resolution (50—
300 pm). Each spectrum contains unique proteomic information
representative of the underlying histology. From a single raster
of a section, when integrating the intensities of specific m/z
signals and plotting these as a function of their spatial coor-
dinates, hundreds of ion (or protein) images can be visualized
(Figure 3) (30). This gives us the tissue distribution of protein
expression. However, it has several advantages upon immuno-
histochemistry (IHC): it does not require the use of antibodies,
can map the expression of hundreds of proteins in a single
section, and it can detect post-translational modifications (31,
32). This technique shows potential for biomarker tissue
localization, understanding of the molecular complexity of
tumor tissues, and assessment of surgical margins in resected
tumors (33, 34). Also, by imaging drugs and their metabolites,
it allows direct analysis of tissue pharmacokinetics and drug
metabolism (35), suggesting a possible application in assessment
of response to therapy (36).

Quantitative Proteomics

Several MS-based approaches have been developed that allow
for the relative or absolute quantification of proteins. Most
protocols involve the use of stable isotopes to differentially
label proteins or peptides before mixing samples for multi-
plexing onto the same analytical run (37-44). This negates
instrumental variations and enables direct quantification of the
same m/z values between the different isotopic labelings. These
in vitro labeling strategies are, however, susceptible to technical
variation introduced during the protein/peptide labeling and
enrichment steps, and therefore require replicate analyses. One
well-established technique is referred to as isotope-coded
affinity tagging (ICAT), which employs stable heavy and light
isotope affinity tags that are reactive toward cysteine residues
(38). The tagging is performed on the intact protein before
enzymatic digestion whereby the sample and reference protein
extracts are tagged with either the light or the heavy tag,
respectively. The extracts are then mixed and digested with
a protease. The ICAT tags typically contain a biotin group that
allows the separation of the tagged peptides using a streptavidin
affinity purification step. The tagged peptides are then analyzed
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by LC-MS and quantification is performed by MS by monitoring
the intensity of peptide pairs that are separated by the mass
difference expected between the light and heavy tags. Recent
“label-free” variations for quantitative LC-MS/MS strategies
rely on peak intensity measurements of peptides detected by
MS (45-47) or on the number of ions per protein detected in
a mass spectrometric experiment (48).

Difference Gel Electrophoresis (DIGE) technology adds an
essential quantitative component to two-dimensional gel-based
proteomics to a level whereby even subtle changes in protein
abundance and charge-altering post-translation modifications
(such as acetylation and phosphorylation, among others) can be
monitored from multiple experimental conditions with sta-
tistical confidence (49-53). DIGE overcomes many of the lim-
itations commonly associated with two-dimensional gels, such
as analytical (gel-to-gel) variation and limited dynamic range
that can severely hamper a quantitative differential-display
study. This is accomplished by multiplexing samples that have
been pre-labeled with spectrally resolvable fluorescent dyes
(Cy2, Cy3, and Cy5) into the same analytical run (2D gel), as
this removes gel-to-gel variation from the quantitative measure-
ments made for each resolved protein between the three dye
excitation/emission spectral channels (54, 55). Although direct
quantification is performed between the Cy dye channels within
a gel without interference from gel-to-gel variation, this is not
performed between the two individual samples co-resolved in
the same gel. Rather, the Cy3:Cy2 and Cy5:Cy?2 ratios for each
protein are normalized across all of the gels in a large exper-
iment, using the Cy2 signals for separate normalization of each
protein under survey. This also allows for replicate samples
from multiple conditions to be inter-compared using univariate
statistical analyses (Student’s ¢ test, ANOVA) as well as multi-
variable statistical analyses (principle component analysis,
hierarchal cluster analysis) (56, 57).

Multiple reaction monitoring (MRM) MS approaches are
fast becoming well adapted to monitor and quantify very
specific protein targets within complex mixtures (58, 59). In
this case, a specific tryptic peptide is selected as a stoichiometric
representative of the protein from which it is cleaved. Most
MRM assays use electrospray ionization followed by two stages
of mass selection: the first stage selects the mass of the intact
peptide and, after fragmentation by collision, the second stage
selects a specific fragment of the peptide. The two mass filters
produce a very specific and sensitive response that can be used
to detect and integrate a peptide peak in a one- or multi-
dimensional chromatographic separation (LC-MS). This ap-
proach usually provides absolute structural specificity for the
peptide, and in combination with a stable isotope-labeled
internal standard of the same target peptide, it can provide
absolute quantitation of peptide concentration over a range of
four orders of magnitude (58-60). MRM measurements can be
multiplexed to monitor several tens of targeted MS/MS transi-
tion from a single LC-MS run (4).

APPLICATIONS TO LUNG CANCER-RELATED
BIOSPECIMENS

Lung Tissues

MS techniques have been used after different methods of
separation to identify specific proteins from lung cancer tissues.
Using two-dimensional gel electrophoresis combined with MS,
Oh and coworkers (61) constructed a database containing
protein expression data on more than 1,000 lung cancer tissues,
intended to facilitate development of novel classifications for
lung cancer and identification of novel markers for early diag-
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nosis. Chen and colleagues (9) used two-dimensional gel elec-
trophoresis to compare protein expression levels of 93 lung
adenocarcinomas (ADC) to 10 uninvolved lung samples, and
performed MALDI MS or peptide sequencing to identify 9
enzyme proteins significantly increased in lung ADC. Using
two-dimensional gel electrophoresis with subsequent analysis by
MALDI and ESI MS, Bergman and coworkers (62) identified
overexpressed truncated forms of cytokeratins 6D and 8, and of
cathepsin D as markers of tumor proliferation. This was
confirmed by Gharib and colleagues (63); moreover, two iso-
forms of CK7, one of CKS8, and one of CK19 were associated
with survival. Performing two-dimensional gel electophoresis,
MS and microarray analysis on 90 lung ADC tissues, Chen and
coworkers (64) identified PGK1 as a survival predictor in stage I
lung cancer. This was confirmed in an independent validation
set of 117 ADC and squamous cell carcinomas (SCC) using
tissue microarrays (TMA). Alfonso and colleagues (65) ana-
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are then acquired. In the “Imaging” experi-
ment, matrix is deposited in a homogeneous
manner on the sections (spray or droplet array
deposition), minimizing analyte delocalization.
The entire surface of the sections is then sys-
tematically analyzed by moving the sample with
a fixed step (ranging between 50 and 300 pm)
defining the imaging resolution. At each grid
coordinate, a protein profile is acquired. Protein
expression maps (or images) can be recon-
structed for every m/z value detected by in-
tegrating the corresponding signal intensities
and plotting these as a function of sampling
coordinates.

Images

lyzed 12 surgically resected lung cancers with two-dimensional
gel combined to MALDI MS and identified several proteins
previously reported (such as annexin II, cathepsin D, HSP27,
stathmin, MnSOD), confirming the validity of this technique in
the identification of candidate biomarkers. Using MALDI-TOF
MS to compare 10 NSCLC to 10 normal lung tissue lysates,
Campa and coworkers (66) identified two overexpressed pro-
teins in lung cancer specimens: the macrophage migration
inhibitory factor (MMIF) and the cyclophilin A. These proteins
were not found to be prognostic factors of disease based on
a lung cancer TMA (67).

With recent technological advances, MS is now not only used
to identify specific proteins or fragments, but also to character-
ize protein profiles that are associated with tumor character-
istics and behavior. Our group used MALDI-TOF MS to profile
79 NSCLC and 14 normal lung frozen tissue sections, then
selected differentially expressed MS signals (68) and defined
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Figure 4. MALDI MS serum spec-
tra from individuals with lung
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jects. Average intensity of spec-
trum analysis between matched
cases (red line) and controls (blue
line) are presented. Arrows point
to m/z values of discriminatory
features. Reprinted by permission
from Reference 132.
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a class prediction model using established methods (69). We
identified protein signals that allowed the classification of lung
tumors by histology, the distinction of primary tumors from
metastases, and the identification of nodal involvement with
75% accuracy. We also identified a 15-signal signature classify-
ing patients into good and poor prognosis groups. Recently we
tested these proteins by IHC on formalin-fixed paraffin-embedded
(FFPE) tissues from patients with NSCLC, and showed that the
combined IHC scores of calmodulin, thymosin 84, and thymosin
10 were correlated to survival (70). We also found that cofilin-
1 was correlated to a better outcome when the IHC score was
low in patients without lymph node involvement or when the
score was high in patients with positive nodes. To elucidate the
biology of lung tumor development, we performed MALDI-
TOF MS on 25 normal lung, 29 normal bronchial epithelium, 20
preinvasive, and 36 invasive lung cancer tissues from 53 patients
(71). We found specific protein expression patterns classifying
bronchial and alveolar tissue with normal histology from
preinvasive bronchial lesions and invasive lung cancers with
90% accuracy.

To identify new prognostic factors for patients with NSCLC
who had been surgically resected, Yanagisawa and coworkers
(72) analyzed protein profiles of 174 NSCLC tumors and 27
normal lung tissues with MALDI MS. In the training set (116
NSCLC and 20 normal tissues), when comparing MS signals of
patients with high risk of recurrence (who died within 5 years of
surgery because of relapse) to those with low risk of recurrence
(alive without any sign of relapse after a median follow-up of
89 months), 25 signals were found to be differentially expressed,
associated with both relapse-free and overall survivals. In the
independent validation set (58 NSCLC and 7 normal tissues),
the signature was also significantly associated with relapse-free
survival and overall survival among patients with stage I dis-
ease. For the other stages, only the association with overall
survival was statistically significant. This 25-signal signature
distinguished patients with NSCLC with good prognosis from
those with poor prognosis better than the prognostic factors
currently used in clinic, such as histology and TNM classifica-
tion. By detecting which patients are likely to relapse after
surgery, this 25-signal signature may help to decide which
patients will benefit from systemic adjuvant therapy. The au-
thors also identified approximately half of the proteins present
in the signature and showed that they are involved in cell
migration, cell death, cell cycle, protein metabolism, and tran-
scription. These proteins included ribosomal protein L26-like 1,
acylphosphatase, and phosphoprotein enriched in astrocytes 15.
A better understanding of their role in NSCLC tumorigenesis and
progression may lead to improved treatments.

Two recent improvements of this technology include its
application to cytologic preparation and to formalin fixed par-
affin embedded (FFPE) tissue sections. Amann and colleagues
developed a technique allowing the use of fine-needle aspiration
(FNA) samples for MALDI-TOF MS analysis (73). FNA is
commonly used in the management of lung nodules by pro-
viding cells in suspension for cytologic analysis, but the samples
are usually highly contaminated with blood and diverse debris.
Cells collected by FNA were centrifuged onto indium-tin
oxide—coated slides, fixed, stained with cresyl violet for micro-
scopic analysis, and clumps of cancer cells were selectively
spotted with matrix and analyzed by MALDI-TOF MS. High-
quality, specific, and highly reproducible protein profiles were
obtained and allowed classification of cancerous preparations
from controls. Second, Groseclose and coworkers performed
high-throughput analysis of the protein content of FFPE tissue
microarrays, using MALDI imaging MS after on-tissue tryptic
digestion to select and identify a much larger number of
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proteins, and successfully distinguished the different lung cancer
histologies based on their proteomic profiles (74). This high-
throughput approach may be especially valuable in efforts to
correlate cancer biology to clinical information.

MS analysis of lung cancer tissues still requires invasive
approaches for sample collection, providing a rationale to in-
vestigate its application in biospecimens such as blood and EBC
that would be better suited for clinical application.

Blood

Blood proteome analysis assumes that tissue perfusion of tumors
or host responses contribute to modification of circulating pro-
teins or peptides. Because it is noninvasive, easy, fast, and ame-
nable to repetitive measurements over time, this approach
appears very appealing to researchers addressing the discovery
of biomarkers, potentially allowing early diagnosis of cancer,
monitoring of disease status, development of targeted therapies,
evaluation of response to therapy, and survival. It may improve
our diagnostic accuracy and decrease the number of thoracoto-
mies currently required for pathologic evidence of malignant
cells. Various serum biomarkers have already been investigated
in lung cancer, but have not been proven useful in clinical practice
because of their limited sensitivity and/or specificity. For exam-
ple, carcinoembryonic antigen (CEA) displayed 95% specificity
but only 26 to 33% sensitivity in the diagnosis of lung cancer (75—
77). Also, most of these markers have a better sensitivity in
advanced stages of lung cancers and are not useful for early
diagnosis or screening.

Several studies using MALDI-based approaches reported
serum protein expression profiles that distinguish patients with
various cancers from control subjects (78-85). In one of these
studies, using MALDI-TOF MS, Sidransky and colleagues (78)
identified a serum protein profile in patients with head and neck
cancer achieving 73% sensitivity and 90% specificity. When
applied to the serum of patients with lung cancer, these profiles
discriminated lung SCC with 52%, ADC with 34%, and large
cell carcinoma with 40% sensitivity. However, the study was not
designed to address whether this protein profile can discrimi-
nate patients with lung cancer from control subjects.

In an effort to discover serum biomarkers to improve lung can-
cer management, Patz and coworkers (86) used two-dimensional
difference gel electrophoresis (DIGE) and MALDI-TOF MS.
They identified three differentially expressed serum proteins by
two-dimensional DIGE (transferrin, retinol-binding protein
[RBP], and haptoglobin) and one by MALDI-TOF MS (oy-
antitrypsin). They assayed these four proteins as well as two
others previously known to be cancer associated (SCC antigen,
CEA) on a training set of sera from 100 patients (50 patients with
lung cancer, 50 control subjects). Using a Classification and Re-
gression Tree (CART) analysis, they found that four of these
proteins (CEA, RBP, aj-antitrypsin, and SCC antigen) were
able to distinguish lung cancer cases from control subjects with
89.3% sensitivity and 84.7% specificity in the training set. When
applied to the independent validation set, these markers dis-
played 77.8% sensitivity and 75.4% specificity. Using the classi-
fication scheme produced by the CART analysis, the probability
of lung cancer for each patient was determined based on the
terminal node into which he or she fell. For patients assigned to
three of the different terminal nodes, the probability of having
cancer was 92% in the training set and 90% in the validation set.
When used alone, none of these four markers had sufficient
diagnostic power, but when combined, they appeared to have
value in suggesting lung cancer diagnosis and may be helpful for
clinical management at different levels.

To demonstrate a role of noninvasive diagnosis of lung
cancer, we used MALDI MS to analyze undepleted and
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unfractionated serum from a total of 288 patients with NSCLC
and control subjects divided into training (92 cases, 92 controls)
and test (50 cases, 56 controls) sets. In the training set, a seven-
signal proteomic signature was defined (Figure 4) distinguishing
lung cancer serum from matched controls with an overall
accuracy of 78%, a sensitivity of 67.4%, and a specificity of
88.9%. In the test set, the signature reached an overall accuracy
of 72.6%, a sensitivity of 58%, and a specificity of 85.7% (87).
Because diagnosis of early-stage lung cancer is important, we
searched for a protein signature discriminating stage I lung
cancers from controls and found a six-signal signature reaching
70.8% sensitivity and 84.4% specificity in the training set (24
cases), and 57.1% sensitivity and 71.4% specificity in the test set
(14 cases). With a multivariate logistic regression model applied
on a total of 223 cases and controls, we showed that the serum
signature was associated with lung cancer diagnosis indepen-
dent of sex, smoking status, smoking pack-years, and C-reactive
protein levels, and that it had the strongest association with lung
cancer diagnosis. In this signature, three features displayed the
highest discriminatory value. They were identified as a cluster of
truncated forms of serum amyloid A (SAA), an acute phase
protein secreted into circulation in several inflammatory dis-
eases and cancers (88, 89), including lung cancer (67, 90, 91).

Han and colleagues (92) used SELDI-TOF MS to analyze the
serum of 253 individuals split into a training set (89 NSCLC, 68
controls) and a validation set (62 NSCLC, 34 controls). From the
proteomic spectra of serum samples obtained in the training set,
using Biomarker Pattern software, they generated a classification
tree with three different protein masses that effectively identified
patients with lung cancer from controls with 94% accuracy, 91%
sensitivity, and 97% specificity. When applied to the validation
test, the classification tree allowed 89 % sensitivity, 91 % specificity,
and 90% positive predictive value. The authors also used electro-
chemiluminescent immunoassay to detect CEA and Cyfra21-1
serum levels, and showed that the specificity and sensitivity of
these biomarkers taken individually or in combination were
significantly lower compared with the SELDI proteomic profile
(42% sensitivity and 72% specificity for Cyfra21-1; 46% sensitiv-
ity and 76 % specificity for CEA). Using SELDI-TOF MS on se-
rum samples from 158 patients with lung cancer and 50 control
subjects, Yang and coworkers (93) reported a five-signal protein
signature distinguishing lung cancer cases from controls with
86.9% sensitivity and 80.0% specificity in the validation set.

To identify patients with NSCLC who are likely to benefit
from treatment with epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors (TKIs), Taguchi and colleagues (94)
used MALDI MS on pretreatment serum of 302 patients treated
with gefitinib or erlotinib, 139 of them assigned into a training
set (from three cohorts) and 163 into a validation set (from two
independent cohorts). Sera from 158 patients with NSCLC not
treated with EGFR TKIs (from three cohorts) were also tested.
Based on survival and time to progression after EGFR TKIs
treatment, an algorithm based on eight MS signals was de-
veloped in the training set. The classification algorithm was then
applied to the validation set, successfully identifying patients
with improved outcome after EGFR TKIs treatment. Indeed,
the median survival of patients in the predicted “good” and
“poor” groups was 207 and 92 days, respectively, with a hazard
ratio [HR] of death of 0.50 (0.24-0.78, 95% confidence interval
[CI)), in the first cohort, and 306 and 107 days, respectively, with
a HR of 0.41 (0.17-0.63, 95% CI) in the second cohort. The
algorithm kept its predictive value independent of clinical
factors associated with sensitivity to EGFR TKIs, such as sex,
smoking history, and histology. The algorithm identified sub-
groups of smokers with favorable outcome after EGFR TKIs
treatment, showing its benefit even in patients with clinical

characteristics associated with low sensitivity to these drugs. For
patients not treated with EGFR TKIs, the classification algo-
rithm did not accurately classify patient outcomes.

Recently, an automated technology has been developed for
the simultaneous measurement of serum peptides. Basically,
peptides are captured and concentrated using reversed-phase
batch processing in a magnetic particle-based format, auto-
mated on a liquid handling robot, and followed by MALDI-
TOF MS. This technique is simple, scalable, and may provide
better reproducibility, multidimensionality, and high through-
put (95), but must be validated in larger populations and from
several institutions.

Exhaled Breath Condensate and Sputum

EBC collection is a simple, safe, comfortable, and completely
noninvasive method of sampling the lower respiratory tract.
Because the condensate contains nonvolatile substances such as
proteins, it is a potential diagnostic tool for lung diseases, and
research has been done to apply this method as a screening tool
for the early detection of lung cancer (96). By using two-
dimensional gel electrophoresis, Griese and colleagues charac-
terized proteins in EBC and saliva (97). Using immunoassay
methods, endothelin-1 and interleukin-6 were both found to be
increased in EBC of NSCLC patients when compared with
control subjects (98, 99). Despite the ability to detect proteins in
EBC, the use of proteomics to identify differential protein ex-
pression between EBC of patients with lung cancer and healthy
control subjects has not been documented yet. Technical dif-
ficulties are related to the lack of normalization and standard-
ization of the methodology, resulting in big variations between
the results of different studies (8) and making difficult the
translation of EBC analysis to clinical practice.

Sputum is even more complex to analyze by proteomics and,
to date, there is no well-characterized MS-based proteomic
alterations reported in the sputum of patients with lung cancer.

DATA ANALYSIS

Analysis and interpretation of the data derived from MS-based
proteomic technologies represents unique challenges as well.
From MALDI MS experiments, Spectra are generated in the
mass-to-charge (m/z) 3,000 to 50,000. Internal calibration is
performed using internal or external calibrants. The data
processing consists of internal calibration, smoothing, baseline
correction, normalization to the total ion current, feature
selection with a signal-to-noise ratio, and binning of features.
This processing results in 100 to 300 m/z peaks per spectrum on
average, using conservative parameters. Statistical analyses of
these data for biomarkers focus on the selection of MS features
and differential expression levels between the study groups and
on building class prediction models based on the selected
features (68, 69, 100-102). The misclassification rate is typically
estimated using the leave-one-out cross-validation.

From tandem MS analysis, raw data is extracted for in-
dividual spectra with filters applied to remove obvious back-
ground ions and low-quality spectra. These spectra yield a list of
peptide sequences and the frequency that each peptide is
detected. These sequences are searched against the NCBI
protein database to generate candidate proteins from which
they may have come. This later approach is less intuitive and is
recently being facilitated by modern bioinformatics tools,
enabling the analysis of proteomic digestion with different
enzymes than trypsin and therefore increasing the likelihood
of detecting increasing number of peptides mapping to the same
protein; this, in turn, improves the confidence of identification
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(see Dr. Tabb’s website from the Department of Biomedical
Informatics of Vanderbilt University Medical Center with ex-
pertise in proteomics research: http://fenchurch.mc.vanderbilt.
edu/lab/software.php). This list of candidate proteins is filtered
in various ways to reduce the likelihood of false matches and
the protein and hit count lists from different study groups are
compared.

BIOMARKER VALIDATION AND IMPLICATIONS IN
THE MANAGEMENT OF LUNG CANCER

The discovery of potential new biomarkers by MS techniques
has to be followed by verification and validation strategies.
Validation happens at multiple levels, from confirmation of
detected changes in protein level by different techniques, to
correlation with some biological outcomes of lung cancer such
as early detection, chemosensitivity, or survival. Ultimately,
population studies are required for the translation of biomarkers
into clinical practice. This validation work is made easier with
the access to repositories of well-annotated biological specimens.
Tissue microarrays (TMAs) (103) allow high-throughput evalu-
ation of candidate biomarkers on PPFE pathologic specimens by
THC, cytogenetic and molecular biology techniques (104). For
each assay, one must assess accuracy, reproducibility, and
variability within and across laboratories. The Early Detection
Research Network (EDRN), an initiative of the National Cancer
Institute (NCI), assists with the translation of biomarkers into
clinical applications (105). It supports research to identify, de-
velop, and validate biological markers for earlier cancer de-
tection and risk assessment. By integrating basic and clinical
science studies with computational, statistical, and epidemiologic
approaches, it allows a comprehensive understanding of bio-
markers.

By allowing high-throughput, sensitive, and specific analysis
of proteins expressed in cells or tissues, proteomic profiling by
MS is a valuable technique for the study of cancer proteomics.
Unlike the study of a single protein, it enables a systematic
overview, leading to a better understanding of the disease.
Indeed, lung cancer is a heterogeneous disease at the cellular
and molecular level, resulting in the expression of various
proteins, so that looking for a combination of protein alter-
ations (or profile) is likely to have greater utility than focusing
on a specific tumor marker. This approach may improve the
clinical management of lung cancer by identifying with higher
sensitivity and specificity protein profiles that could serve as
biomarkers to improve risk assessment, early diagnosis, di-
agnostic classification of lung tumors, and prediction of re-
sponse to therapy and of survival. These protein profiles could
also identify new molecular therapeutic targets. To prove the
added value of the discovered biomarkers to the current
standard of care, they should be evaluated in a clinical context.
Whether they are independent from other clinical factors is a
question to be addressed. If that is the case, a clinico-proteomic
model incorporating clinical factors and protein biomarkers
predictors of disease and/or prognosis can be developed.

LIMITATIONS OF THE MS-BASED APPROACH

Despite great advantages and insights provided to cancer
biology, several pre-analytical, analytical, and post-analytical
limitations are still associated with MS methodologies. Pre-
analytical limitations are related to poor patient selection; non-
standardized sample collection, storage, and processing; and poor
instrument calibration, all of which introduced important bias in
the analyses. Analytical limitations are also numerous and de-
pend on the methods used, but general considerations can be
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addressed. The first problem faced is the complex nature and
large dynamic range of the proteome. Several depletion and
fractionation methods improve but are not sufficient to reach the
desired dynamic range. Second, sensitivity is limited to the most
abundant proteins. Global MS techniques do not easily detect
blood proteins at concentrations lower than 1 pg/ml (106), while
known tumor markers in the serum are approximately 1,000 times
less concentrated. Third, reproducibility between platforms and
institutions is still a problem. Finally, some MS techniques such
as MALDI MS applied to fresh tissue or blood samples do
not readily allow direct identification of proteins. Some discrim-
inatory peaks were revealed to be blood proteins or their
proteolysis products produced ex vivo (after collection) and not
related to cancer in vivo (107, 108). Post-analytical limitations are
mainly due to bioinformatic/biostatistic artifacts. With a large
number of spectra from a small number of samples, there is a risk
of overfitting the data. Also, less than half of the proteins of
a complex biological sample can be identified by current compu-
tational methods. Finally, only mandatory validation strategies
including complementary methodologies would decide whether
the discovered candidates could be proposed as new biomarkers.
These limitations explain why these approaches have not been
translated to clinical applications yet. Much effort is required to
overcome those challenges and reach clinical utility.

STRATEGIES TO ADDRESS THE COMPLEXITY
OF THE PROTEOME

The complexity of the proteome—with more than tens of
thousands of different protein species (109), a wide range of
concentrations, a large number of peptides generated from each
protein, their post-translational modifications (109) and se-
quence variations among individuals (110)—presents current
proteomic technologies with great challenges. To overcome
these challenges, different complexity reduction strategies are
used. In a first strategy, affinity depletion removes the most
abundant serum proteins such as albumin (111-114) and detects
low-abundance proteins, which are more informative as tumor-
specific biomarkers but unfortunately are obscured by high-
abundance proteins. Depletion procedures are limited by
absence of standardization and problems of reproducibility. In
a second strategy, proteins or peptides are fractionated using
physicochemical properties such as size, residue charge, and
hydropathy before analysis by MS (113, 115, 116). The frac-
tionation has several limitations as it requires large sample
amounts, is more expensive and more time-consuming, and
increases the risk of variability within and between samples.
With shotgun proteomics combined with MudPIT (14,117, 118)
applied to the plasma of patients with lung cancer, 120 proteins
have been shown to be exclusively expressed in the plasma of
patients with lung ADC (119). In the last strategy, specific chemical
probes are used to tag and facilitate isolation of a target peptide.
After digestion of proteins with trypsin in the shotgun approach,
analyses are complicated by the large number of redundant
peptides from each protein. By targeting peptides containing
unique or rare amino acids or post-translational modifications
such as phosphorylation or glycosylation (120), we can reduce the
complexity of the biological samples and analyze sub-proteomes.
For example, Zhou and colleagues (121) developed a method for
the high-throughput analysis of serum glycoproteins using solid-
phase extraction of N-linked glycopeptides from glycoproteins
(SPEG). Glycoproteins are conjugated to a solid support using
hydrazide chemistry, nonglycosylated proteins are removed by
trypsin digestion, and N-glycopeptides are specifically released
via peptide-N-glycosidase F before finally being identified and
quantified by tandem MS (122). Although quite appealing, these
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sub-proteomic strategies are early in development and require
methodologic standardization.

Using a phosphoproteomic approach based on phosphopeptide
immunoprecipitation and analysis by LC-MS/MS, Rikova and
coworkers (123) characterized tyrosine kinase signaling across 41
NSCLCcell lines and 150 NSCLC tumors. They identified kinases
already known as oncogenes (e.g., EGFR, c-MET) as well as kinases
never previously implicated in NSCLC (PDGFRa, DDR1). The
insights they provided are very important in the actual era of
tyrosine kinase—based cancer therapeutics.

Activity-based MS proteomic analysis of lung cancer micro-
environment investigates interactions and functions of proteins in
normal and diseased organs. For example, the nature and post-
translational modifications of proteases, which are involved in
many aspects of cancer development, have been assayed using an
activity-based proteomic profiling with molecular tags specific for
enzymatic activity (124). This approach has been associated with
multidimensional proteomic LC-MS to discover the roles of
active proteases in tumor cells and their microenvironment
(125). Measuring changes in many enzymes’ activity with active
site-directed probes, investigators identified human carcinoma
enzyme activities selectively expressed in culture or xenograft
tumors, as well as mouse stromal enzyme activities infiltrating
or excluded from xenograft tumors, showing the importance of
specific host components for breast cancer development.

Targeted proteomics using multiple reaction monitoring
(LC-MRM MS) allows the verification of candidate biomarkers
by accurate quantitation of proteins/peptides. In this strategy,
which requires a triple quadrupole-class tandem MS (126), there
are two stages of mass selection: the first stage (MS1) selects
a limited number of precursor ions with pre-specified m/z values
that will undergo fragmentation, while the second stage (MS2)
gives spectra only for a specific pre-identified fragment ion
associated with a given precursor. The association of two mass
filters leads to a very specific and sensitive identification. Several
“precursor ion/fragment ion” pairs can be specified in a single LC-
MS/MS run, allowing parallel quantification of several proteins/
peptides. The quantification can be achieved by iTRAQ (isobaric
Tags for Relative and Absolute Quantification; covalent linkage
to lysines, -NH, termini) (127) at the MS2 level or by label-free
methodology at the MS1 level. C-reactive protein (59), apolipo-
protein A-I (128), human growth hormone (129), and prostate-
specific antigen (130) have been measured in plasma or serum
using the MRM approach.

CONCLUSIONS

Major advances have been brought to the biology of lung cancer
by MS-based proteomic analysis. We summarized some of the
progress made in the field in the recent years. Although
proteomic profiling and high-throughput sensitive MS-based
technologies have not been proven of clinical utility yet, they
are rapidly developing and promise to advance the areas of early
detection of lung cancer, prediction of response to therapy, and
prognostic evaluation.
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