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Detection of lung cancer at an early stage is necessary for
successful therapy and improved survival rates. We per-
formed a bottom-up proteomics analysis using a two-
dimensional LC-MS/MS strategy on the conditioned me-
dia of four lung cancer cell lines of different histological
backgrounds (non-small cell lung cancer: H23 (adenocar-
cinoma), H520 (squamous cell carcinoma), and H460
(large cell carcinoma); small cell lung cancer: H1688) to
identify secreted or membrane-bound proteins that could
be useful as novel lung cancer biomarkers. Proteomics
analysis of the four conditioned media allowed identifica-
tion of 1,830 different proteins (965, 871, 726, and 847 from
H1688, H23, H460, and H520, respectively). All proteins
were assigned a subcellular localization, and 38% were
classified as extracellular or membrane-bound. We suc-
cessfully identified the internal control proteins (also de-
tected by ELISA), kallikrein-related peptidases 14 and 11,
and IGFBP2. We also identified known or putative lung
cancer tumor markers such as squamous cell carcinoma
antigen, carcinoembryonic antigen, chromogranin A, cre-
atine kinase BB, progastrin-releasing peptide, neural cell
adhesion molecule, and tumor M2-PK. To select the most
promising candidates for validation, we performed tissue
specificity assays, functional classifications, literature
searches for association to cancer, and a comparison of
our proteome with the proteome of lung-related diseases
and serum. Five novel lung cancer candidates, ADAM-17,
osteoprotegerin, pentraxin 3, follistatin, and tumor necro-
sis factor receptor superfamily member 1A were prelimi-
narily validated in the serum of patients with lung cancer
and healthy controls. Our results demonstrate the utility of

this cell culture proteomics approach to identify secreted
and shed proteins that are potentially useful as serologi-
cal markers for lung cancer. Molecular & Cellular Pro-
teomics 8:2746–2758, 2009.

Lung cancer is the leading cause of cancer-related mortality
worldwide in both men and women. An estimated 213,000
news cases and 160,000 deaths from lung cancer occur in the
United States every year (National Cancer Institute). Accord-
ing to the World Health Organization, lung cancers are largely
classified into two histologically distinct types, based on the
size and appearance of the malignant cells: small cell (SCLC)1

and non-small cell lung cancer (NSCLC). NSCLC, which com-
prises more than 80% of lung cancers, can be further divided
into adenocarcinoma, squamous cell carcinoma, and large
cell carcinoma.

Despite advances in treatments such as surgery, chemo-
therapy, and radiotherapy, the clinical outcome for patients
with lung cancer still remains poor. The overall 5-year survival
rate is only 10–15% (1) mainly because, at the time of diag-
nosis, most lung cancer patients are at advanced stages. In
this context, there is a critical need to detect lung cancer
earlier by improving the current diagnostic methods such as
computed tomography and chest x-ray and by discovering
useful diagnostic and prognostic biomarkers. To date, a num-
ber of serum biomarkers for lung cancer have been studied,
including CEA, squamous cell carcinoma (SCC)-Ag, neuron-
specific enolase, tissue polypeptide antigen, CYFRA21-1 (cy-
tokeratin 19 fragment), and pro-GRP. They are elevated in
serum of patients with lung cancer, but they are not sensitiveFrom the ‡Department of Laboratory Medicine and Pathobiology,
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or specific enough, alone or in combination, to reliably diag-
nose asymptomatic patients with lung cancer.

Recently, new approaches in clinical proteomics have been
developed to identify novel biomarkers of lung pathology
(COPD, asthma, pleural effusion, and cancer) and to gain
insights into disease mechanisms in which proteins play a
major role. Some proteomics analyses of various biological
fluids associated with the human airway have been reported,
including nasal lavage fluid (2–4), bronchoalveolar lavage fluid
(5, 6), and saliva (7, 8). By using a combination of 2DE analysis
and Gel electrophoresis coupled with LC-MS/MS, Nicholas et
al. (9) identified 258 proteins in human sputum, and among
them, 191 were of human origin. Proteins included lower and
upper airway secretory products, cellular products, and in-
flammatory cell-derived products. In addition, Casado et al.
(10) used capillary column LC-ESI-Q/TOF-MS to investigate
the proteome profiles of hypertonic saline-induced sputum
samples from healthy smokers and patients with COPD of
different severity. A total of 203 unique proteins were identi-
fied of which some may be markers of COPD severity. The
proteomics profile of human pleural effusion from 43 lung
adenocarcinoma was also studied using a 2D nano-HPLC-
ESI-MS/MS system (11). The results revealed 1,415 unique
proteins of which 124 were identified with higher confidence
(at least two unique peptide sequences matched). However,
there are inherent limitations of using MS for biomarker dis-
covery in complex biological mixtures such as fluids or serum
(12, 13), requiring methodologies for depletion of high abun-
dance proteins such as albumin and immunoglobulins. These
limitations illustrate the need to find other sources to mine for
biomarker discovery.

One approach to overcome this limitation posed by com-
plex mixtures is by using a cell culture model, in which cells
are grown in serum-free medium, to perform proteomics anal-
ysis. This model offers various advantages over the traditional
cultures in serum-supplemented medium: it reduces com-
plexity by avoiding interferences from nutritional proteins
present in the medium, increases the reproducibility, and
allows detection of low abundance proteins. This strategy has
been successfully used in our laboratory for the discovery of
novel breast and prostate biomarkers (14, 15). This technique
was also reported in lung-related proteomics approaches.
Tachibana et al. (16) reported the regulatory roles of �1 inte-
grin in morphological differentiation in CADO LC6 cells, an
SCLC cell line cultured in serum-free medium. To explore
serum biomarkers of lung cancer at early stage, M-BE, an
SV40T-transformed human bronchial epithelial cell line with
the phenotypic features of early tumorigenesis at high pas-
sage, was cultured, and the conditioned medium was used to
collect its secretory proteins (17). Proteins secreted from dif-
ferent passages of M-BE cells were extracted and then sep-
arated by 2DE followed by MALDI-TOF/TOF mass spectrom-
etry. The authors identified 47 proteins, including cathepsin D,
that exhibited increased abundance in culture media or cells

during passaging. Moreover, Xiao et al. (18) analyzed the
proteins released into the serum-free medium from the tumor
microenvironment with short time-cultured lung cancer and
adjacent normal bronchial epithelial cells, thus demonstrating
the versatility of this approach.

In this study, we performed a shotgun proteomics analysis
of the conditioned media of four lung cancer cell lines of
differing histotypes. Our aim was to identify secreted or mem-
brane-bound proteins that could be useful as novel lung can-
cer biomarkers. Five proteins were elevated in serum of lung
cancer patients, suggesting that they may represent lung
cancer biomarkers that are worth validating in the future.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The four lung cancer cell lines, H23
(CRL-5800), H520 (HTB-182), H460 (HTB-177), and H1688 (CCL-
257), were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). These cell lines represent the four major
histological lung cancer subtypes: (i) NSCLC adenocarcinoma (H23),
(ii) NSCLC squamous cell carcinoma (H520), (iii) NSCLC large cell
carcinoma (H460), and (iv) SCLC (H1688). All cell lines were main-
tained in 75-cm2 culture flasks in RPMI 1640 culture medium (BD
Biosciences) supplemented with 8% fetal bovine serum (FBS) (Hy-
clone). All cells were cultured in a humidified incubator at 37 °C and
5% CO2.

Cells were seeded at different seeding densities (4 � 106 cells for
H460, 8 � 106 cells for H23, 10 � 106 cells for H1688, and 12 � 106

cells for H520) into six 175-cm2 culture flasks per cell line (with the
exception of three flasks for H460) and grown for 2 days in 30 ml of
RPMI 1640 medium supplemented with 8% FBS. After 2 days, the
culture medium was removed, and the cells were rinsed three times
with 30 ml of 1� PBS (Invitrogen). Then, 30 ml of chemically defined
Chinese hamster ovary (CDCHO) serum-free medium (Invitrogen)
supplemented with glutamine (8 mM) (Invitrogen) were added to the
flasks, and the flasks were incubated for 48 h. The H520 cell line was
grown as described above except that the cells were incubated for 3
days in RPMI 1640 medium supplemented with 8% FBS before the
medium was changed to CDCHO serum-free medium. All cell lines
were grown in triplicate and independently processed and analyzed.
The same conditions and procedures were applied to set up a neg-
ative control. In this case, 30 ml of RPMI 1640 medium supplemented
with 8% FBS were prepared as mentioned above with no cells added
to the 175-cm2 culture flask.

After incubation in CDCHO, the conditioned media (CM) were
collected and spun down to remove cellular debris. The CM were then
frozen at �80 °C until further processing. Aliquots (1 ml) were taken
from the CM at the time of harvest for measurement of total protein
and lactate dehydrogenase as well as kallikrein-related peptidases 11
and 14 and insulin-like growth factor-binding protein 2 (internal con-
trol proteins) by using specific ELISAs.

Measurement of Total Protein, Lactate Dehydrogenase, Kallikreins
11 and 14, and IGFBP2—Total protein was quantified in the CM using
a Coomassie (Bradford) assay (Pierce) according to the manufactur-
er’s instructions. Lactate dehydrogenase (indicator of cell death) was
measured in the CM using an enzymatic assay based on lactate to
pyruvate conversion and parallel production of NADH from NAD�.
The production of NADH was monitored at 340 nm using an auto-
mated method (Roche Applied Science Modular Systems).

Kallikrein-related peptidases 11 and 14 were measured with
in-house ELISAs as described previously (19–21). An IGFBP2 sand-
wich ELISA kit, purchased from R&D Systems (Minneapolis, MN), was
used to measure levels of IGFBP2 in the CM of lung cancer cell lines.
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Conditioned Media Sample Preparation—One CM aliquot (30 ml)
was collected for the cell line H460, whereas two 30-ml CM aliquots
were combined (60 ml) for the three cell lines H23, H1688, and H520.
Three biological replicates per cell line were performed. Each repli-
cate contained �800 �g to 1 mg of total protein.

These replicates were dialyzed using a 3.5-kDa-molecular mass
cutoff membrane (Spectrum Laboratories, Inc., Compton, CA). The
CM were dialyzed overnight at 4 °C in 5 liters of 1 mM ammonium
bicarbonate solution with two buffer changes. The dialyzed CM were
frozen and lyophilized to dryness. Following lyophilization, samples
were denatured using 8 M urea and reduced with DTT (final concentra-
tion of 13 mM; Sigma-Aldrich) at 50 °C for 30 min. Then, samples were
alkylated with 500 mM iodoacetamide (Sigma-Aldrich) in the dark at
room temperature for 1 h and desalted using a NAP5 column (GE
Healthcare). The 1-ml final samples were lyophilized and trypsin (Pro-
mega)-digested at a molar ratio of 1:50 (trypsin:protein concentration)
overnight at 37 °C. Finally, the peptides were lyophilized to dryness.

Strong Cation Exchange Liquid Chromatography—The trypsin-di-
gested lyophilized samples were resuspended in 120 �l of 0.26 M

formic acid in 10% acetonitrile (mobile phase A). The samples were
fractionated using an Agilent 1100 HPLC system connected to a
PolySULFOETHYL ATM column with a 200-Å pore size and a diameter
of 5 �m (The Nest Group Inc.). A 1-h linear gradient was used with 1
M ammonium formate and 0.26 M formic acid in 10% acetonitrile
(mobile phase B) at a flow rate of 200 �l/min. Fractions were collected
via a fraction collector every 5 min (12 fractions per run) and frozen at
�80 °C for further use. A peptide cation exchange standard, consist-
ing of three peptides, was run at the beginning of each day to assess
column performance (Bio-Rad).

Mass Spectrometry (LC-MS/MS)—Of the 12 fractions collected per
HPLC run, seven fractions (fractions 5–11, containing the bulk of
peptides) were analyzed by mass spectrometry. The seven fractions
per replicate per cell line were C18-extracted using a ZipTipC18 pipette
tip (Millipore) and eluted in 4 �l of 90% ACN, 0.1% formic acid, 10%
water, and 0.02% TFA (buffer B). Eighty microliters of 95% water,
0.1% formic acid, 5% ACN, and 0.02% TFA (buffer A) were added to
this mixture, and 40 �l were injected via an autosampler on an Agilent
1100 HPLC system. The peptides were first collected onto a 2-cm C18

trap column (inner diameter, 200 �m) and then eluted onto a resolving
5-cm analytical C18 column (inner diameter, 75 �m) with an 8-�m tip
(New Objective). The HPLC system was coupled on line to a 2D linear
ion trap (LTQ, Thermo Inc.) mass spectrometer using a nano-ESI
source in data-dependent mode. Each fraction was run with a 120-
min gradient. The eluted peptides were subjected to MS/MS. DTAs
were created using the Mascot Daemon v2.16 and extract_msn (Ma-
trix Science, London, UK). The parameters for DTA creation were as
follows: minimum mass, 300 Da; maximum mass, 4,000 Da; auto-
matic precursor charge selection; minimum peaks, 10 per MS/MS
scan for acquisition; and minimum scans per group, 1.

Data Analysis—Mascot (Matrix Science; version 2.1.03) and
X!Tandem (Global Proteome Machine Manager, Beavis Informatics Ltd.;
version 2.0.0.4) search engines were used to analyze the resulting raw
mass spectra from each fraction. Each fraction was analyzed by both
search engines on the International Protein Index human database
(version 3.16; �62,000 entries) (22). One missed cleavage was al-
lowed, and searches were performed with fixed carbamidomethyla-
tion of cysteines and variable oxidation of methionine residues. A
fragment tolerance of 0.4 Da and a parent tolerance of 3.0 Da were
used for both search engines with trypsin as the specified digestion
enzyme. This operation resulted in seven DAT files (Mascot) and
seven XML files (X!Tandem) for each replicate sample per cell line.
Scaffold (version Scaffold-01_06_19, Proteome Software Inc., Port-
land, OR) was utilized to validate MS/MS-based peptide and protein
identifications. The cutoffs in Scaffold were set for 95% peptide

identification probability as specified by the PeptideProphet algorithm
(23) and 80% protein identification probability as assigned by Protein-
Prophet algorithm (24). Identifications not meeting these criteria were
not included in the displayed results. The DAT and XML files for each
cell line plus their respective negative control files (RPMI 1640 culture
medium only) were inputted into Scaffold to cross-validate Mascot
and X!Tandem data files. Each replicate sample was designated as
one biological sample containing both DAT and XML files in Scaffold
and searched with the multidimensional protein identification tech-
nology option selected. Using a similar approach of analysis of
conditioned media from breast and prostate cancer cell lines, we
observed a false positive error rate of 1–2% using the sequence-
reversed International Protein Index human database.

The sample reports were exported to Excel, and an in-house de-
veloped program was used to extract Genome Ontology (GO) terms
for cellular component for each protein and the proportion of each GO
term in the data set. Proteins that were not able to be classified by GO
terms were checked with Swiss-Prot entries and against the Human
Protein Reference Database and Bioinformatic Harvester to search
for cellular component annotations. The overlap between proteins
identified from each cell line and between the three replicates of each
cell line was assessed using an in-house developed program. All
extracellular and membrane-bound proteins were also searched
against the Plasma Proteome Database. The list of displayed proteins
was also compared with those found in other lung-related proteomics
studies (9–11, 18, 25, 26). Finally, we classified the extracellular and
membrane proteins identified by cellular function and disease using
Ingenuity Pathway Analysis software (Ingenuity Systems). In addition,
the molecular functions associated with each of the biomarker can-
didates were analyzed with the Ingenuity Pathway Analysis software.

Validation of Lung Biomarker Candidates: Clinical Samples and
ELISA Analysis—Fifty subjects, including 25 cases diagnosed with
NSCLC and 25 normal healthy donors, were enrolled in this study.
Samples were collected at the UCLA Medical Center between Octo-
ber 2004 and March 2006 in accordance with the UCLA Institutional
Review Board approval and patient written informed consent. Periph-
eral blood was collected from patients at least 4 weeks prior to
receiving therapy for patients with advanced disease. In patients who
had previously undergone surgical resection, blood was collected
after recurrence at least 1 year following surgery. Plasma was col-
lected in EDTA-containing Vacutainer tubes. Samples were centri-
fuged at 3,000 rpm for 15 min within 1 h of collection, separated, and
stored in aliquots at �80 °C. Staging was determined by the Ameri-
can Joint Committee on Cancer Guidelines. Distributions of patients
by demographic and clinical characteristics are presented in supple-
mental Tables 1–5 for each of the candidates tested.

Serum levels of pentraxin-3 (tumor necrosis factor-stimulated gene
14), follistatin, and sTNFRI were measured by ELISA using a com-
mercially available kit (R&D Systems). Serum levels of osteoprotegerin
and ADAM-17 were measured using an in-house developed ELISA
using commercial antibodies purchased from R&D Systems.

Statistical Analysis—The differences between groups were evalu-
ated by the Mann-Whitney U test using GraphPad Prism version 4 for
Windows (GraphPad Software, San Diego, CA). All comparisons were
two-tailed, and p values of �0.05 were considered significant.

RESULTS

Optimization of Cell Culture Conditions—To delineate the
secretome of the four lung cancer cell lines, cell culture con-
ditions were first optimized to minimize cell death and maxi-
mize secreted protein concentration. For this purpose, cells
were grown in serum-free medium for 48 h at different seed-
ing densities. Total protein, lactate dehydrogenase levels, and
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the concentration of IGFBP2 in the CM of H1688, H520, H460,
and H23 cells and kallikrein-related peptidase 11 (KLK11) and
KLK14 in the CM of H1688 cells were measured. The ratio of
IGFBP2 concentration to lactate dehydrogenase levels for
each cell culture condition and the ratio of KLK11 and KLK14
concentrations to lactate dehydrogenase levels measured in
the CM of H1688 cell line were compared (supplemental Figs.
1–4). The following optimal seeding densities were selected
for proteomics analysis (4 � 106 cells for H460, 8 � 106 cells
for H23, 10 � 106 cells for H1688, and 12 � 106 cells for
H520) as those gave the highest ratio of IGFBP2 or KLK
production (indicator of secreted proteins) to lactate dehydro-
genase (indicator of cell death).

At the optimized seeding densities, total protein concentra-
tion was 38, 15, 14, and 15 �g/ml for H460, H23, H1688, and
H520, respectively. Furthermore, proteomics analysis was ac-
complished with �800 �g to 1 mg of total protein.

Identification of Proteins by Mass Spectrometry—In this
study, we used an experimental design for sample prepara-
tion, LC/MS/MS, and bioinformatic analysis similar to that
described previously (14). Using Scaffold, which contains
ProteinProphet and PeptideProphet software, a list of all pro-
teins with an 80% probability and all peptides with a 95%
probability was generated. In total, from the three replicates
per cell line, 965, 871, 726, and 847 proteins were identified in
the H1688, H23, H460, and H520 cell lines, respectively (sup-
plemental Tables 6–9). The complete list of the 1,830 different
proteins identified in this proteomics analysis is presented in
supplemental Table 10. From the negative control flask that
did not contain any cells but was treated in the same manner
as the CM of the four cell lines, a total of 84 proteins were
identified (supplemental Table 10). Many of these were pro-

teins derived from FBS, which was used to initially culture the
cells. These proteins were removed from the list of total
proteins identified in the CM of each lung cancer cell line and
were not considered further in data analysis.

Overlap of Proteins between Replicates and Reproducibility
of Method—To investigate the reproducibility of our method,
each cell line was cultured in triplicate, providing three inde-
pendent biological replicates per cell line. Fig. 1 shows the
overlap between the three replicates of each cell line. For
H1688, we identified 965 proteins (Fig. 1A). Of these, 613
were identified in all three replicates, yielding a reproducibility
of 63.5%. For the H23 cell line, a total of 871 proteins were
identified (Fig. 1B) of which 572 were common to all three
replicates (65.7% reproducibility). Furthermore, 726 proteins
were identified in H460 (Fig. 1C) of which 512 were found in all
three replicates (70.5% reproducibility). Finally, we identified
847 proteins in H520. Of these, 555 were common to all three
replicates, yielding a reproducibility of 65.5% (Fig. 1D). Ap-
proximately 20–26% of proteins were found in two replicates,
whereas �10% were exclusive to one replicate.

Identification of Internal Control Proteins by MS—To mon-
itor the cell culture optimization process, the concentration of
two kallikrein-related peptidases (KLK11 and KLK14) and
IGFBP2, which are known to be secreted, was measured by
ELISA in the CM of the four lung cancer cell lines. All cell lines
expressed IGFBP2 (15–110 �g/liter), whereas H1688 was the
only cell line expressing KLK11 (6.3 �g/liter) and KLK14 (1.9
�g/liter) at levels measurable by ELISA. Using our MS ap-
proach, we were able to confidently identify KLK11 and
KLK14 in the CM of H1688 and IGFBP2 in the CM of all four
cell lines. Supplemental Fig. 5 illustrates the sequences of
KLK11, KLK14, and IGFBP2 and the peptides identified by

FIG. 1. Number of proteins identified by LC-MS/MS in CM of four lung cancer cell lines (A–D) and their cellular localization (E–H).
Shown is the overlap of three independent replicates (Rep 1–3) and total number of proteins identified. The lower panel depicts cellular
localization. Mitoch., mitochondria; Golgi app., Golgi apparatus; E.R., endoplasmic reticulum; Other org., other organelles.
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MS. IGFBP2 displayed �10 unique peptides in all three rep-
licates of each cell line, covering �40% of its sequence
(supplemental Fig. 5A). Six (replicate 1) to seven unique pep-
tides (replicates 2 and 3) were identified for KLK11, resulting
in a 28–41% sequence coverage (supplemental Fig. 5B).
Furthermore, KLK14 was identified in two replicates of H1688
by one and three unique peptides, respectively. This resulted
in a 5–17% sequence coverage (supplemental Fig. 5C). H520,
H23, and H460 cells did not secrete any detectable KLK14 by
ELISA, and as expected, this kallikrein-related peptidase was
not found in their CM by MS. Thus, successful identification of
our endogenous internal control proteins by MS, especially
those expressed at relatively low levels (KLK11 and KLK14),
demonstrated that the detection limit of our MS method for
marker identification was in the low �g/liter range.

Classification of Proteins Identified by MS by Cellular Lo-
calization—Each identified protein was classified by its cellu-
lar localization using the Genome Ontology, Swiss-Prot, Hu-
man Protein Reference, and Bioinformatic Harvester databases.
These categories are non-exclusive because a protein can be
classified in more than one cellular compartment. Fig. 1, E–H,
shows the cellular localization of proteins identified in the CM of
H1688 (E), H23 (F), H460 (G), and H520 (H). Twenty to 34% of
the proteins identified were classified as extracellular or mem-
brane-bound in each cell line. The remainder of the proteins
identified in the CM were classified as intracellular (�50% (cy-
tosol-cytoskeleton, nucleus, endoplasmic reticulum, Golgi ap-
paratus, mitochondria, and other organelles such as endo-
somes and lysosomes)), whereas 5–10% were unclassified.
Supplemental Tables 6–9 display the classification of proteins
by cellular localization for each cell line.

Overlap of Proteins between Four Lung Cancer Cell Lines—
The proteins identified among the four lung cancer cell lines
were analyzed for overlap using an in-house developed pro-
gram (Fig. 2). Of the 1,830 unique proteins identified in this
study, 239 (13%) were common to all four cell lines (Fig. 2A).
Moreover, 226 (12.4%) and 411 (22.5%) proteins were found
in three and two of the cell lines, respectively. Interestingly,
about 52% of the proteins identified were unique to one of the
cell lines.

Fig. 2, B and C, display the overlap among the 291 extra-
cellular proteins and the 415 membrane-bound proteins, re-
spectively. We found that 22 (about 8%) of the extracellular
proteins and 28 (about 7%) of the membrane-bound proteins
were common to all four cell lines. Consistent with our previ-
ous findings on the overlap of proteins between the cell lines,
a large portion of extracellular proteins (56%) and membrane-
associated proteins (63%) was identified in only one cell line.
These results illustrate the heterogeneity of lung cancer cell
lines and the requirement of analyzing multiple cell lines to
better depict the secretome of lung cancer. Supplemental
Tables 10–12 present the overlap of total, extracellular, and
membrane-bound proteins between cell lines.

Extracellular and Membrane-bound Proteins Identified by
MS—According to GO annotation, 291 proteins (15.9%) were
classified as extracellular, and 415 proteins (22.7%) were
classified as membranous. From the list of extracellular and
membrane-bound proteins, some known or putative lung can-
cer biomarkers were identified. These included CEA (27, 28),
chromogranin A (29), chromogranin B (30), gastrin-releasing
peptide (29, 31), kallikrein-related peptidases 11 and 14 (32–
34), matrix metallopeptidase 1 collagenase (18), and neural
cell adhesion molecule (35–37) (Table I). Moreover, all of the
extracellular and membrane-bound proteins were compared
with the human Plasma Proteome Database to determine
whether they have been found previously in plasma. Of 291
secreted proteins, 129 (44.3%) were identified in human
plasma. One hundred and sixty-eight of 415 membranous
proteins (40.5%) were also found in human plasma. These are
highlighted in supplemental Tables 11 and 12. Finally, sup-
plemental Table 13 contains detailed information on all of the
proteins identified for each of the cell lines, including the
number of unique peptides, peptide sequences, precursor ion
mass, and charge states.

Comparison of Present Proteome with Other Lung Pro-
teomics Publications—We compared proteins identified in the
four lung cancer cell lines with the proteomes of lung-related
diseases and lung-related biological fluids.

Xiao et al. (18) used proteomics techniques to analyze CM
from primary cultures of lung cancer cells and adjacent nor-

A) Total proteins (1,830) B) Extracellular proteins (291) C) Membrane proteins (415)
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FIG. 2. Overlap of proteins identified in CM by LC-MS/MS between each of four lung cancer cell lines. The overlap of total proteins (A;
total number in parentheses), extracellular proteins (B), and membrane proteins (C) is shown.
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mal bronchial epithelial cells of six lung cancer patients. Using
one-dimensional PAGE and nano-ESI-MS/MS, they identified
231 proteins of which 161 (70%) were also found in our
proteomics study. Huang et al. (25) analyzed secreted pro-
teins in the CM of an NSCLC cell line (A549) by 2D PAGE and
MALDI-TOF MS. Fourteen human proteins were identified of
which 11 (79%) were also found by us, including �-enolase,
peroxiredoxin 1, galectin 1, ubiquitin carboxyl-terminal hydro-

lase (PGP9.5), and dihydrodiol dehydrogenase. In addition,
comparative proteomics analysis of the two NSCLC cell lines
with different metastatic potential was carried out using 2DE
followed by MALDI-TOF MS and MS/MS analysis. Thirty-three
differentially expressed proteins were identified, including 16
proteins that were significantly up-regulated and 17 proteins
that were down-regulated in highly metastatic cells compared
with non-metastatic cells (26). Of these 33 proteins reported

TABLE I
Examples of known and putative lung cancer biomarkers identified in the conditioned media of H1688, H23, H460, and H520 cell lines by

LC-MS/MS

LDH, lactate dehydrogenase; EGFR, epidermal growth factor receptor; CGA, chromogranin A; CK-BB, creatine kinase BB.

Protein H1688a H23a H460a H520a Relationship Refs.

CEA 7, 8, 8 Useful indicator of disease extent and may
potentially have important prognostic value for
NSCLC patients. Serum CEA level appears to
be closely associated with the presence of
EGFR gene mutations in patients with
pulmonary adenocarcinomas.

27, 28

Chromogranin A 17, 15, 14 11, 10, 12 High serum levels of CGA before chemotherapy
were found as an unfavorable prognostic
determinant for NSCLC patients.

29

Chromogranin B 30, 26, 23 6, 7, 7 29, 22, 31 Marker for the immunohistochemical
demonstration of carcinoids and well
differentiated neuroendocrine carcinomas.

30

Creatine kinase BB 10, 13, 12 1, 3, 1 1, 1, 2 9, 12, 12 Elevated levels of CK-BB found in the serum of
SCLC patients. Relationship found between
enhanced levels of CK-BB and the degree of
lung carcinoma advance.

65, 66

Progastrin-releasing peptide 4, 3, 4b High serum levels of pro-GRP before treatment
conferred a survival advantage for NSCLC
patients. Higher serum levels of pro-GRP-
(31–98) in patients with extensive SCLC than in
patients with limited disease. Higher serum
levels of pro-GRP-(31–98) in patients with pure
small cell carcinoma than in patients with mixed
small cell/large cell carcinoma.

29, 31

Kallikrein 11 6, 7, 7 Higher serum levels in NSCLC than in healthy
volunteers; associated with higher risk of
NSCLC. KLK11 mRNA overexpression in a
subgroup of neuroendocrine tumors with
unfavorable outcome.

32, 33

Kallikrein 14 1, 0, 3 KLK14 mRNA overexpression in lung tumors
associated with a positive nodal status of the
tumor. Higher serum levels in NSCLC than in
healthy volunteers. Associated with higher risk
of NSCLC.

33, 34

L-Lactate dehydrogenase B chain 4, 6, 6 8, 8, 10 8, 6, 7 6, 5, 7 Elevated serum LDHB correlated with the clinical
stage of lung cancer.

67

MMP1 collagenase 0, 4, 3 15, 15, 14 Elevated serum levels in late stage lung cancer
patients. Overexpression in tumor tissues and
association with tumor invasion and metastasis.

18, 68

Neural cell adhesion molecule 0, 1, 2 1, 0, 0 Elevated serum levels in patients with SCLC.
Patients with pathologic NCAM levels have
significantly shorter survival times. Potential
tumor marker for SCLC. Raised serum NCAM in
active SCLC and in patients in relapse suggests
that NCAM can be used as a target for
antibody-directed therapy of micrometastases.

35–37

Peroxiredoxin 1 12, 12, 9 12, 12, 11 10, 10, 13 16, 17, 18 Up-regulated in lung cancer and may serve as a
prognostic biomarker and therapeutic target in
NSCLC.

69

SCC antigen 3, 1, 0 Both the preoperative SCC-Ag level and its
postoperative decrease have prognostic
significance inferior to stage of disease.
Elevated levels (�1.5 ng/ml) of SCC were
observed in 52.7% of squamous cell lung
cancer patients but in only 14.2% of
nonsquamous cell lung cancer patients.

47, 48

Tumor M2-PK 20, 21, 22 14, 21, 24 22, 22, 28 0, 2, 0 Elevated serum M2-PK found with progressive
lung tumor stages.

49

a Each column contains the number of unique peptides per protein; three values are reported for each protein representing each of the three
replicate samples per cell line.

b Combination of isoforms 1 and 2 of gastrin-releasing peptide identified in H1688 CM.
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to be altered, 30 (91%) were also found among the 1,830
proteins in our CM. Importantly, all proteins identified as
up-regulated in highly metastatic cells were identified in our
study. Among these candidates, Tian et al. (26) observed by
immunohistochemistry a correlation between up-regulation of
S100A11 expression in NSCLC tissues and higher tumor-
node-metastasis stage and positive lymph node status.

We also compared our data with proteomics analyses of
human induced sputum (9) and human induced sputum of
chronic bronchitis subjects (10). With the combination of 2D
gel analysis and GeLC-MS/MS, a total of 191 human proteins
were confidently assigned in induced sputum (9) of which 72
were also found by us. Interestingly, several extracellular and
membranous proteins such as annexins A1 and A2, cathepsin
D, clusterin, cystatins C and SN, IGFBP2, kallikrein-related
peptidase 11, prominin 1, gelsolin, and lipocalin 1 were pres-
ent in both studies. However, we found less overlap with the
proteome of induced sputum of chronic bronchitis subjects
(22 of 106 proteins; Ref. (10), likely due to the presence of
abundant proteins (including immunoglobulins) in the spu-
tome (38 of 106; Ref. 10) that were not present in our list of
proteins.

Using 2D nano-HPLC-ESI-MS/MS, Tyan et al. (11) reported
identification of 124 proteins from 43 pooled adenocarcinoma
patient pleural effusions with high confidence (at least two or
more unique peptides for each protein identified). From these,
22 were also identified by us, including extracellular lipocalin
1, gelsolin, lumican, pigment epithelium-derived factor, �1-
antitrypsin, zinc �2-glycoprotein 1, and apolipoprotein E. Fig.
3 summarizes the overlap between other publications and our
data. Supplemental Table 14 lists all proteins identified by us
and the six previous studies.

Validation of Proteins Identified by MS as Potential Lung
Cancer Biomarkers—Using commercially available or in-
house developed sandwich immunoassays, we performed
preclinical validation of five candidates, sTNFRI, follistatin,
ADAM-17, pentraxin 3, and osteoprotegerin, selected from
our list of proteins identified by MS. Candidate biomarker
concentration was examined in serum samples from patients
with or without lung cancer (Fig. 4 and supplemental Tables
1–5). Serum levels of osteoprotegerin were significantly ele-
vated in patients with lung cancer (median � 4.43 �g/liter) in
comparison with healthy individuals (median � 1.84 �g/liter)
(p � 0.0002).

The sTNFRI serum levels in NSCLC were significantly
higher (median � 1.53 �g/liter) than those in healthy controls
(median � 1.02 �g/liter) (p � 0.0001). A significant elevation of
follistatin was observed in serum of lung cancer patients
(median � 3,116 pg/ml) as compared with healthy volunteers
(median � 1,251 pg/ml) (p � 0.0001).

Pentraxin 3 (PTX3) was identified in all three NSCLC cell
lines and especially with higher abundance in the squamous
cell carcinoma cell line with 15 to 16 unique peptides. As
demonstrated in Fig. 4D, the distribution of PTX3 between
cases and controls was significantly different (p � 0.0001).
Serum levels of PTX3 were much higher in lung cancer pa-
tients (median � 4.91 ng/ml) as compared with healthy indi-
viduals (median � 1.52 ng/ml).

By using an ELISA developed in house, we observed a
significant increase of ADAM-17 in serum of patients with
NSCLC (median � 27.3 �g/liter) in comparison with healthy
volunteers (median � 12.0 �g/liter) (p � 0.002). In a very
preliminary assessment of these five candidate markers for
lung carcinoma, we calculated the diagnostic sensitivity (per-
centage of patients with elevated marker levels) at 100%
specificity (using as cutoff the highest value in the normal
group). These diagnostic sensitivities were as follows: osteo-
protegerin, 52%; sTNFRI, 52%; follistatin, 56%; pentraxin 3,
68%; and ADAM-17, 67%.

Assignments of Biological Function and Network Construc-
tion for Biological Processes—The potential biological func-
tions of extracellular and membrane-bound proteins identified
in CM of all cell lines were analyzed using Ingenuity Pathway
Analysis. The top 10 functions are illustrated in Fig. 5. Major
categories included cellular movement, cell-to-cell signaling
and interaction, cellular growth and proliferation, and cancer.
Ingenuity Pathway Analysis was also used to develop biolog-
ical networks showing the functions and disease association
of each of the five candidates selected for preliminary valida-
tion. ADAM-17 plays a significant role in recruitment of im-
mune cells during the inflammatory response. ADAM-17 also
plays a role in modulating cell adhesion and potentially con-
tributing to the invasiveness of cancer cells. Both of these
functions have been well recognized to play a significant role
in tumor progression and invasion. The biological network
constructed for ADAM-17 is presented in Fig. 6. Follistatin is

FIG. 3. Overlap of proteins identified in the current study
(Planque et al.) and six other lung-related proteomics studies:
Casado et al. (10), Tyan et al. (11), Nicholas et al. (9), Huang et al.
(25), Tian et al. (26), and Xiao et al. (18).
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associated with various processes involving malignant pro-
gression and invasion. As presented in supplemental Fig. 6,
follistatin is involved with regulation of cell growth and prolif-
eration of various cancer cell lines. The molecular functions
associated with PTX3 are highlighted in supplemental Fig. 7.
These include participation in mediation of inflammatory re-
sponse. Interestingly, PTX3 was shown to be involved with
respiratory disorders in mice. The protein sTNFRI displays
connections with cancer progression. As shown in supple-
mental Fig. 8, networks involved with cancer include apopto-
sis, malignant progression, cell survival, and proliferation. Fi-
nally, osteoprotegerin (TNFRSF11B) has shown to be involved

with several molecular networks, including cell adhesion, apo-
ptosis, cell migration, and malignant transformation (supple-
mental Fig. 9).

DISCUSSION

In proteome projects, the 2DE approach has been the pri-
mary technique of separation and comparison of complex
protein mixtures. However, this approach suffers from large
variations caused by sample preparation, protein loading, and
gel staining (38). Another limit of 2DE for proteomics concerns
the poor recovery of proteins from the gel for MS. Methods to
supplement or replace 2DE, such as multidimensional LC

FIG. 4. Validation of osteoprotegerin
(A), sTNFRI (B), follistatin (C), pen-
traxin 3 (D), and ADAM-17 (E) in se-
rum. Levels of these candidate biomar-
kers were measured by ELISA in serum
of patients with or without lung cancer.
n, number of subjects. Median values
are shown by a horizontal line. p values
were calculated with the Mann-Whitney
U test.
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have therefore been sought (39). Multidimensional LC-MS/MS
analysis allows identification of proteins in a high throughput
fashion unlike the rather slow and laborious 2DE-MS/MS meth-
ods. This technique has been used to discover cancer biomar-
kers by analyzing complex protein mixtures such as biological
fluids, tissues, or cell cultures (14, 15, 40–44). However, this
technology is still challenged in the case of complex mixtures
such as serum that require well established methodologies for
depletion of highly abundant proteins and efficient sample frac-
tionation before proteomics analysis (12, 13).

In this study, a 2D LC-MS/MS strategy was utilized to
identify the secretome of four lung cancer cell lines of differing
histological subtypes grown in serum-free medium. Because
lung cancer is a heterogenous disease, we analyzed the se-
cretome of cell lines of differing origin to have a better depic-
tion of the proteome of lung cancer and more chances to
discover biomarkers of this pathology. By searching with both
Mascot and X!Tandem, we identified over 1,800 proteins in
the CM of all four cell lines combined that, to our knowledge,
is one of the largest repositories of proteins identified for lung
cancer. As reported by Kapp et al. (45), the use of multiple
search engines increases confidence of protein identification.

These search engines utilize different algorithms and scoring
functions to determine whether a mass spectrum matches an
entry in the database (46). Moreover, by combining the use of
PeptideProphet and ProteinProphet algorithms embedded
within Scaffold, the confidence of protein identification prob-
abilities is increased (23, 24).

Particular attention was placed on extracellular and mem-
brane-bound proteins from the four lung cancer cell lines
because these proteins have the highest probability of being
found in the circulation and functioning as potential biomar-
kers. In our study, 38% of identified proteins were classified
as extracellular and membrane-bound. Among them, we iden-
tified various cytokines, proteases, protease inhibitors,
growth factors, extracellular matrix proteins, and receptors.
We also found a large number of intracellular proteins, includ-
ing ones classified as nuclear and cytoplasmic by GO anno-
tation. In general, our current proteomics data revealed a
similar distribution of proteins by cellular component in each
cell line. During the cell culture phase, a small portion of the
cell population dies, resulting in the release of intracellular
proteins into the conditioned media. Despite our efforts to
optimize cell culture conditions to minimize cell death and

FIG. 5. Biological function analyses. The top 10 functions for the extracellular and membrane-bound proteins, as determined by Ingenuity
Pathway Analysis, are shown. The y axis shows the negative log of p value.
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maximize secreted protein concentration, the identification of
intracellular proteins in the CM by MS is inevitable because of
the high sensitivity of the technique. By using quantitative
proteomics techniques (ICAT reagents and MS/MS) to identify
secreted and cell surface proteins from a prostate cancer cell
line (LNCaP), Martin et al. (42) found that more than 50% of
proteins identified in LNCaP-conditioned media were classi-
fied as intracellular. However, previous studies from our lab-
oratory using a similar cell culture-based approach showed
that proteins identified in the cell lysate did not contain as
many secreted proteins as the CM for that cell line (14).
Furthermore, the extracellular proteins found in the cell lysate
showed minimal overlap with the proteins identified in the CM
(14). These data demonstrate that our strategy significantly
enriches for secreted proteins.

In this study, each cell line was cultured in triplicate. Using
an in-house developed program, we examined the overlap
of identified proteins between the three replicates of each
cell line. As shown in Fig. 1, a 63.5–70.5% overlap of
proteins between the replicates of each cell line was ob-
served, suggesting excellent reproducibility between runs.

Because of the nature of mass spectrometric measure-
ments, not all peptides are ionized in each run, and subse-
quently, different peptides are selected for ionization and
finally detected (14). The diverse steps during sample prep-
aration, including reduction-alkylation, lyophilization, sam-
ple fractionation, and using a ZipTip, can also be important
contributing factors to the variations observed between the
replicates.

As determined by specific ELISA, the presence of three
internal controls (IGFBP-2, KLK11, and KLK14) was con-
firmed by mass spectrometry in the CM of all lung cancer cell
lines. Among them, KLK14 was the least abundant protein
(1.9 �g/liter as determined by ELISA) and was detected in two
of the three replicates of H1688 by one and three unique
peptides, respectively. It is conceivable that the detection limit
of our method is close to this value of 1.5–2 �g/liter as
reported previously by our group (14, 15). Based on these
observations, we conclude that our proteomics strategy can
identify proteins in CM in the low �g/liter range or higher. With
regard to current biomarkers used in the clinic, this is the
expected concentration range, giving us hope that new lung

FIG. 6. Molecular functions related to diseases associated with ADAM-17. The web diagram generated through Ingenuity Pathway
Analysis software depicts the biological functions (Fx) with which ADAM-17 is associated in the context of disease.
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cancer markers should be detectable in serum. Through our
method, we successfully identified proteins that are putative
or currently used as biomarkers of lung cancer, including CEA
(27, 28), pro-GRP (29, 31), SCC antigen (47, 48), tumor M2-PK
(49), NCAM (35–37), chromogranin A (29), and chromogranin
B (30). In addition, we identified putative markers previously
reported in lung-related proteomics studies such as member
C1 of aldo-keto reductase family 1 identified by Huang et al.
(25) as dihydrodiol dehydrogenase and matrix metallopepti-
dase 1 found to be overexpressed in lung cancer patients and
especially in late stage (18). Furthermore, 129 of 291 extra-
cellular and 168 of 415 membranous proteins identified in this
study were found in the plasma proteome. Overall, these data
further support our strategy of using the CM of lung cancer
cell lines to discover candidate biomarkers.

From our list of proteins, we used some arbitrary criteria
to select the most promising candidates for validation.
Given that serological biomarkers identified so far are gen-
erally secreted or shed proteins, such as prostate-specific
antigen, CA-125, and SCC-Ag in prostate, ovarian, and lung
cancer, respectively, we hypothesized that new lung cancer
markers might be secreted proteins (or their fragments)
originating from cancer cells or their microenvironment and
then entering the circulation (50). Consequently, we focused
on proteins that were classified as extracellular or mem-
brane-bound. As secondary criteria, we selected proteins
that showed relatively lung-specific expression at the mRNA
or protein level by examining the UniGene expressed tag
database and the Human Protein Atlas database. Then, we
performed literature searches to ensure that these proteins
have not been examined as serological markers for lung
cancer and showed biological connections with lung or
other cancers. We also compared selected proteins with the
proteomes of lung-related diseases (lung cancer (18, 25, 26)
and pleural effusion (11)) or the proteome of a lung-related
biological fluid (induced sputum (9, 10)) and serum (Plasma
Proteome Database). Finally, potential candidates that had
commercially available antibodies or immunoassays were
selected.

From this selection, five candidates were retained for fur-
ther investigation: ADAM-17, pentraxin 3, sTNFRI, osteopro-
tegerin, and follistatin. Serum levels of each candidate were
higher in NSCLC patients in comparison with healthy controls.
Follow-up large scale validation studies will be needed to
determine the sensitivity, specificity, and prognostic value of
these markers in lung cancer. To examine the putative con-
nections with lung cancer, we constructed biological net-
works of each candidate in association to functions and dis-
eases (Fig. 6 and supplemental Figs. 6–9). Each candidate is
associated with various processes including tumor develop-
ment or malignant progression. Previously, ADAM-17 was
found to be overexpressed in breast cancer and associated
with tumor progression and metastasis (51, 52). ADAM-17
was also shown to predict adverse outcome in breast cancer

(53). More recently, ADAM-17, a major ErbB ligand sheddase,
was found to be up-regulated in NSCLC tumor samples and
was required not only for heregulin-dependent HER3 signal-
ing but also for epidermal growth factor receptor ligand-de-
pendent signaling in NSCLC cell lines (54). Pentraxin 3 was
the first long pentraxin discovered; it was initially named tu-
mor necrosis factor-stimulated gene 14 and later identified as
an IL-1-inducible gene in human umbilical vein endothelial
cells (55). Despite the fact that PTX3 was reported to prevent
infection by certain fungi, bacteria, or viruses in the lung,
increased expression was also associated with more severe
lung injury such as high volume mechanical ventilation or
severe bacterial infection (56). Follistatin showed several links
to cancer, such as prostate (15, 57, 58), colon (59), and
ovarian cancer (60). Concerning its link to lung cancer, fol-
listatin has been suggested to suppress the production of
multiple organ metastasis by small cell lung cancer cells in
natural killer cell-depleted severe combined immunodefi-
ciency mice predominantly by inhibiting angiogenesis (61). As
shown in supplemental Fig. 8, sTNFRI is associated with
cancer by participating in apoptosis, malignant progression,
and proliferation. A spontaneous regression of lung metasta-
sis was observed by Tomita et al. (62) in the absence of tumor
necrosis factor receptor p55, suggesting that sTNFRI-medi-
ated signals could maintain tumor neovascularization at least
in part by inducing hepatocyte growth factor expression and
eventually support lung metastasis. Osteoprotegerin, a se-
creted member of the tumor necrosis factor receptor super-
family, has not been well documented in lung disease. How-
ever, it displays several connections to cancer, such as
pancreatic, colorectal (63), and bladder carcinoma (64). The
involvement of each candidate in lung cancer pathobiology
will need to be further studied to elucidate their role during
cancer progression.

Because of the heterogeneity of lung cancer and the lack of
sensitivity and specificity of individual markers, there is a
growing consensus that panels of markers can improve
screening, diagnosis, prognosis, or monitoring responses to
therapy. Future studies will determine whether a combination
of these putative lung cancer biomarkers can improve the
sensitivity and specificity of current markers.

In summary, we present here one of the most comprehen-
sive proteomics analyses of conditioned media from four lung
cancer cell lines for new biomarker discovery. Five candidates
were preliminarily validated in this study and are promising
serum markers for lung cancer.
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