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Abstract

Lung cancer is the number one cancer in the US and worldwide. In spite of the rapid progression
in personalized treatments, the overall survival rate of lung cancer patients is still suboptimal. Over
the past decade, tremendous efforts have been focused on the discovery of protein biomarkers to
facilitate the early detection and monitoring lung cancer progression during treatment. In addition
to tumor tissues and cancer cell lines, a variety of biological material has been studied. Particularly
in recent years, studies using fluid-based specimen or so-called “fluid-biopsy” specimen have
progressed rapidly. Fluid specimens are relatively easier to collect than tumor tissue, and they can
be repeatedly sampled during the disease progression. Glycoproteins have long been recognized to
play fundamental roles in many physiological and pathological processes. In this review, we focus
the discussion on recent advances of glycoproteomics, particularly in the identification of potential
protein biomarkers using so-called fluid-based specimens in lung cancer. The purpose of this
review is to summarize current strategies, achievements and perspectives in the field. This insight
will highlight the discovery of tumor-associated glycoprotein biomarkers in lung cancer and their
potential clinical applications.
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1. Introduction

Lung cancer is the leading cause of cancer-related deaths in the United States and
worldwide, and also accounts for 1.5 million new cases annually [1]. Lung cancer is a
heterogeneous group of disease which has been divided into non-small cell lung cancer
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(NSCLC) and small cell lung cancer (SCLC). NSCLC represents 70 to 80% of all lung
cancers, of which the most dominant histological subtype is adenocarcinoma (approximately
50 to 70% of NSCLC) [2]. Approximately 40-60% of NSCLC patients present with locally
advanced or metastatic disease at the time of diagnosis [3, 4]. Even when NSCLC is
detected at its early stage (stage | and stage Il) and a curative surgery is performed, about 30
to 40% of early stage lung cancer patients will still experience recurrent disease [3, 4].
Although targeted therapies of lung cancer have progressed rapidly, largely based upon the
discovery of molecular markers such as EGFR (epidermal growth factor receptor) and
KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) mutations, and EML4-ALK
(echinoderm microtubule-associated protein-like 4 (EML4) and the anaplastic lymphoma
kinase (ALK)) gene fusion [5-7], the overall progression-free survival rate of patients is still
suboptimal [8-10]. To improve the survival rate and decrease mortality in lung cancer
patients, the discovery of potential protein biomarkers for early detection and monitoring
lung cancer progression is urgently needed.

Although research efforts have been focused on the identification of protein biomarkers in
blood for early detection and monitoring disease progression in cancers, such as the
discovery of glycoprotein CA19-9 for pancreatic cancer, CA125 for ovarian cancer, PSA
(prostate specific antigen) for prostate cancer and CEA (carcinoembryonic antigen) for
colon cancer, the study of lung cancer protein biomarker is still far from satisfactory. Tumor-
associated protein biomarkers in blood are usually present as low-abundance proteins which
are difficult to detect. During the protein biosynthesis, glycosylation is one of the most
critical post-translation modifications [11-15]. Glycoproteins play critical roles in the
regulation of cellular functions, including cell growth, differentiation and migration [13-16].
In lung cancer, glycoproteins are secreted or leaked from tumor cells into surrounding
stroma and biological fluid, such as blood, sputum, airway fluid and others. Some of them
are also associated with disease progression such as the development of pleural effusion
when tumor metastasizes to the pleural cavity. The study of glycoprotein profiles in fluid
specimens is, therefore, particularly important for understanding lung cancer development
and progression as well as the discovering of candidate protein biomarkers [16—20]. These
fluid samples are relatively easy to obtain and can be repeatedly sampled in patients. Recent
advances in high-throughput glycoproteomics allow us for the first time to uncover hundreds
of glycoproteins in biological samples [18-20]. These state-of-the-art technologies provide
new platforms for characterization of the complex proteome in lung cancer.

In this review, we focus the discussion on recent advances of glycoproteomics, particularly
on the identification of potential protein biomarkers using fluid-based specimens in lung
cancer. The purpose of this review is to summarize current strategies, achievements and
perspectives in the field. In addition to study tumor genetics, this insight will serve as
another resource to understand the pathogenesis of lung cancer and to facilitate the
discovery of tumor-associated protein biomarkers in lung cancer.

2. Various Technologies in Glycoprotein Detection

More than 70% of human proteins, including most secreted proteins, cell surface and
intracellular proteins are glycoproteins. In eukaryotic cells, O- and A-linked glycosylations
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are mediated through different enzymatic and biosynthetic pathways, and they play different
biological roles in cells [21-23]. For example, studies have shown that the O-linked
glycosylation involves the regulation of the half-life of hormones, whereas the A-
glycoproteins play important roles in cancer cell growth, differentiation, invasion and
metastasis [22-23]. A-linked glycosylation also plays an important role in the regulation of
the hormone-receptor binding and the bioactivity of hormones [22]. Furthermore, it is well
known that glycoproteins of cancer cells express aberrant glycosylation patterns, such as
increased B1-6 branching, sialylation and/or fucosylation of A+linked glycans, and
truncation of O-linked glycans [13, 23-25].

Currently, several strategies, including chemical immobilization and affinity capture using
lectin affinity reagents, have been developed to study glycoproteins [18, 26-29]. These
approaches use different mechanisms and are complementary to each other for glycoprotein
identification and enrichment. Different subsets of glycoproteins can be enriched and studied
by the chemical immobilization and the lectin affinity chromatography. Glycoproteins
enriched by chemistry immobilization are mostly low molecular weight proteins that
function as enzymes, whereas those enriched by lectin affinity capturing are mostly high
molecular weight proteins that are involved in intracellular signal transduction and cell
adhesion [30].

2.1 Glycopeptides Enrichment by Chemical Capture and Immobilization SPEG (solid-phase
extraction of N-linked glycopeptides)

The technique is developed by using the chemical immobilization of glycoproteins/
glycopeptides on a solid support to enrich glycoproteins. It is based on the oxidation of
glycans to aldehydes and subsequent reactions between aldehyde groups and hydrazide on
solid support using solid-phase extraction of A-linked glycopeptides (SPEG) [26]. In the
experiment, the glycans on the glycoprotein are oxidized to form aldehyde groups, then, the
newly formed aldehyde reacts with hydrazide, which is attached to a solid support and forms
covalent hydrazone bonds. Using SPEG, both complex A-linked and O-linked glycoproteins
or glycopeptides can be conjugated to solid support via covalent bonds [26, 27]. The A-
linked glycopeptides can be released by the enzyme peptide-A-glycosidase (PNGase) [26,
27]; however, O-linked glycopeptides cannot be easily released from the solid support due to
the lack of specific enzymes. Chemical approaches for releasing C-linked glycosylated
peptides such as alkaline B-elimination have been used with limited success [31, 32].

The advantage of SPEG is that this technique has more than 90% specificity in the
identification of Atlinked glycopeptides containing A-linked glycosylation sites from
complex biological samples [26, 27, 33]. This method can detect approximately one to two
de-glycosylated peptides on average from each glycoprotein in the peptide mixture; thus it
reduces the complexity and provides an accurate analysis for low abundant glycoproteins
[34]. In comparison to other enrichment methods including lectin affinity chromatography,
the chemical immobilization on solid-phase extraction has a highly specific capture of
glycopeptides based upon the covalent conjugation between glycans and solid support. The
limitation of the method is that the associated glycans on the glycopeptides are not detected
by MS. The sensitivity of the glycopeptide detection could be improved by using multiple
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enzymatic digestions of glycoproteins; examples include using trypsin, pepsin and
thermolysin during isolation step prior to glycopeptide capturing step [26, 35, 36].

Boronic Acid Capture—Glycoprotein enrichment can also be achieved by the reaction
with boronic acid [37, 38]. The principle of this method is based on the formation of stable
boronic diesters by the reaction of geminal diols under basic conditions. Recently, Sparbier
K et al. have successfully detected low-abundance glycoproteins in human blood samples
using this method [37]. Xu Y et al. have synthesized a novel diboronic acid functionalized
mesoporous silica material (FDU-12-GA) and used it for specific glycopeptide enrichment
[38]. Their data has demonstrated a marked improvement of glycopeptides detection by
using this method.

Hydrophilic Interaction Liquid Chromatography (HILIC)—During the glycoprotein
enrichment, non-glycoprotein may interact with glycoprotein. Hagglund P et a/have used a
hydrophilic interaction liquid chromatography (HILIC) to reduce the non-specific
interaction of proteins and the complexity of peptide/glycopeptide mixtures through
depletion of hydrophobic peptides and retention of hydrophilic glycopeptides [39]. This
method enables detection of glycoprotein from plasma samples using hydrophilic interaction
solid-phase extraction [39]. In addition, Alvarez-Manilla G et a/. have used the size-
exclusion chromatography (SEC) to enrich A-linked glycopeptides. They have found a
three-fold increase in the total number of glycopeptides identified in sera by LC-MS/MS
[40].

2.2 Lectin Affinity Approaches

Lectins are a heterogeneous group of carbohydrate binding proteins, which selectively
recognize and reversibly bind to specific glycans present on glycoproteins [41, 42]. Based on
their binding specificities, various lectins are currently used for enrichment of glycoproteins
or glycopeptides [43-47]. Lectins with a relatively broad specificity, such as wheat germ
agglutinin (WGA) and concanavalin A (con A), are preferentially used for enriching proteins
containing glycans that interact with specific lectins [44, 45].

Lectin affinity chromatography—In lectin affinity chromatography-based methods,
enrichment with certain lectin is shown to be particularly useful for identifying
glycoproteins or glycopeptides with particular glycan structures [41, 42]. A combination or
series of lectin affinity columns may be used during the enrichment process [45-47].
Recently, a multi-lectin affinity column has been developed that allows for an almost
complete enrichment of glycoproteins from biological fluids [45, 46]. In addition, lectin
microcolumns have been developed for high-pressure analytical schemes. These
microcolumns are directly connected on-line with reversed-phased HPLC (high-pressure
liquid chromatography) to generate highly sensitive semi-automated profiling of
glycoproteins [35].

The limitation of the method is the non-specific binding of non-glycoproteins or non-
glycopeptides onto the lectin column. Pan S. et a/has conducted a study using both
hydrazide chemistry immobilization and lectin affinity column for enrichment of
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glycoproteins in the cerebrospinal fluid (CSF) [48]. Disease-related glycoproteins in the
CSF are usually low-abundance proteins; therefore, in order to comprehensive
characterization of CSF proteome, they have compared the capturing specificity and
capability of these two methods. In the study, they have found that the hydrazide chemical
immobilization method had a higher specificity than that of the lectin affinity method. They
have also found that the combination of these two methods can greatly increase the detection
ability of glycoproteins in CSF.

Lectin microarray—Changes of glycan structures are hallmarks of cancer. Studies have
shown that increased 1-6 branching of N-glycans resulting from the enhanced expression
of N-glycan GIcNAc transferase V (GICNACT-V) has also been strongly correlated with
metastatic potential of cancer cells [49]. This study suggests that glycoproteins and tumor-
specific structural changes in glycan moieties may be used as cancer biomarkers. To
investigate glycan alteration, lectin microarray technology was developed and used as an
important analytical tool and a complementary technique to mass spectrometry in
glycobiology [50, 51].

Lectin microarrays are fabricated by the immobilization of multiple lectins to a solid support
using chemical reactions, such as the attachment of lysine side chain amine groups to the
solid phase through epoxy-functionalized or A=hydroxysuccinimidyl derived esters; then
fluorescent labeled glycoproteins are incubated with microarrays. The interactions of lectin-
glycans are detected as a pattern of fluorescent intensity. In the study of Li Y et al. [Figure
1] a LLISA (lectin-linked immunosorbent assay) was used for the investigation of glycan
alterations in a target glycoprotein detected by lectin microarray [52, 53]. The LLISA assay
is a “sandwich” immunoassay. The target glycoprotein binds between an immobilized
monoclonal antibody and the biotinylated lectin; a streptavidin SULFO TAG is then used for
electrochemiluminescence detection. Previous work demonstrates that the LLISA has a
detection sensitivity of 0.04-1.35 ng/mL, indicating that the assay is a sensitive investigative
tool in the identification of biomarkers. [52, 53].

The advantage of the technique includes the high-throughput capacity and ability to analyze
well-annotated clinical specimens that often have limited quantities. In addition, it requires
minimal sample preparation and eliminates the step of glycan purification by protein
deglycosylation. Currently, approximately 100 commercial lectins are available for lectin
microarray construction [54]. However, detection sensitivity may be an issue when a small
amount of the target glycoprotein is analyzed due to the weak lectin-glycan interaction. This
may cause missing identification of some disease-related glycan alterations.

Multiplexed antibody array-based lectin and/or lectin microarray detection—To
further improve the detection sensitivity and specificity, multiplexed techniques using
antibody microarray and lectin-based glycomic analysis were developed. Chen, et al.
described an immunoassay for profiling glycan structures on targeted glycoproteins [55]. In
the assay, antibodies were laid onto nitrocellulose-coated slides to generate a microarray to
capture target glycoproteins; glycans on target glycoprotein were then detected using
biotinylated lectin followed by visualization with streptavidin-phycoerythrin. The combined
use of protein microarray and lectin probes not only provides discrete glycosylation profiles
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of multiple target proteins, but also a specific glycosylation profile in a given protein. By
using this technique, they were able to demonstrate that glycoprotein MUC-1 levels were not
significantly changed in the serum of pancreatic cancer patients, but the glycan structure of
the protein in cancers was significantly different than that of controls.

Recently a so-called antibody-overlay lectin microarray (ALM) technique was used for the
detection and profiling of glycan on the target glycoprotein [56]. During this multicomplex
assay, the target glycoprotein was enriched from biological samples by immunoprecipitation,
and captured by lectins on the array. A glycan profile of target glycoprotein was acquired
with the aid of a specific capture antibody against the target glycoprotein; then the target
glycoprotein which bound to each lectin on lectin microarray was quantitatively analyzed
using antibody with tyramide signal amplification [Figure 2]. The technique showed a
significant improvement of the detection sensitivity of glycan. This method allows for a
comprehensive and high-throughput profiling of complex glycans of the target glycoprotein
[56].

The technique is developed to profile the glycan on a target glycoprotein, rather than to
profile the whole glycoproteome; thus it may be used to characterize the glycan on a
selected subset of tumor-associated glycoproteins. The limitation of such technique is the
potential false positive signal caused by glycan on the capture antibodies, therefore an
appropriate blocking step is necessary to reduce such false positive signals during the assay.

2.3 The isotopic glycosidase elution and labeling on lectin-column chromatography (IGEL)

Glycan structures of glycoprotein are organ-specific and correlate with disease states. In
order to identify Atlinked glycosylation sites between glycans and glycoproteins, Ueda K. et
al. have used an approach called the isotopic glycosidase elution and labeling on lectin-
column chromatography (IGEL) [57]. This technique is based on the lectin affinity
chromatography and site-directed tagging of Atlinked glycosylation sites by 180 during the
release of A-glycopeptides with A~glycosidase [25, 29], and the combination of the IGEL
method with iTRAQ stable isotope labeling [57]. They are able not only to identify A~
glycosylation sites, but also to quantitatively compare glycan structures on each
glycosylation site in a single LC-MS/MS analysis.

3. Type of Fluid-based Specimens

Traditionally, lung cancer cell lines, lung tumor tissue and blood samples from lung cancer
patients are used for the study of protein biomarkers [20, 58-69, 112]. In recent years, other
bio-fluids such as sputum, bronchoalveolar lavage (BAL) from lung airway, pleural effusion
from the pleural cavity (the space between the lung and chest wall) as well as urine have
been increasingly used for the study of potential biomarkers in lung diseases and cancers.
These fluid-based specimens are relatively easier to collect and cause minimal risk to
patients. They can be repeatedly sampled during the course of the disease. Studies of protein
profile in these samples may facilitate the discovery of potential protein biomarkers for early
detection or monitoring the treatment response. In addition to blood and urine specimens,
Figure 3 represents the anatomical structures of the lung and the production of potential bio-
fluids.
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3.1 Blood and/or Serum

Blood and/or serum are well known specimens for the study of potential biomarkers in
cancer patients [18, 19, 23, 24, 70, 71]. The most abundant protein in blood is serum
albumin, which accounts for approximately 50% of total serum proteins. In addition, it
contains a large amount of immunoglobulins and heterogeneous tissue proteins (as leakage
from a variety of tissues). The complexity of the serum composition and the extraordinarily
dynamic range of protein concentrations, which can differ by more than 10 orders of
magnitude, may cause technical difficulties in the analysis of the blood proteome, since
potential protein biomarkers are those of low abundant proteins and usually range in a
concentration of ng/ml [72]. Several recent studies have successfully analyzed the profile of
glycoproteins using serum samples from cancer patients [57, 73-76].

By using hydrazide chemistry on solid-phase extraction, Zeng X. et a/. have studied pooled
sera from NSCLC patients. After hydrazide chemistry enrichment and high resolution LC-
MS/MS analysis, they have found that twenty-two proteins are differentially expressed in
NSCLC patients [73]. In the study, they are able to further verify three glycoproteins: a-1-
antichymotrypsin, insulin-like growth factor-binding protein and lipocalin-type
prostaglandin D synthase; using commercially available enzyme-linked immunosorbent
assay (ELISA) kits [73]. They have also performed a hierarchical clustering analysis of
glycoprotein expression between different cancer types. Their data indicate that the
identified glycoprotein biomarkers may be used in the separation of NSCLC from controls.

Hongsachart P. et al. have used WGA lectin affinity enrichment followed by co-
immunoprecipitation, in-gel electrophoresis and MS analysis to identify serum biomarkers
[74]. In this study, they have analyzed ten serum samples from stage 1I/111 lung
adenocarcinoma patients and found that twenty-seven glycoproteins are up-regulated and
twelve are down-regulated in comparison to the healthy controls. The three up-regulated
proteins (adiponectin, cerulolasmin and glycosylphosphatidyl-inositol-80) and two down-
regulated glycoproteins (cyclin H and proto-oncogene tyrosine-protein kinase Fyn) are
verified by Western blot analysis. These data highlight the potential utility of glycoprotein
biomarkers in the early detection of lung cancers.

Ueda K. et alhave studied eight serum samples from lung adenocarcinoma patients and
found that six peptides have shown more than two-fold affinity to ConA lectin, whereas two
peptides have shown less than 0.5-fold affinity to ConA lectin. Among these glycoproteins,
TIMP1 (metalloproteinase inhibitor 1) has shown an up-regulated modification of high-
mannose motif in stage IV lung cancer in comparison to stage I/l lung cancer and controls
[57]. In addition to profiling serum glycoproteomes using lectin chromatography described
above, Ueda K et a/. have also performed SELDI-TOF MS (surface-enhanced laser
desorption/ionization-time-of-flight mass spectrometry) analysis using lectin-coupled
ProteinChip (Jacalin or SNA lectins) and found a higher frequency of loss of SNA binding
in serum apolipoprotein C-111, indicating a cancer-associated aberrant glycosylation in
NSCLC patients [75].

Tsai HY et al. have studied the alteration of glycans in sera of lung cancer patients using 2-
DE, Western blotting with lectin staining, and MALDI (matrix-assisted laser desorption/
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ionization) MS and MS/MS approaches [76]. They have found that the fucosylated
haptoglobin significantly increased in serum of lung cancer patients when compared to the
normal controls. Further analysis has shown that the alteration of glycan in the cancer serum
samples is primarily on the trisialylated triantennary A-glycan of haptoglobin [76]. Their
data have suggested that specific glycans may be associated with certain subtype of NSCLC.
In addition to glycoproteins, aberrant glycan may be used as a potential biomarker to
monitor lung cancer progression.

In summary, these signature studies of glycoproteins provide initial evidence for the
discovery of prognostic and predictive biomarkers in lung cancers.

Sputum is a fluid secreted from lower airways. Two types of sputum, spontaneous and
induced sputum, are usually collected for study of lung diseases. Spontaneous expectorated
sputum is easy to collect; however, it may contain saliva from oral cavity. In order to reduce
oral and upper respiratory airway contamination, induced sputum is preferentially used for
the study of lung diseases. Induced sputum can be obtained after saline inhalation with a
nebulizer; the procedure is usually performed in a clinic setting.

Although current MS techniques have an improved accuracy and throughput ability, the
proteomic profiles of sputum have not been well studied, particularly in lung cancer. Only a
few proteomic studies using this biological fluid have been published. More than 250
proteins have been identified in the sputum [77]. Gray RD, et al., showed that several
proteins such as calgranulins and Clara cell secretory protein in the induced sputum were
differentially expressed in patients with cystic fibrosis, asthma, COPD (chronic obstructive
pulmonary disease) and bronchiectasis [78]. More recently, Nicholas BL et al., used
proteomics (2-DE and tandem MS) and immunoassays (Western Blotting and ELISA) to
study and compare proteins in induced sputum from COPD patients and healthy smoker
controls [79]. In the study, 15 differentially expressed proteins were identified by MS/MS
and subsequently validated by immunoassays; in particular, two protein biomarkers,
lipocalin and alipoprotein AL, were found to be significantly reduced in patients with COPD
when compared with healthy smokers [79]. Terracciano R, et al. studied the peptide profile
in the induced sputum by using mesoporous silica beads (MSBs) SPE coupled to MALDI-
TOF (matrix assisted laser desorption/ionization-time of flight) MS [80]. They detected
more than 400 peptide peaks and found that several of them, such as human a-defensins
(human neutrophil peptide (HNP)1, HNP2, HNP3) and three C-terminal amidated peptides,
one of which was phosphorylated on serine, were differentially present among patients with
asthma, chronic obstructive pulmonary disease and healthy controls [80].

While a number of protein biomarkers have been identified in CF (cystic fibrosis), COPD
and other inflammatory airway diseases, it is quite evident that the low-abundance protein
components of induced sputum could be used as biomarkers in lung diseases. However, the
study of protein profile, particularly glycoproteins in sputum from lung cancer is still in its
early stages. The presence of abundant, high-molecular-weight and highly charged mucin
proteins may interfere with the analysis unless such disturbing proteins are removed from
the sample before glycoproteomics. Other limitations of using sputum include: (1) difficulty
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in obtaining healthy control samples, and (2) lack of general standardization of sample
collection. Despite all these apparent drawbacks, the profile of glycoproteome in sputum
may provide important information in this field.

3.3 Bronchoalveolar Lavage (BAL) Fluid

Normal lung parenchyma contains several types of epithelial cells including bronchial
epithelium, mucin producing cells, alveolar type | and type Il pneumocytes, vascular
structures and stromal cells [81]. Numerous proteins are either secreted or leaked into the
alveolar space by these cells. Proteins in the alveolar space and stroma can be recovered by
bronchoalveolar lavage (BAL) [82-85]. BAL fluid is collected by an endobrochoscopy.
During the procedure, 10 to 20 cc of saline is used to wash the lesional area through the
endobronchoscopy, and the fluid is then collected. By using this approach, airway
glycoproteins can be recovered from a large area of lung parenchyma. This is especially
important in the study of preinvasive and early cancer since these lesions may not have
visible histological changes under bronchoscopy. It is also an important method to study
peripherally-located lung cancers (particularly adenocarcinomas) since adenocarcinomas
typically arise from lung parenchyma away from main bronchus and may not be reached by
bronchoscopic biopsy needles.

The protein levels in BAL directly reflect the physiological or pathological status of the
lung. The proteomic analysis of BAL specimens has been applied to the study of a variety of
benign lung diseases, such as asthma and interstitial lung disease [82, 83]. Thus, proteomic
analyses, particularly glycoproteomic approaches, can characterize the complex alveolar
microenvironment and provide important insights into the pathogenesis of lung diseases and
cancers, which leading to the identification of tumor-associated glycoprotein biomarkers.

Recently, we studied the protein profile in the BAL fluid from lung cancer patients [Li QK
and Zhang H’s manuscript in preparation]. Among identified proteins, we also identified a
subset of glycoproteins which was differentially expressed in BAL samples of lung cancer
patients, compared to benign lung disease controls (Figure 4). Our study demonstrates a
highly specific identification of A~glycoprotein. This finding is particularly important
because it provides initial evidence that profiling glycoprotein in BAL could lead to the
discovery of cancer-specific protein biomarkers.

3.4 Pleural Effusion

The surface of the lung is covered by a thin layer of pleura, which is frequently involved in
lung cancer during tumor progression. The pleura are lined by a single layer of mesothelial
cells, which covers the surface of lung (visceral surface) and inner surface of the chest wall
(parietal surface). The pleural cavity is formed between these two layers of cells. Normally,
the pleural cavity contains only a small amount of fluid to lubricate the visceral and parietal
surfaces as they move against each other during respiration. The protein composition in
pleural effusion is similar to that of plasma [81]. In the presence of variety of diseases,
particularly when lung cancer metastasizes to the pleura, a large amount of fluid known as
pleural effusion can accumulate in the pleural cavity. This fluid accumulation is due to the
increased leakage of protein and/or decreased reabsorption of fluid [81]. Pleural effusion has
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been considered as a biological specimen with an enrichment of tumor-derived proteins in
lung cancers [86, 87]. In addition to providing diagnostic information, proteomic analysis
may also provide an important insight into tumor-related biomarkers during lung cancer
progression [86, 87]. Other advantages of using pleural effusion are: (a) ease of procurement
by the thoracentesis, (b) minimal risk for the patient, (c) the large quantity of sample, and (d)
the ability to repeatedly procure sample during disease progression for studying progressive
biomarkers.

Soltermann A. et al. have applied the hydrazide chemistry capture and LC-MS/MS approach
in analyzing five cases of pleural effusions from metastatic lung adenocarcinoma patients
[87]. Three lung-specific proteins: mucin 5B, thyroid transcript factor 1 (TTF1) and
surfactant protein A were present in their samples. Six tumor-progression or metastasis-
associated glycoproteins, including CA-125, CD44, CD166, lysosomal-associated
membrane glycoprotein 2 (LAMP-2), multimerin 2, and periostin were also identified [87].
This study indicated the potential utility of pleural effusion in the discovery of progression
biomarkers.

In another recent study using SDS-PAGE and LC-MS/MS, four candidate proteins, a-2-HS-
glycoprotein, angiogenin, cystatin-C and insulin-like growth factor-binding protein 2 were
identified [88]. Among them, levels of a-2-HS-glycoprotein and insulin-like growth factor-
binding protein 2 were increased in pleural effusions of lung cancer patients [88]. Although
this study did not use glycoproteomics, the finding of a-2-HS-glycoprotein in malignant
pleural effusion suggests that glycoproteins could be used as biomarkers in the monitoring
of disease progression.

Urine is formed in the kidney by ultrafiltration of the blood to eliminate waste products such
as urea and metabolites from the circulatory system [81]. In a normal adult, the protein
excretion is less than 100 mg/L when urine output is about 1.5 L/day. The amount of protein
in the urine may be affected by many factors such as age, gender, medication, nutritional
status and many diseases; thus, both protein compositions and concentrations in the urine
not only reflect the physiopathological status of the kidney/urinary system, but also reflect
the status of many systems.

The urinary proteome has been analyzed by many proteomic techniques, including two-
dimensional gel electrophoresis (2-DE), MS and surface-enhanced laser desorption/
ionization time-of-flight (SELDI-TOF)-MS [89-91]. More than 1,500 protein peaks have
been identified in the human urinary proteome [89]. Of the total urinary proteome, 70% of
proteins are derived from the kidney and urinary tract while the remaining 30% of proteins
represent those filtered from blood by the glomerulus. Therefore, the urinary protein may
contain information from the urinary tract and other distant organs via blood and glomerular
filtration. The analysis of the urinary proteome might therefore allow the identification of
biomarkers for systemic diseases [90]. Indeed, urinary protein markers have been identified
in COPD of the lung [92], lung cancers [93-96], prostate cancer [97], bladder cancers and a
few others [90].
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In the study of Boutin M et al. two proteins, desmosine (DES) and isodesmosine (IDES),
were identified in the urine from COPD patients using nanoflow liquid chromatography
tandem mass spectrometry with multiple reaction monitoring [92]. This method enables
them to quantify DES and IDES in 50 L of urine and provides a detection limit of 0.10
ng/mL. They analyzed a cohort of 40 urine specimens from four groups of individuals:
including COPD rapid decliners, slow decliners, healthy smokers and healthy nonsmokers.
Among these patients, they found that a statistically significant decrease in the level of
urinary DES and IDES in COPD rapid decliner patients, compared to healthy nonsmoker
controls and COPD slow decliner patients. Their data indicated that urinary DES and IDES
levels may be used to monitor disease progression in COPD patients.

Tantipaiboonwong P, et al studied pooled urinary samples from five NSCLCs by using 2-DE
and MALDI-MS and MS/MS analysis [93]. They found three proteins were decreased and
six proteins were increased in NSCLCs in comparison to healthy controls. Among these
proteins, glycoprotein of CD59 was decreased in the lung cancer patients. Li YY and Zhang
Y, et al. identified 18 proteins from urine samples of 8 NSCLC patients using nano-HPLC-
chip-MS/MS [94, 95]. Among them, leucine-rich a-2-glycoprotein (LRG1) was further
identified in the urine of NSCLC patients and lung tumor tissues by Western blotting and
immunohistochemistry [95]. In a recent study, Carrola J, et al. analyzed urinary metabolic
signature of 71 lung cancer patients and 54 controls [96]. In the study, they combined
analytic techniques of nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry together with multivariate statistics to unveil metabonomics in the urine of
lung cancer patients. They found that levels of six metabolites including A-acetylglutamine
were either elevated or decreased in urines of lung cancer patients in comparison to controls.
Although these studies did not use glycoproteomics, the identification of glycoproteins
and/or their metabolites in the urine suggests that glycoproteins in urine may be potential
biomarkers for diagnosis of invasive lung cancers.

The advantage of studying urine samples is that they can be obtained noninvasively and
repeatedly during the disease progression. However, human urine has a very low
concentration of proteins while having a high concentration of salts, metabolic wastes and
small molecules that could interfere with proteomic analysis [89-93]. It is crucial to use an
effective protocol to eliminate interferences and to concentrate urinary proteins [89-92].
There are several protocols that can be employed to concentrate urinary proteins, such as
centrifugal filtration, lyophilization, precipitation, and ultracentrifugation [89-96]. With
current advanced proteomic techniques, these initial studies of urinary proteome may
provide clinically relevant information regarding lung cancer diagnosis.

4. Potential Application of Glycoprotein Biomarkers

Glycoproteomics presents itself as a prominent technology in the field of cancer research.
Using glycoproteomics in the study of lung cancer, however, is just emerging, and only a
few studies have been published from initial studies. To facilitate the new era of personalized
medicine, the profile of glycoprotein in lung cancer may play an important role.
Glycoproteomic analysis can further define glycoprotein signature related to early detecton
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(cancer versus benign disease), prognosis (likelihood of cure or risk of progression and
metastasis), and prediction (probability of response to therapy) in lung cancers.

4.1 Detection of Precancerous Lesion and Early Cancers

Studies have shown that lung cancer is the result of accumulations of genotypic and
phenotypic abnormalities, and only a minority of preinvasive lung lesions progresses to
invasive cancer [98-100]. These preinvasive lesions can be subtyped into the mild, moderate
and severe dysplasia, and carcinoma in situ in squamous cell lung cancer. Studies using
serial bronchoscopic biopsies have suggested that 3.5% of mild or moderate dysplasias
progressed to severe dysplasia, 37% of severe dysplasias progressed to carcinomas in situ,
and 50% of carcinomas in situ progressed to invasive carcinoma within a two- to three-year
period [100]. Currently, several clinical trials to treat these patients with bronchial
epithelium dysplasia using chemoprevention have shown the regression of the lesion [100].
The study of protein signature during the cancer progression may lead to the discovery of
tumor-associated biomarkers. The development a quantitative measurement of probability of
having lung cancer based on the glycoprotein profile of the bronchial epithelium may have
important clinical implications. The identification of preinvasive lesion with a high risk of
progression based on glycoprotein profile can also improve the early detection of lung
cancers.

In a study of fresh frozen lung adenocarcinoma and patient-matched normal lung tissue, Rho
JH et al. used a comprehensive glycoproteomic enrichment by lectins of ConA, WGA and
amylase inhibitor-like protein (AIL), then analyzed glycoproteins by 2-D PAGE and MS/MS
approaches [101, 102]. They analyzed both A-~glycoproteins (by ConA- and WGA-capture)
and O-glycoproteins (by AlL-capture) in sixteen lung adenocarcinomas and matched
controls [102]. They found that eight glycoproteins are up-regulated, including a.1-
antitrypsin, fructose-bisphosphate aldolase A, annexin A1, calreticulin, a-enolase, protein
disulfide isomerase A1, proteasome subunit B typel, and mitochondrial superoxide
dismutase. In comparison, seven glycoproteins are down-regulated, including annexin A3,
carbonic anhydrase 2, fetuin A, hemoglobin subunit B, peroxiredoxin-2, vimentin and
receptor for advanced glycosylation end products. They also found a high level of mannose
glycan structures on fetuin A protein in cancers, but not in normal tissue [102]. In addition,
they also identified that transgelin is overexpressed in the stromal compartment whereas
transgelin-2 is overexpressed in lung cancer tissue [101].

4.2 Monitoring Cancer Progression (Prognostic Biomarkers)

The progression of lung cancer is a multi-step process. It is believed that tumor at a later
clinical stage is more aggressive than a tumor at an early stage; therefore, tumor at different
stages may express a unique subset of proteins that can be used in monitoring tumor
progression. If a biomarker is correlated with the natural history of the disease and reflects
the tumor progression, such as invasiveness or metastatic potential independent of the
therapeutic intervention, it is defined as a prognostic biomarker. On the other hand, a
biomarker is defined as predictive if the efficacy of a specific therapy on the tumor can be
predicted by using the biomarker [103]. The most commonly used strategy to identify such
potential biomarkers is to compare protein expression from different stages of tumor tissue
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or in the blood from patients responding or not responding to a certain treatment. An
alternative approach is to study protein expression within different stages of tumors and then
correlate them with patients’ clinical survival rates. Glycoproteomics is particular useful in
discovering prognostic biomarkers since it allows not only for evaluation of differential
expression of glycoproteins, but also for identification of potential changes of glycosylation
sites during tumor progression.

Our recent study has shown that one subtype of lung adenocarcinoma, papillary
adenocarcinoma of the lung, has a high level of NRF2 (nuclear erythroid-2 related factor 2)
and p53 protein expression, and presents a poor clinical prognosis, in comparison to the
conventional lung adenocarcinomas [104].

NRF2 is a transcription factor that regulates the expression of genes encoding antioxidants
and xenobiotic detoxification enzymes. The elevated levels of NRF2 have been shown to
relate to cancer cell survival and potential protections against chemotherapeutic agents
[105]. The mechanism that regulates this increased NRF2 expression is complex. In some
cases, it is related to mutations of the KEAPI (Kelch-like ECH-associated protein) gene,
which prevents binding of the KEAP1 protein to NRF2. This causes NRF2 accumulation in
the nucleus where it can affect another gene, ARE (antioxidant response element) expression
(Figure 5). In this complex oxidative stress signaling pathway, MGAT5 (Mannosyl (a-1,6-)-
glycoprotein B-1,6,- M-acetyl-glucosaminyltransferase) gene also plays an important role.
This gene encodes mannosyl (a-1,6-)-glycoprotein p-1,6- A-acetyl-glucosaminyltransferase,
which regulates the synthesis of protein-bound oligosaccharides on the cell surface. In the
mouse model, cell-cycle progression (p53 pathway) is dependent on Mgat5//-glycan
interaction. The alteration of cellular A-glycoproteins causes significant changes of cellular
adhesion and migration [106]. These data indicate that oxidative stress and MGAT5
pathways may interact in the regulation of cell growth. The study of cellular glycoprotein in
different stages of the cell cycle may help us understand mechanisms in lung cancer
progression and the development of drug resistance.

4.3 Monitoring the Therapy Response

In lung cancers, the EGFR mutation is associated with a 70-80% response rate to tyrosine-
kinase inhibitors (TKIs) therapy and a longer progression-free survival rate in patients [5-7,
107]. Although the growth factor receptors are A-glycosylated transmembrane proteins, their
biological functions are partially regulated by intracellular endogenous lectins, such as
galectins [108]. Galectins can cross-link growth factor receptor glycoproteins and regulate
the distribution of receptors on the cell surface. Galectin-3 has been shown to bind to A-
glycans of EGFR and limit its distribution on the plasma membrane [109-111].

Furthermore, the mutation with the deletion of extracellular domain of EGFR can cause a
loss of four out of twelve N-glycan sites on the receptors of tumor cells. This deletional
mutation induces receptor dimerization and signaling [109-111]. These data indicate that the
interaction of A-glycan and receptor protein may regulate the distribution and residency of
the growth receptor on the cell membrane in addition to receptor mutations (Figure 6). This
is a poorly understood area. The study of the functional role of glycoprotein has the potential
of understanding drug resistance mechanisms in lung cancer, particularly among patients
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who are treated with £GFR inhibitors. The analysis of glycoproteins in lung cancer cells
may in fact provide highlights in the field.

5. Perspectives

Although many protein biomarkers are currently published with continued exponential
growth rate in the research field, they still lack full validations for both the diagnosis and
monitoring progression of lung cancer. Despite years of extensive research attempting to
identify and validate candidate protein biomarkers, the number of FDA-approved biomarkers
is still limited, and there is still a lack of effective diagnostic and prognostic protein markers
in lung cancer. The challenge in clinical proteomics is to obtain sufficient, clinically
relevant, and well-characterized patient material for proteomics analysis and validation. The
most common clinical samples available to study protein biomarkers include, but are not
limited to, blood/plasma, induced sputum, bronchoalveolar lavage (BAL), pleural effusion,
urine and tumor tissues. It is absolutely essential to use clinically relevant samples from
well-characterized patients to further understand the biology of lung cancer and to discover
biomarkers.

In glycoproteomic biomarker discovery, it is also important to use clinical materials in both
the discovery process and subsequent validation phase. Despite the rapid progress in
glycoproteomics, the workflow in analysis of clinical samples hinders the necessary
throughput in large scale studies. Therefore, improvement of analytic throughput ability is
needed for study of a large scale of patient cohort. In addition, technologies still need to be
further improved in terms of accuracy and sensitivity in measurements of clinical material.
This is evident from the serum glycoproteomic studies where the analysis of dynamic range
and glycoproteome coverage needs to be more efficient, particularly in large scale of patient
cohort. Finally, the potential success of glycoproteomic biomarker study largely depends on
the quality and availability of patient cohort. This requires large number of carefully selected
patient cohort to determine the potential utility of the candidate biomarker. Clinical
validation of potential glycoprotein biomarkers must be conducted in a fashion to avoid the
occurrence of false positive results. For each candidate biomarker, robust and reproducible
assay needs to be developed and used in the validation phase.

In summary, glycoproteomics presents itself as a prominent technology in the field of lung
cancer research. The recent advances of glycoproteomics technology clearly facilitate the
discovery of novel biomarkers in lung cancer. The advances of glycoproteomics have
significantly increased our knowledge in the field of lung cancer biology. It also promotes
the potential clinical utility of the technique and biomarkers in the targeted therapy of lung
cancer. Further improvement of both the workflow and validation process are needed in the
identification of lung cancer glycoprotein biomarkers.
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Figurel.
LLISA (lectin-linked immunosorbent assay) for the detection of glycan alterations in a target

glycoprotein by lectin microarray. (A) diagram of the lectin microarray for the detection of
glycan in the target glycoprotein, (B) the specific binding patterns of target protein PSA to
lectins on lectin microarrays, and (C) the detection sensitivity of the specific lectin-PSA
interaction. SNA: Sambucus nigra agglutinin; CALSEPA: Calystege sepium agglutinin;
PSA: prostatic specific antigen.
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ALM (antibody-overlay lectin microarray) technique for the detection and profiling of

glycan on the target glycoprotein. The principle of detection of a target glycoprotein on
antibody-overlay lectin microarray using tyramide signal amplification (TSA). Lectin
microarrays were constructed on a solid support. After incubation of the target glycoprotein,
the biotinylated detection antibody was applied; then the array is incubated with
streptavidin-labeled HRP (SA-HRP). The enzyme portion of the SA-HRP catalyzes
localized deposition of biotin tyramide, resulting in higher levels of biotin signals that will
be detected by streptavidin-labeled Cy3 (SA-Cy3).
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Figure 3.
Anatomical structures of the lung and the production of potential fluid-based samples. (A)

Sputum is a fluid secreted by bronchial epithelial cells from lower airways. It is usually
collected as spontaneous and/or induced sputum. (B) Numerous proteins are secreted or
leaked into the alveolar space from lung parenchymal cells. Proteins in the alveolar space
can be recovered by bronchoalveolar lavage (BAL) using bronchoscopy. (C) The pleural
cavity is a space between the lung and chest wall. A large amount of fluid, known as pleural
effusion, can accumulate in the pleural cavity in a variety of diseases including lung cancers,
particularly when the tumor metastases to the pleural cavity.
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Figure 4.
Detection of glycoproteins in BAL specimens of lung adenocarcinoma. Tumor-associated

glycoproteins were identified in BAL specimens compared to tumor tissue in lung
adenocarcinoma.
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Figure5.

Oxidative stress intracellular signaling pathways in lung cancer. NRF2 (nuclear erythroid-2
related factor 2) is a transcription factor that regulates the expression of genes encoding
antioxidants and xenobiotic detoxification enzymes. The elevated levels of NRF2 have been
shown to regulate cancer cell survival and potentially protect against chemotherapeutic
agents. The mechanism that regulates increased NRF2 expression involves KEAPI (Kelch-
like ECH-associated protein) and ARE (antioxidant response element) expression. In the
network, MGAT5 (Mannosyl (a-1,6-)-glycoprotein p-1,6,- A-accetyl-
glucosaminyltransferase) gene encodes mannosyl (a-1,6-)-glycoprotein p-1,6- NV-acetyl-
glucosaminyltransferase, which regulates the synthesis of protein-bound oligosaccharides on
the cell surface. Mgat5//N-glycan interaction is involved in cell-cycle progression (p53
pathway).
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Figure6.
EGFR signaling pathways in lung cancer. In lung cancers, the EGFR mutation is associated

with a 70-80% response rate to tyrosine-kinase inhibitors (TKIs) therapy, such as cetuximab
and gefitinib. Intracellular endogenous lectins, such as galectin-3, have been shown to bind
to NV-glycans of EGFR and limit its distribution on the plasma membrane. Furthermore, the
deletion of extracellular domain of EGFR can cause a loss of four out of twelve A~glycan
sites on the receptor in tumor cells. This deletional mutation induces receptor dimerization
and signaling. The interaction of lectin and receptor protein may regulate the distribution
and residency of the growth receptor on the cell membrane. It may involve in the
development of TKI drug resistance in lung cancer. DNAPK: DNA-activated protein Kinase.
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