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Abstract

Purpose—There is a need to identify better glycan biomarkers for diagnosis, early detection and 

treatment monitoring in lung cancer using biofluids such as blood. Biofluids are complex mixtures 

of proteins dominated by a few high abundance proteins that may not have specificity for lung 

cancer. Therefore two methods for protein enrichment were evaluated; affinity capturing of IgG 

and enrichment of medium abundance proteins, thus allowing us to determine which method 

yields the best candidate glycan biomarkers for lung cancer.

Experimental design—N-glycans isolated from plasma samples from 20 cases of lung 

adenocarcinoma and 20 matched controls were analyzed using nLC-PGC-chip-TOF-MS. N-

glycan profiles were obtained for five different fractions: total plasma, isolated IgG, IgG depleted 

plasma, and the bound and flow-through fractions of protein enrichment.

Results—Four glycans differed significantly (FDR<0.05) between cases and controls in whole 

unfractionated plasma, while four other glycans differed significantly by cancer status in the IgG 

fraction. No significant glycan differences were observed in the other fractions.

Conclusions and clinical relevance—These results confirm that the N-glycan profile in 

plasma of lung cancer patients is different from healthy controls and appears to be dominated by 

alterations in relatively abundant proteins.
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INTRODUCTION

Lung cancer is the leading cause of cancer deaths in both men and women in the United 

States [1]. Currently no FDA approved test is available to assist with screening, diagnosis or 

early detection of lung cancer. Therefore, there is a need to identify biomarkers for risk 

assessment, early detection and disease monitoring [1]. Reports of proteomic, metabolomic, 

gene expression, miRNA and autoantibody biomarkers have all shown promise for lung 

cancer [2], however, they have not made it to the clinic yet. Biomarkers may also be 

provided by protein glycosylation patterns. Glycosylation is one of the most prevalent post-

translational modifications, and affects more than 50% of the human proteome [3]. Cell 

membrane proteins, as well as proteins secreted and shed from cells are all highly 

glycosylated, and it is widely known that the glycosylation of these proteins play important 

roles in cell-cell communication and cell-matrix microenvironment interactions [4, 5]. It has 

been observed that N-glycan patterns of cancer tissue are different compared to healthy 

tissue [6, 7]. This is particularly the case with respect to increased branching of N-glycans in 

tumor cells, which has the potential to yield a glycan signature for malignancy and 

metastasis [6, 8, 9].

While clear alterations in the N-glycosylation of cancer tissue may be observed, there is a 

need to determine a glycan signature for cancer in biological fluids that may have utility for 

screening towards early detection of cancer, monitoring response to treatment and other 

applications where informative tissue material may not be readily available. Biofluids, 

especially blood, represent a readily available source of specimens, which would be ideal to 

develop cancer related glycan biomarker applications (e.g. [10–14]). While most proteins in 

serum are produced in the liver and B-cells, and are thus not directly linked to the cancer-

site, cancer-specific proteins may be shed or secreted into the bloodstream and contribute to 

altered glycan composition of plasma or serum.

There have so far been only few studies aimed at identifying altered glycosylation in lung 

cancer. Hoagland et al. reported increased levels of sialylated forms of haptoglobin in lung 

cancer using 2D-DIGE methodology [15]. In a separate study, Arnold et al. compared the 

serum N-glycome of lung cancer patients to controls by hydrophilic interaction 

chromatography (HILIC-HPLC) with fluorescence detection [16]. In this study altered 

glycan levels were observed for five glycan peaks, with an increase in tri- and tetra-

antennary structures and a decrease in bi-antennary structures, but due to co-eluting N-

glycans it was not possible to identify individual glycan structures.

Although altered N-glycan patterns have been observed in different types of cancer, their 

specificity remains unclear. Some are likely associated with IgG, and thus may represent a 

host response to cancer. Ig based response to cancer may be in the form of autoantibodies 

directed against glycopeptides as recently reported for mucin-type O-glycopeptides directed 

autoantibodies in early stage breast cancer [17]. The serum N-glycan patterns are dominated 
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by glycans derived from the top 5–10% abundant glycoproteins, including, but not limited to 

IgG, transferrin, haptoglobin, IgA, alpha-1-antitrypsin and alpha-2-macroglobulin [18]. 

More in-depth analysis of the N-glycome would require targeted enrichment techniques as 

applied to proteomics [19].

Traditionally, enrichment of glycoproteins has been performed using lectins with a broad 

variety of specificities [20–22]. Especially ConA and WGA lectins, which bind α-linked 

mannose [23, 24] and GlcNAcβ(1–4)GlcNAc with secondary affinity for sialic acids [25, 

26], may be used for the general enrichment of glycoproteins. However, lectins have low 

specificities [20], especially for large intact proteins or protein complexes, such that their 

use is associated with limited reproducibility. Moreover, this technology does not overcome 

the wide dynamic range of variability in protein concentrations. Alternatively, immune-

capture of specific glycoproteins may be performed. This strategy has mostly been applied 

to IgG using Protein A or G [27–32], but also to other proteins, such as haptoglobin [31] and 

IgA [33]. Immunoprecipitation is highly dependent on the antibody avidity and affinity for 

the targeted epitope and non-specific binding may occur. Therefore, it may be difficult to 

target lower abundance proteins using this technology. The use of depletion columns such as 

MARS-6 or MARS-14 has also been applied for N-glycan analysis [31, 34]; however, such 

depletion columns only remove the top 6 or 14 most abundant proteins, respectively, and do 

not substantially alter protein concentrations of the lower abundance proteins. Recently, the 

use of hexapeptide coated beads for the enrichment of medium to lower abundance proteins 

has been introduced [35]. This method was reported to enrich for medium and low 

abundance proteins and was recently applied to N-glycan analysis [36]. However, it has not 

been evaluated for its potential to identify candidate glycan biomarkers.

Mass spectrometric technology combined with separation using carbon-based stationary 

phases now allows identification and relative quantitation of N-glycans in a single run [37–

41]. Our group introduced chip-based nano-liquid chromatography coupled with time-of-

flight mass spectrometry (nLC-TOF-MS) for the separation, identification and quantitation 

of N-glycans to identify glycan-based biomarkers (e.g. [13, 41]). nLC-PGC-chip-TOF-MS 

has been proven to allow effective separation of glycan isomers in a highly repeatable way 

[13, 39] while facilitating relative quantitation of glycans and glycan compositions with 

good repeatability. An average inter-day CV of 0.04, determined on log10 transformed 

integrals was observed (Manuscript in preparation).

In this study, we applied two different methods for protein enrichment, 1) IgG 

immunocapturing using Prot G and 2) enrichment of lower abundance proteins using 

hexapeptide coated beads, and evaluated their efficacy for glycan-based biomarker 

discovery. To this end, we conducted a pilot study using a small sample set of 20 

adenocarcinoma lung cancer cases and 20 matched controls and compared N-glycan patterns 

that were obtained from immunocaptured IgG, the IgG flow-through, the hexapeptide 

enriched fraction and the hexapeptide flow-through using carbon separation followed by 

mass spectrometry to those obtained from whole plasma.
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EXPERIMENTAL SECTION

Clinical samples

Patient samples (plasma) from early stage resectable lung adenocarcinoma (cases) and 

healthy controls were obtained from the Fred Hutchison Cancer Research Center (FHCRC). 

Consent was obtained from each subject following an approved IRB protocol. Plasma was 

prepared using a standard procedure that involved centrifugation of blood collected with 

anti-coagulant followed by storage of plasma samples at −80°C until analysis. Controls were 

current or former smokers that were age (60.35 ± 10.29) and gender (60% of females) 

matched to cases for this study. Plasma samples from controls were collected in the same 

manner as the patient cases to prevent any potential bias in collection of these samples.

N-glycan release from plasma samples

N-glycan release of blood derived plasma samples was performed as described 

previously[42], with slight modifications. Briefly, 50 μL of a 200mM ammonium 

bicarbonate (Sigma-Aldrich, St. Louis, MO) solution with 10 mM dithiothreitol (DTT, 

Promega, Madison, WI) was added to 50μL of plasma. Proteins in the samples were 

denatured using six cycles alternating between 100°C and room temperature (RT) for 10 

seconds each. Two μL of PNGaseF (New England Biolabs, Ipswich, MA, corresponding to 

1000 NEB units or 15 IUB mU) was added to the samples, and enzymatic glycan release 

was performed in a CEM (Matthews, NC) microwave at 20W for 10 min. Deglycosylated 

proteins were precipitated using 400 μL of ice-cold ethanol, and the samples were chilled at 

−80°C for 1 hour. Upon centrifugation, the supernatant was transferred to new Eppendorf 

tubes, and dried in vacuo.

Isolation of IgG from Plasma

Immunoglobulin G was captured from 10 μL of plasma using a Protein G affinity 

purification step as previously published [27]. In short, 10 μL of plasma was added to 50 μL 

Protein G coated beads in 190 μL DPBS in a 96-well filter plate (Orochem, Lombard, IL). 

The IgG’s were allowed to bind at room temperature for 1h while shaking continuously, 

after which the flow-through (IgG-depleted fraction) was collected using a vacuum 

manifold. The IgG’s bound to the Prot G were washed four times using DPBS, followed by 

two times using water to remove excess salt. IgG’s were eluted using 200 μL of 100 mM 

formic acid in water and collected using a vacuum manifold. Both the IgG depleted and the 

IgG fraction were brought to dryness in vacuo and subsequently resuspended in 100 μL of a 

100mM ammonium bicarbonate solution with 5 mM DTT for N-glycan release using the 

procedure described for plasma.

Enrichment of proteins with low abundance from plasma samples

Protein enrichment using peptide-coated beads was performed as described [36], with slight 

modifications. The dry beads (Bio-Rad, Hercules, CA) were rehydrated using 20% aqueous 

ethanol according to the manufacturers protocol. 15 μL of bead slurry was transferred to 

each of 40 wells of a 96-well filter plate (Orochem), and washed 3 times using 200 μL of 

PBS. 25 μL of plasma were loaded onto the wells and proteins were allowed to bind to the 
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beads for 2h at room temperature under continuous rotation. Using a vacuum manifold, the 

non-bound fraction was removed and collected into a 96-well collection plate (Corning, 

Corning, NY). Peptide beads were washed using 2 × 400 μL of PBS, followed by 2 × 400 

μL 200mM ammonium bicarbonate. On-bead N-glycan release was subsequently performed 

by addition of 1 μL PNGaseF in 100 μL 200mM ammonium bicarbonate, followed by 

mixing and overnight incubation at 37°C. Released N-glycans were collected in a 96-well 

collection plate using a vacuum manifold. The non-bound fraction was brought to dryness in 

vacuo and subsequently resuspended in 100 μL of a 100mM ammonium bicarbonate 

solution with 5 mM DTT for N-glycan release using the procedure described for plasma.

N-glycan purification using graphitized carbon SPE

Oligosaccharides released by PNGaseF were purified using graphitized carbon SPE 

cartridges (total plasma samples, Grace, Deerfield, IL) or 96-well PGC filter plates (All 

depletion samples, 40 μL PGC, Glygen, Columbia, MD). [13, 39, 43] Briefly, cartridges 

were conditioned using 4 mL of 80% ACN containing 0.05% TFA (EMD chemicals, 

Gibbstown, NJ), followed by 4 mL of water containing 0.05% TFA. Oligosaccharide 

samples were reconstituted in 500 μL of water and subsequently loaded onto the cartridges. 

Cartridges were washed using 3 × 4 mL of water and N-glycans were eluted using 4 mL of 

40% ACN containing 0.05% TFA.

Wells of the 96-well PGC SPE plate were conditioned using 2 × 200 μL of 80% ACN 

containing 0.05% TFA, followed by 2 × 200 μL of water containing 0.05% TFA. 

Oligosaccharide samples were reconstituted in 200 μL of water and subsequently loaded 

onto the wells. Wells were washed using 4 × 200 μL of water and N-glycans were eluted 

using 2 × 200 μL of 40% ACN containing 0.05% TFA. All eluates were dried in vacuo prior 

to analysis.

nHPLC-chip-TOF-MS analysis

N-glycans were analyzed using an Agilent (Santa Clara, CA) 6200 series nanoHPLC-chip-

TOF-MS, consisting of an autosampler, which was maintained at 8°C, a capillary loading 

pump, a nanopump, HPLC-chip-MS interface and an Agilent 6210 time of flight (TOF) 

mass spectrometer. The microfluidic chip (glycan chip II, Agilent) contained a 9 × 0.075 

mm i.d. enrichment column coupled to a 43 × 0.075 mm i.d. analytical column; both packed 

with 5 μm porous graphitized carbon (PGC). N-glycans from plasma, IgG depleted plasma 

and flow-through of the protein enrichment were reconstituted in 45 μL of water and diluted 

1:5 with water prior to analysis; 1 μL of sample was used for injection. N-glycans from IgG 

and enriched low abundance proteins were reconstituted in 50 μL of water and, without 

further dilution, 1 μL of sample was used for injection. Upon injection, the sample was 

loaded onto the enrichment column using 3% ACN containing 0.1% Formic acid (FA, 

Fluka, St. Louis, MO). After the analytical column was switched in-line, the nano-pump 

delivered a gradient of 3%ACN with 0.1% FA (solvent A) and 90% ACN with 0.1% FA 

(solvent B).
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Data processing

Data processing was performed using Masshunter® qualitative analysis (version B.03.01, 

Agilent) and Microsoft® Excel® for Mac 2011 (version 14.1.3, Microsoft), according to Hua 

et al. [13] with modifications. Data was loaded into Masshunter qualitative analysis, and 

glycan features were identified and integrated using the Molecular Feature Extractor 

algorithm. First, signals above a signal to noise threshold of 5.0 were considered. Then, 

signals were deconvoluted using a tolerance of 0.0025 m/z ± 10 ppm. The resulting 

deconvoluted masses were subsequently annotated using a retrosynthetic theoretical glycan 

library [44], where a 15 ppm mass error was allowed. Glycan compositions and peak areas 

were exported to csv-format for further statistical evaluation.

Statistical analysis

Prior to statistical analysis, raw peak areas were total quantity (also so called “total-ion-

current”) normalized based on the underlying assumption that the total amount of ionized 

glycans that reach the detector is similar for different samples and glycan profiles for each 

dataset. Glycans detected in fewer than 70% of samples were discarded from downstream 

analysis to reduce the bias that could be induced by imputation for missing not at random. 

Unobserved values for each glycan below the predefined detection limit were imputed as 

one-half of the glycan-specific minimum of the observed values. For the total plasma data 

set, each sample had two reads, which were averaged to yield a single value for each glycan. 

Finally, the data were log2 transformed to reduce the influence of extreme values to meet 

homogeneity of variance assumptions. All statistical analyses were conducted in R 2.12.0 

language and environment (http://www.r-project.org/).

Partial least squares regressions (PLS) were used to determine if global glycomic profiles 

could separate cancer from control patients. Because of potential confounding effects of 

gender and age, we adjusted for differences in gender and age between subjects in these 

analyses. In addition, batch was included as a covariate in analyses of the total plasma 

samples because these samples were processed in two randomized batches, while other 

samples were done in a single 96-wall batch.

For the differential analyses, we identified glycans that significantly differ between cancer 

and control patients by a permutation t-test, while adjusting for inter-patient differences in 

gender and age, and for the total plasma data set, batch. We used 10,000 permutations to 

compute P-values for significance. False discovery rates (FDRs) were calculated to account 

multiple testing. Glycan expression change by cancer status was considered significant at 

FDR < 0.05.

RESULTS

A feasibility study was performed to determine whether protein enrichment can improve 

sensitivity and specificity for the development of glycan-based biomarkers for non-small 

cell lung cancer. We evaluated two different protein enrichment strategies: 1) IgG affinity 

capturing with Protein G and 2) the use of a non-specific hexapeptide library (Proteominer, 

PM) and compared them to whole plasma N-glycan analysis. First, N-glycan profiles were 
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obtained from whole plasma samples from 20 cases and 20 controls. In parallel, 

immunoglobulin G (IgG) was immuno-purified from aliquots from the same sample set, and 

N-glycan profiles were obtained from both the IgG protein and IgG depleted serum 

fractions. Finally, enrichment of medium-abundance proteins was performed using 

hexapeptide coated beads (Proteominer, PM, Bio-rad). Here, N-glycan profiles were 

obtained for both the flow-through (PM-flow-through), containing mostly highly abundant 

proteins, and the bound fraction (PM-bound), comprising both high-abundance and medium 

abundance proteins.

Glycan features observed in the enrichment methods

An average of 327 glycan features per run was identified in each of the whole plasma 

samples. It has to be noted that the anomers originating from the different confirmations of 

the OH group at the reducing end are often separated on PGC stationary phases, and may 

thus be identified as individual glycan features in the analysis. For the IgG and IgG depleted 

and the PM-bound and PM-flow-through fractions an average of 133, 264, 47 and 241 

glycan features were identified, respectively. These numbers are summarized in Table 1.

The glycan features originate from a more limited number of glycan compositions. The 

average number of compositions in each of the runs of the plasma samples was determined 

to be 94, while the IgG, IgG depleted and the PM-bound and PM-flow-through fractions 

contained an average number of 62, 91, 27 and 82 glycan compositions, respectively. Not all 

compositions are observed in every sample and therefore only compositions that were 

observed in at least 70% of the samples were used for statistical evaluation. Thus, 79, 40, 62, 

20 and 65 compositions were included in the statistical analysis for whole plasma, IgG, IgG 

depleted and the PM-bound and PM-flow-through fractions, respectively. It has to be noted 

that the number of glycans and glycan compositions observed in the PM-bound fraction is 

relatively low. The generally low number of glycan compositions in the PM-bound fractions 

is consistent with two possibilities: 1) the capture is inefficient and only a small amount of 

protein is retained and 2) the capture is specific and retains a small subset of proteins. The 

former is the likely explanation as enrichment of even a single protein such as IgG yields a 

large number of glycans.

Glycosylation patterns are altered with different enrichment techniques

Typical extracted glycan chromatograms (EGC) for the different fractions (plasma, IgG, IgG 

depleted, PM-bound and PM-flow-through) are depicted in Figure 1A–E. As clearly 

illustrated in Figure 1, the glycosylation pattern of IgG is quite different than the overall N-

glycan profile. There are much higher abundances of early-eluting glycans in the IgG-bound 

fraction, which is complemented by the depletion of these species in the IgG-depleted 

plasma.

To further illustrate the altered glycosylation patterns, bar graphs of the relative abundances 

of the major types of glycosylation (high mannose, complex/hybrid non-decorated, complex/

hybrid fucosylated, complex/hybrid sialylated and complex/hybrid fucosylated and 

sialylated) are depicted in Figure 1F–J. Clearly, there are fewer high-mannose type glycans 

and sialylated glycans in the IgG fraction; corresponding changes are observed in the IgG-
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enriched fraction (PM-bound) also shows an altered glycosylation pattern, in which the 

high-mannose type glycans are enriched, while the levels of fucosylated glycans are 

decreased (Figure 1I).

Changes at the level of individual glycans were also observed. Venn-diagrams show a large 

overlap in the glycan compositions across the different methods, while also showing the 

presence of some glycan compositions specific to some of the fractions (Figure 2). 

Interestingly 37 glycan compositions were common to whole plasma, IgG and IgG depleted 

fractions and 22 compositions were present in both whole plasma and IgG depleted fraction, 

but not in the IgG-bound fraction. In contrast, 19 glycan compositions were common to 

whole plasma and as well as the PM-bound and PM-flow-trough fractions, while 40 

compositions were found to be present in both the whole plasma and PM-flow-through 

fraction. Only one glycan composition was found to be unique to the PM-bound fraction. As 

stated earlier, it is highly likely that the inefficiency of the capturing procedure results in low 

levels of protein attached, thus allowing only smaller numbers of glycans to be detected.

Differential analysis separates cases from controls using enrichments strategies

To evaluate the potential of each of the five fractions to separate cancer patients from 

controls based on global glycomic profiles, partial least squares regression analyses were 

performed. For all five data sets generated by different protein enrichment methods, cancer 

samples could be separated from control samples based on glycomic profiles (Figure 3). 

However, the separation was somewhat less pronounced in the PM-bound fraction (Figure 

3D), where a greater overlap is observed between the cases and controls. These results may 

suggest that the glycosylation of the medium-abundance proteins targeted in this analysis 

could be less influenced by the disease process. But there are several alternative reasons for 

the poor differentiation in this fraction. It could mean that the small number of glycan 

compositions observed in this fraction is insufficient to yield significant differentiation, or 

that the capture is not suitably reproducible to yield disease-specific glycans.

A differential analysis was used to identify individual glycan compositions that differ 

significantly between cancer and control samples for each of the protein enrichment 

methods (total, IgG, IgG depleted, PM-bound and PM-flow-through). Four glycans in whole 

plasma, including Hex5HexNAc4Fuc1, Hex5HexNAc5, Hex5HexNAc5Fuc1 and 

Hex6HexNAc5Fuc1Sia2, showed a significant (FDR <0.05) difference in peak area between 

cancer cases and controls (Table 2). The three biantennary neutral glycans, which are 

structurally closely related, were down regulated with lung cancer, while the sialylated 

triantennary glycan showed increased levels in cancer patients compared to controls. Four 

other glycans were observed to be statistically significant different in the IgG fraction: 

Hex3HexNAc4Fuc1, Hex5HexNAc5Sia1, Hex5HexNAc5Sia2 and Hex5HexNAc5Fuc1Sia2. 

Here, a truncated biantennary glycan is upregulated with lung cancer, while decreased levels 

were observed for the structurally closely related sialylated glycans containing a bisecting 

GlcNAc. The differences in the areas are depicted by box-whisker plots in Figure 4. 

Interestingly, the levels of the glycans that were altered significantly on IgG were not altered 

significantly in the total plasma analysis. This illustrates the complexity of biofluids such as 

plasma, where glycan levels on one protein might be increasing, while the levels on other 
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proteins might be decreasing, thus washing-out the significance of certain glycan levels on 

individual proteins

No significantly altered glycan levels were observed in the IgG depleted and PM-bound and 

flow-through samples, suggesting that PM enrichment strategies may have limited value in 

biomarker discovery. However, the absence of significant results may also be caused by the 

relatively low numbers of samples (20 cases and 20 controls) used in the study.

DISCUSSION

The presented work aims to compare the use of two different protein enrichment strategies: 

1) IgG affinity capturing with Protein G and 2) the use of a non-specific hexapeptide library 

(Proteominer PM), with whole plasma N-glycan analysis to further investigate the potential 

of glycans in blood plasma as diagnostic biomarkers for lung cancer.

The glycosylation pattern of immunoglobulin G has been studied extensively (e.g. [27, 45–

47]), however, not in relation to lung cancer. It is widely known that the N-glycan profile 

present on IgG differs dramatically compared to the total plasma or serum N-glycan profile, 

with the former having more smaller, neutral glycans and the latter containing more larger 

sialylated glycans. This same pattern was observed in this study (Figure 1). In contrast, the 

glycosylation profile of the enriched lower abundant proteins did not appear to be altered 

much compared to whole serum, which confirms previous reports using PM enrichment [36] 

as well as other protein depletion strategies [20, 31, 34] where N-glycan patterns on lower 

abundant proteins were reported to be similar to their total plasma or serum parent fluids. It 

is therefore proposed that the N-glycans attached to proteins in the bloodstream mostly 

reflect the glycosylation biosynthesis machinery of their site of production, e.g. plasma cells 

for IgG and liver cells for most non-immunoglobulins. The fact that the glycosylation 

changes observed in total plasma were mostly reflected by IgG glycosylation (Table 2) 

whereas the glycosylation pattern of the PM-bound fraction did not alter significantly with 

lung cancer support this hypothesis.

Four glycans in the whole plasma samples were shown to alter significantly with lung 

cancer (adenocarcinoma). The levels of three structurally closely related biantennary, non-

sialylated glycans, of which two are highly likely to contain a bisecting GlcNAc are 

decreased with lung cancer, while the levels of a sialylated triantennary glycan is 

significantly increased. Similar results were obtained by Arnold et al. [16] who concluded 

that fractions containing tri-and tetra antennary structures with sialic acid were increased, 

while fractions with mostly biantennary structures were decreased in lung cancer [16]. 

Altered levels of individual glycan compositions in plasma may be caused by altered protein 

levels, but also altered glycosylation patterns on specific proteins, where the protein 

expression is not altered, but the extent and type of glycosylation does change. The 

importance and functions of the glycans are highly dependent on the protein to which they 

are attached. Current technology does not allow immediate identification of the proteins to 

which the altered glycans are attached. However, it has been reported that in healthy 

individuals the triantennary glycan is associated to the high abundant plasma proteins 

haptoglobin [48] and alpha-1-antitrypsin [49], which are produced in the liver while the 
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biantennary structures have been found on IgG [50] and IgA [33], two proteins produced by 

plasma cells. Small amounts of Hex5HexNAc4Fuc1 have also been found on alpha-1-

antitrypsin [49], which is a liver protein. These findings indicate that the glycosylation 

machinery in both liver cells as well as plasma cells is altered, but studies towards the 

functionality of the altered glycosylation remain difficult.

Therefore, it is very reassuring that we could for the first time report that the levels of four 

glycans on the specific protein IgG were significantly altered with IgG. It is long known that 

the level of galactosylation of the Fc portion of IgG decreases with age [51, 52] and 

rheumatoid arthritis [45, 53]. More recently, altered IgG Fc glycosylation was observed in 

other autoimmune diseases (e.g. [47, 54]) and cancer (e.g. [32, 50]). The effects of the 

glycosylation on the effectiveness of IgG molecules have been studied extensively, 

especially in the light of the development of antibody drugs [55]. It is widely known that 

aglycosylated antibodies are considerably less functional [56]; more recently, studies 

indicate that absence of the core fucose increases binding of the IgG to the Fc gamma III 

receptor and antibody-dependent cellular cytotoxicity [57]. While there is much less 

evidence for the impact of the level of galactosylation on IgG, and their results are not 

univocal, one study reported lower Fc receptor binding of non-galactosylated IgG relative to 

IgG with higher levels of galactosylation [58], indicating that the altered glycosylation 

profiles found in this study might have biological implications, such as impaired binding of 

the IgG molecules to the Fc receptor in cancer patients. Further studies into the functionality 

of IgG in cancer patients will be necessary to further investigate this hypothesis.

This feasibility study was performed on a relatively small sample set consisting of 20 lung 

cancer cases and 20 matched controls. The lung cancer cases were mostly late stage NSCLC 

so the biomarkers identified may only be suitable for late stage and not early stage disease. It 

will be necessary to conduct these types of studies in samples obtained from patients with 

early stage disease. Further, much larger studies will then be needed to validate our data and 

evaluate the capability of the aberrant glycans as candidate biomarkers for lung cancer and 

their suitability for clinical use. Moreover, the analysis was performed at the level of glycan 

compositions, but due to the different linkage isomers, higher specificity may be reached 

when compound specific analysis of larger sample sets is feasible in the near future. Such 

studies will also assist to address the sensitivity and specificity of N-glycans as biomarkers 

for lung cancer.

Overall, this study shows that the N-glycosylation pattern of blood-derived proteins is 

altered in patients with lung cancer. The changes are most prevalent on IgG, but the 

glycosylation pattern on liver-derived proteins is also affected likely demonstrating a 

systemic response to tumor growth. For future biomarker discovery studies, the additional 

analysis of protein specific N- and potentially O-glycosylation profiles will be highly 

valuable, while the use of non-specific protein enrichment methods was not observed to 

yield additional value and may instead further complicate the analysis.
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CLINICAL RELEVANCE

Lung cancer is currently the most deathly type of cancer in the Unites States and early 

detection increases chances of survival dramatically. There is currently no FDA approved 

test available that could aid in screening and early detection of lung cancer, and therefore 

there is a need to identify biomarkers to develop such a test. Protein N-glycosylation 

patterns are know to alter in cancer tissue, and altered glycosylation patterns have also 

been observed in serum of cancer patients. However, the specificity of these markers 

remains unclear, especially since serum and plasma are complex protein mixtures, which 

are dominated by a few high abundance proteins. It is therefore highly likely that more 

specific markers can be obtained using protein enrichment techniques.

In this study, two protein enrichment techniques were evaluated for their efficacy for 

future biomarker studies for glycan-based biomarker discovery in clinical samples. It 

could be shown that glycosylation patterns are altered in patients with lung cancer. 

Changes were also prevalent on isolated immunoglobulin IgG, while glycosylation 

patterns of liver-derived proteins were also affected. This indicates that the additional 

analysis of N-glycosylation of specific proteins will likely yield more valuable 

information than non-specific protein enrichment methods in future biomarker studies.
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Figure 1. Comparison between total plasma (A,F), IgG (B,G), IgG depleted plasma (C,H), 
medium- abundant protein enriched fraction (D,I) and protein enrichment flow-through (E,J)
Extracted glycan chromatograms, obtained using Masshunter software are depicted (A–E), 

as well as bar graphs showing the relative abundances (%) of different compositional 

features of the N-glycans observed in each fraction (F–J).
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Figure 2. Venn diagrams of the glycan compositions of the five fractions
Compared are whole plasma, IgG and IgG depleted plasma (A) and whole plasma, PM- 

bound and PM-flow-through (B).
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Figure 3. Cancer cases can be separated from controls using N-glycan profiles
PLS-DA plots show the separation of cancer cases and controls using N-glycan profiles 

obtained from whole plasma (A), plasma IgG (B), IgG depleted plasma (C), PM-bound (D) 

and the PM-flow-through fraction (E).
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Figure 4. Four glycans in plasma and four glycans on IgG associate significantly with lung 
cancer
Boxplots are depicted for Hex5HexNAc4Fuc1 (A), Hex5HexNAc5 (B), Hex5HexNAc5Fuc1 

(C), Hex6HexNAc5Fuc1Sia2 (D), Hex3HexNAc4Fuc1 (E), Hex5HexNAc5Sia1 (F), 

Hex5HexNAc5Sia2 (G), Hex5HexNAc5Fuc1Sia2 (H). Differences in glycans signals in the 

upper row were observed in whole plasma, while the lower row reflects glycan changes 

observed on IgG. Key: square: N-acetylhexosamine, circle: hexose, red triangle: fucose, blue 

square: N-acetylglucosamine, green circle: mannose, yellow circle: galactose, purple 

diamond: sialic acid.

Ruhaak et al. Page 19

Proteomics Clin Appl. Author manuscript; available in PMC 2014 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ruhaak et al. Page 20

Table 1

Characteristics of the glycan profiles observed and analyzed for the different enrichment strategies.

Average no. of features per run Average no. of compositions per run
No. of compositions used in statistical 

analysis

Whole plasma 327 94 79

IgG 133 62 40

IgG depleted 294 91 62

PM-bound 47 27 20

PM-flow-through 241 82 65
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