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Abstract

Dysregulated glycotransferase enzymes in cancer cells produce aberrant glycans—some of which
can help facilitate metastases. Within a cell, individual glycotransferases promiscuously help
construct dozens of unique glycan structures, making it difficult to comprehensively track their
activity in biospecimens—especially where they are absent or inactive. Here we describe an
approach to deconstruct glycans in whole biospecimens then analytically pool together resulting
monosaccharide-and-linkage-specific degradation products (“glycan nodes™) that directly
represent the activities of specific glycotransferases. To implement this concept a reproducible,
relative quantitation-based glycan methylation analysis methodology was developed that
simultaneously captures information from N—, O—, and lipid linked glycans and is compatible with
whole biofluids and homogenized tissues; in total over 30 different glycan nodes are detectable
per GC-MS run. Numerous non-liver organ cancers are known to induce production of abnormally
glycosylated serum proteins. Thus following analytical validation in blood plasma the technique
was applied to a cohort of 59 lung cancer patient plasma samples and age/gender/smoking-status-
matched non-neoplastic controls from the Lung Cancer in Central and Eastern Europe Study to
gauge the clinical utility of the approach towards detection of lung cancer. Ten smoking-
independent glycan node ratios were found that detect lung cancer with individual ROC c-
statistics ranging from 0.76-0.88. Two glycan nodes provided novel evidence for altered ST6Gal-I
and GnT-IV glycotransferase activities in lung cancer patients. In summary, a conceptually novel
approach to the analysis of glycans in unfractionated human biospecimens has been developed
that, upon clinical validation for specific applications, may provide diagnostic and/or predictive
information in glycan-altering diseases.
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INTRODUCTION

Glycans are complex, heterogeneous biological sugar polymers generally found attached to
proteins or lipids and displayed on cell and macromolecule surfaces. The construction and
display of abnormal glycan structures is an established hallmark of nearly every known type
of tumor cell and appears to facilitate their ability to metastasizel. In addition, there are
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numerous types of cancer including ovarian?=3, prostate?=>, pancreatic®~7, liver8=2 multiple
myelomal?, breast!1-12, Jung 13-14, gastric1®-16, thyroidl” and colorectal cancerl8, as well
as other inflammation-related diseases!®-20 that are able to induce aberrant glycosylation of
abundant blood plasma proteins.

Glycans are created in the endoplasmic reticulum and golgi apparatus organelles by
enzymes known as glycotransferases (GTs). Aberrant GT expression and/or activity is
generally the immediate upstream cause of irregular glycan production®. Unfortunately,
however, the ability to directly track the activity of one or more GTs in human biospecimens
is technically difficult and/or generally precluded in common clinical samples where GTs
tend to lose activity ex vivoor are simply absent.

The natural complexity and structural heterogeneity of glycans comes in part from the fact
that GTs build at glycan polymer branch-points and chain link sites in a non-template-
driven, first-come-first-build manner—i.e., there are no biologically embedded templates or
instruction sets that drive glycan construction in a precise, well-defined manner (such as is
the case with DNA and proteins). Yet amidst this seemingly chaotic process, individual GTs
generally exhibit strict donor, acceptor, and linkage specificity?!, allowing for a moderate
degree of consistency in routine glycan production.

When viewed across all protein and lipid substrates, the altered expression of a single GT
can result in the production of a complex, heterogeneous mixture of /7 unique, abnormal
whole-glycan structures rather than in uniformly increased expression of a single whole-
glycan structure (Fig. 1). These heterogeneous mixtures of whole-glycan structures are
difficult to fully characterize routinely—so existing cancer markers and novel candidate
biomarkers that are based on intact glycan structure are generally based on one or a few
particular aberrant glycan structures (out of n)—or perhaps a set of very closely related
aberrant glycan structures that result in a unique antibody or lectin epitope.

With this background in mind, we developed the idea that monosaccharide-and-linkage-
specific glycan polymer chain links and branch points (“glycan nodes”, as we refer to them),
if broken down and quantified from the pool of all glycan structures in a biological sample
may, in numerous cases, serve as direct, 1:1 molecular surrogates of aberrant GT activity—a
complementary contrast to traditional glycomics approaches that focus on the analysis of
whole, intact glycans that represent 1//7: 1 molecular surrogates of GT activity (Fig. 1).

Below we describe the development and technical characteristics of a clinical sample-
compatible protocol by which we have implemented this analytical concept. In the context
of lung cancer, we provide an initial assessment of its utility as a methodology for routine
measurement of novel glycan-based cancer markers.

EXPERIMENTAL SECTION

Materials

Heavy stable isotope-labeled o-Glucose (U-13Cg, 99%: 1,2,3,4,5,6,6-D7, 97-98%) was
obtained from Cambridge Isotope Laboratories. N-acetyl-D-[UL-13Cg]glucosamine and L-
[UL-13Cg]fucose were obtained from Omicron Biochemicals, Inc. 6’-Sialyl-N-
acetyllactosamine and N-acetyllactosamine were purchased from Carbosynth (UK).
Additional monosaccharide and glycan polymer standards for verification of partially
methylated alditol acetate (PMAA) identities by GC-MS were obtained from Carbosynth,
Sigma-Aldrich, V-Labs (a US subsidiary of Dextra UK), and The Scripps Research
Institute / Consortium for Functional Glycomics. Prepurified proteins were obtained from
EMD Millipore (Human Serum Amyloid P), Sigma-Aldrich (Bovine Ribonuclease B), and
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Athens Research & Technology (Human Vitamin D Binding Protein); pre-purified neutral
glycosphingolipids were from Enzo Life Sciences. Sodium hydroxide beads (20-40 mesh)
were purchased from Sigma-Aldrich. Spin columns (0.9 mL) equipped with plugs and
polyethylene frits were purchased from the Pierce division of ThermoFisher Scientific (Cat.
No. 69705). GC-MS autosampler vials and Teflon-lined pierceable caps were also obtained
from ThermoFisher Scientific. GC consumables were acquired from Agilent; MS
consumables were from Waters. All other solvents and chemicals were of the highest purity
available and obtained from either ThermoFisher Scientific or Sigma-Aldrich.

A cohort of 59 blood plasma samples from lung cancer patients and age/gender/smoking-
status matched controls that were enrolled in the Lung Cancer in Central and Eastern Europe
(CEE) study were a gift from the International Agency for Research on Cancer biobank in
Lyon, France. Additional serum samples from nominally healthy individuals, lung cancer
patients and colorectal cancer patients were purchased from ProMedDx (Norton, MA).
Serum samples from prostate cancer patients were purchased from the Cooperative Human
Tissue Network (Vanderbilt, TN). Plasma samples from patients with normal glucose
tolerance (NGT), impaired glucose tolerance (IGT), type 2 diabetes (T2D), and T2D with
cardiovascular disease (CVD, defined as a history of heart attack or stroke and/or the
presence of micro- or macroalbuminuria) were provided through an ongoing NIH-sponsored
collaboration with Dr. Craig Stump and Dr. Hussein Yassine, endocrinologists at the
University of Arizona. (Dr. Yassine is now at the University of Southern California.) Other
biospecimens were purchased from Bioreclamation (Hicksville, NY), including a 300-mL
plasma sample from an individual donor which was analyzed in every batch as a quality
control sample.

Permethylation and Semi-purification of Whole Biofluid Glycans

Permethylation and subsequent clean-up procedures were adapted from the protocol of
Goetz et al?2, which was designed to permethylate and release O-linked glycans from pre-
isolated glycoproteins. Nine microliters of a whole biofluid sample (e.g., blood plasma,
serum, seminal fluid, homogenized tissue etc.) was added to a 1.5 mL polypropylene test
tube. To this was added 1 uL of an internal tracer stock solution containing 10 mM each of
o-Glucose (U-13Cg, 99%: 1,2,3,4,5,6,6-D7, 97-98%), N-acetyl-D-[UL-13Cg]glucosamine
and L-[UL-13Cg]fucose. (As explained below these internal standards are useful for
qualitative verification of proper sample processing, but for purposes of relative
quantification the glycan nodes within a sample are best normalized to themselves.) To the
10-pL sample-plus-internal-standard mixture was added 270 uL of dimethylsulfoxide
(DMSO0) and 105 pL of iodomethane. This solution was mixed thoroughly and placed onto a
plugged 1-mL spin column containing approximately 0.7 g sodium hydroxide beads that had
been preconditioned with acetonitrile followed by two rinses with DMSO. Samples were
allowed to sit for 10-12 minutes with occasional stirring. Samples were then unplugged and
spun in a microcentrifuge for 30 s at 4,000 rpm (800 g) to retrieve the glycancontaining
liquid. Samples were then transferred to a silanized 13x100 glass test tube. Three hundred
microliters of acetonitrile was then added to the spin column to wash off all of the
permethylated glycan. Spin columns were then centrifuged at 10,000 rpm (5,000 g) for 30 s
to collect the acetonitrile which was pooled with the rest of the sample. To the liquid sample
was added 3.5 mL of 0.5 M NaCl followed by 1.2 mL of chloroform. Liquid/liquid
extraction was performed 3 times, saving the chloroform layers, which were dried under a
gentle stream of nitrogen.

Glycan Methylation Analysis

The following procedure was adapted from Heiss et al23:
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Trifluoroacetic acid (TFA) hydrolysis—Three hundred twenty five microliters of 2 M
TFA was added to each sample which was then capped tightly and heated at 121 °C for 2
hrs. TFA was then removed by heat-assisted evaporation under a gentle stream of nitrogen.

Reduction of sugar aldehydes—A fresh 10 mg/ml solution of sodium borohydride in
freshly prepared 1 M ammonium hydroxide was prepared and added (475 L) to each test
tube, mixed thoroughly and allowed to react for 1 hour at room temperature. Residual borate
was removed by adding 5 drops of methanol to each sample, drying under nitrogen, then
adding 125 uL of 9:1 (v/v) MeOH:Acetic Acid and drying again under nitrogen. Samples
were then dried for about 30 minutes in a vacuum desiccator before proceeding.

Acetylation of nascent hydroxyl groups—Two hundred and fifty microliters of
freshly made water-saturated acetic anhydride (16:234 v/v water:acetic anhydride) was
added to each sample, which was mixed thoroughly to dissolve as much of the sample
residue as possible. Next, 230 uL of concentrated TFA was added to each sample, which
was then mixed, capped and incubated at 50 °C for 10 minutes.

Final Clean-up—Two milliliters of dichloromethane was added to each sample along with
2 milliliters of water. Liquid/liquid extraction carried out twice with water. The final organic
layer was then dried in a silanized autosampler vial under nitrogen and reconstituted in 8
drops of acetone, mixed, capped and placed on the GC-MS autosampler rack.

Overall sample throughput is limited by the time required for sample preparation. One
analyst can reasonably process ~ 60—75 samples per week. We anticipate that automated
sample processing robotics will be able to significantly reduce this bottleneck in throughput.

Gas Chromatography-Mass Spectrometry

GC/MS was carried out on an Agilent A7890 gas chromatograph (equipped with a CTC
PAL autosampler) coupled to a Waters GCT (Time-of-Flight) mass spectrometer.

One microliter was injected in split mode onto an Agilent split-mode liner (Cat. No.
5183-4647) containing a small plug of silanized glass wool, maintained at 280 °C. All
injections were made in duplicate: once at a split ratio of 50 and once at a split ratio of 75.
Using helium as the carrier gas (0.8 mL/min, constant flow mode) samples were
chromatographed over a 30 m DB-5ms GC column. The oven was initially held at 165 °C
for 0.5 minutes followed by ramping at 10 °C/min to 265 °C then immediately ramping at
30 °C/min to 325 °C and holding for 3 minutes (15.5 minutes of total run time). The transfer
line was maintained at 250 °C. Sample components eluting from the GC column were
subjected to electron ionization (70 eV, 250 °C) and analyzed from m/z40 to 800 with a
“scan cycle” time of 0.2 s. The mass spectrometer was tuned and calibrated (to within 10
ppm mass accuracy) daily using perfluorotributylamine.

Data Analysis

Initial identification of PMAAS was made through the analysis of glycan standards and
verified through comparison with the online electron ionization mass spectral library of
PMAA:s at the University of Georgia’s Complex Carbohydrate Research Center: http://
www.ccrc.uga.edu/databases/index.php#

The top most abundant and/or diagnostic fragment ions for each glycan node in blood
plasma/serum were summed (using a 0.15 Da extracted ion chromatogram mass window)
for quantification (Supporting Information Table S1). Quantification was carried out by
integration of summed extracted ion chromatogram peak areas in automated fashion using
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QuanLynx Software. Integrated peaks were manually verified then exported to a spreadsheet
for further calculation.

All statistical analyses including generation of ROC curves were carried out using XLSTAT
Version 2012.3.01. All t-tests for significant differences between group means were two-
sided and pre-evaluated for variance scedasticity. No weighting was employed during
ANOVA or ROC calculations.

RESULTS AND DISCUSSION

Strategy and Initial Development

For decades now, glycan methylation analysis (Fig. 2) has been employed to collect
monosaccharide-specific linkage information from pre-isolated glycans. Given the fact that
numerous monosaccharide-specific linkage patterns (i.e., glycan nodes) are created by one
or just a few GTs (Supporting Information Table S2), our goal was to enable glycan
methylation analysis as a biomarker development tool by adapting it for routine use with
common human biological specimens—minimizing or eliminating sample pre-fractionation
steps.

Solid-phase sodium hydroxide-based permethylation procedures were first developed by
Cicanu and co-workers24-26 and later refined into online and spin-column based approaches
by Kang et al2’-28, A spin-column based procedure reported by Goetz, Novotny and
Mechref in 200922 reported the specific chemical release of O-glycans from intact proteins
and for us represented a promising front-end preparatory step. With little modification we
found that this method could not only release O-linked protein glycans but, when coupled
with a TFA-based methylation analysis protocol?3, resulted in the release and detection of
partially methylated alditol acetates (PMAAS) from N-linked protein glycans as well as
glycolipids (Fig. 3). As expected all forms of hexose (plus xylose) and N-acetylhexosamine
(HexNAC) residues were detectable. Sulfated, hexuronic and sialic acid residues were only
detected /ndirectly vis-a-vis their linkage positions. Reducing-end monosaccharides in N-
linked glycans appeared in the final analysis, unaffected by their unique nitrogen atom
linkage. This was evidenced by the routine detection of the PMAA corresponding to 4,6-
linked GIcNACc (4,6-GIcNACc) in blood plasma samples (Fig. 1): Based on the database
research conducted to create Supporting Information Table S2, there is only one GT capable
of producing this glycan node—alpha-(1,6)-fucosyltransferase—which exclusively catalyzes
the addition of a fucose residue to the 6-position of the reducing end 4-linked GIcNAc
residue in N-glycans.

The suitability of this approach for direct appliation with 10-NL volumes of whole biofluids
and homogenized tissue samples was assessed and, in every biomatrix tested to date, proved
qualtitatively compatible (Figs. 1 and 4). These biomatrix compatiblity findings opened up
the technique to a wide variety of potential clinical applications. In practical terms, however,
blood plasma represented the most readily available biomatrix for assessing the potential
clinical utility of the technology.

Evaluation in Lung Cancer

Following an initial evaluation of reproducibility in blood plasma (described below), we
applied the new analytical technology to a cross-sectional pilot study of 59 archived blood
plasma samples from patients enrolled in the Lung Cancer in Central and Eastern Europe
(CEE) study.?® Summary information on gender, age, and smoking history is shown in
Table 1. Additional detailed information on the patients enrolled in this study can be found
online (Supporting Information Tables S3-S4). In most cases samples from lung cancer
patients were taken within a few days of initial diagnosis. Controls in this study were
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matched to the lung cancer patients by age, gender, and smoking status and were enrolled
upon visiting participating clinics for non-neoplastic conditions unrelated to tobacco
smoking.

Randomized samples were analyzed blind in six separate batches. Despite the addition of
heavy, stable-isotope labeled monosaccharides to each sample as internal standards we
found that, in general, the ratios of endogenous glycan nodes to each other (GNRs) tended to
provide greater analytical precision than the ratios of individual glycan nodes to stable-
isotope labeled internal standards (iGNs) (Table 2 and Supporting Information Table S5,
described in additional detail below). In the CEE cohort eight iGNs and 29 GNRs were
found to be significantly different (p < 0.005) in the lung cancer cases vs. controls. The top
two performing GNRs had receiver operating characteristic (ROC) c-statistics in the 0.8 —
0.9 range (Fig. 5). The top 12 performing GNRs had ROC c-statistics > 0.75—Dbetter than
any single iGN (Table 2 and Supporting Information Table S5).

To evaluate if these GNRs might be mere indicators of smoking status the ROC curve
analysis was repeated for smokers only and on the basis of smokers (including current and
former) vs. non-smokers (i.e., never-smokers / no smoking history), regardless of cancer
status (Table 2). ROC curve analysis for smokers-only demonstrated negligible difference
compared to when non-smokers were included in the analysis (Table 2). ROC curve analysis
for smokers vs. nonsmokers (regardless of cancer status) demonstrated an across-the-board
loss of diagnostic power for 10 of the top 12 GNRs (Table 2)—indicating that these markers
are linked to the presence of cancer and not smoking history. Interestingly, the two GNR
ROC c-statistics that remained the same or increased in this comparison had the same
common denominator (3-GalNAc). The biological relationship of this glycan node to
smoking, if any, is not yet clear.

Analytical Validation in Blood Plasma

Analytical validation of the approach in blood plasma was undertaken with the goals of
determining reproducibility (intra- and inter-day precision), sample stability, consistency of
results in serum and four different types of plasma, autosampler stability, and analytical
sensitivity and linearity of response. Due to space constraints and the need to avoid
presentation of copious amount of superfluous data, the analytical validation parameters
described below are largely contextualized to the top 12 performing GNRs in lung cancer
(Table 2).

Precision / Reproducibility—Despite the addition of heavy, stable-isotope labeled
monosaccharides to each plasma sample as internal standards we found that, based on the
analysis of six aliquots of the same plasma sample per day on three different days, the ratios
of individual glycan nodes to stable-isotope labeled internal standards (iGNs) were not
highly reproducible (Supporting Information Table S5) and that the ratios of endogenous
glycan nodes to each other (GNRs) tended to provide greater analytical precision. Since
approximately 20 iGNs were routinely detected in plasma samples, this meant over that 200
GNRs were available for assessment of reproducibility. Of these GNRs over 80 had both
intra and inter-ssay reproducibility of less than 15%. The analytical precision of the top 12
performing GNRs in lung cancer are reported in Table 2.

Sample Stability—GNR stability in blood plasma samples was assessed by creating
twelve aliquots of a single sample then placing six back into the =80 °C freezer and leaving
the remaining six at room temperature overnight. None of the top six, but two of the top 12
lung cancer GNRs demonstrated statistically significant difference between the batches
(Supporting Information Table S6). These apparent differences, however, were subtle and
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may have been due to abnormally tight intra-assay precision as the overall differences
between the batches were less than 12%.

Effect of Blood Collection Type—Matched sets of blood serum, 3.8% sodium citrate,
Na,EDTA, K,EDTA, and K3EDTA plasma samples were collected from 22 healthy
volunteers. Glycan nodes were then analyzed in the resulting 110 samples. Analysis of the
results for the top 12 lung cancer GNRs by repeated measures ANOVA followed by the
Ryan-Einot-Gabriel-Welsch (REGW) multiple comparison test demonstrated no significant
differences between the blood collection types (Supporting Information Table S7).

Autosampler Stability—Autosampler stability was assessed over the time span required
to inject 48 samples (approximately 14.5 hrs)—the largest batch size employed during
analysis of samples reported in this paper. Four data points from the same sample were
acquired three times—at the beginning, middle and end of this time period. Passing stability
was designated to be within 10% of the average of the first two data points. Autosampler
stability passed for the top 12 lung cancer GNRs except the three with HexNAc nodes as the
denominator (Supporting Fig. S1)—which were of minimal interest since 2 of these 3 appear
to be more diagnostic of smoking rather than lung cancer and the third is not in the top 6
GNRs (Table 2).

Analytical Sensitivity and Linearity of Response—IUPAC defines analytical
sensitivity as the ability of an analytical procedure to produce a change in signal for a
defined change in analyte quantity.30 They add that in most cases, this parameter can be
observed as the slope of a calibration curve. The fact that strong, statistically significant
differences were detected in numerous iGNs and GNRs between the CEE lung cancer cases
and controls (Table 2 and Supporting Information Table S5) suggested that analytical
sensitivity was more than adequate to impart the technique with potential clinical
applicability—Dbut the expense and limited availability of glycan polymer standards
precluded a formal assessment of the analytical sensitivity for all 12 of the top lung cancer
GNRs. The instrument response ratio of t-Gal/6-Gal vs. the actual molar ratio of t-Gal/6-Gal
was assessed, however, through the use of Nacetyllactosamine (Gall-4GalNAc) and 6-
Sialyl-N-acetyllactosamine (N-euNAc2-6Gall-4GalNAc) standards. These were mixed
together in ratios spanning the physiologically observed range in blood plasma and such that
overall signal intensities approximated those from blood plasma samples. Following analysis
on two different days, the resulting data were employed to construct a standard curve
(Supporting Information Fig. S2). The standard curve was linear (R = 0.993) and had a
slope of 1.31 indicating a greater than 1:1 change in instrument response per change in
actual glycan node molar ratio.

Other Analytical Validation Considerations—The goal of this study was to evaluate
changes in the relative abundance of readily detectable glycan nodes as potential clinical
markers—a distinct and separate goal from quantifying low abundance glycan nodes. As
such, unlike most conventional assays, raw sensitivity (i.e., limits of detection and limits of
quantification) was not a parameter of significant concern because, for each biomatrix, a
particular set of glycan nodes was present in every sample at readily detectable levels. For
example, though not visible with the particular extracted ion chromatograms from plasma
shown in Fig. 1, there were over 18 individual glycan nodes with signal/noise (S/N) ratios
greater than 10 in every plasma sample of hundreds of individual samples tested to date.
Thus, in the absence of a specific need to detect low abundance glycan node(s), raw
detection limits were of little practical importance or value relative to analytical sensitivity.
In the future, if raw detection limits are required for a particular application, they will need
to be investigated on a biomatrix-specific basis.
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Since this is a technique for the relative quantification of the constituent components of
heterogeneous biological polymers, accuracy cannot be defined by any single molecular
standard. But this does not rule out clinical utility or applicability: To achieve these things
without a definition of absolute accuracy good reproducibility/precision of iGN/GNR
measurement will be critical (as documented above), but it will eventually have to be
coupled with a mechanism to facilitate inter-laboratory transferability—for example,
through establishment of a “gold standard” sample that can be shared across laboratories or
through instrument-specific calibration with pre-defined standard curves (such as that in
Supporting Information Fig. S2). Since the latter will have to be based on particular
chemical standards, they still will not be able to define accuracy in an absolute sense and, at
best, will only ever be considered to provide results that are gaoproximately accurate
according to strict definition—but this is essentially irrelevant when it comes to practical
application.

Disease Specificity

To further evaluate the specificity of the top-performing blood plasma GNRs for lung cancer
two additional sets of samples were analyzed for comparison: The first set consisted of
biobank-purchased serum samples from 80 healthy individuals, an additional 16 lung cancer
patients, 10 colorectal cancer and 59 prostate cancer patients. The second set consisted of a
cross-section of patients from a University of Arizona diabetes study who had undergone an
oral glucose tolerance test and ranged from healthy (normal glucose tolerance, NGT, n =
18), to pre-diabetic (impaired glucose tolerance, IGT, n = 12), to stark type 2 diabetes (T2D,
n = 32), to T2D with cardiovascular complications (T2D w/ CVD n = 26). Analysis of the
top 6 lung cancer GNRs (Table 2) in these samples by ANOVA followed by the REGW
multiple comparison test demonstrated a general grouping of lung cancer and colorectal
cancer separate from the other cohorts, with T2D aligning more closely with lung and
colorectal cancer than did prostate cancer (Supporting Information Fig. S3). These cross-
disease comparisons suggested that the GNR markers in blood were not just fluctuating with
inflammation and possessed at least a limited degree of specificity for certain types of
cancer.

Comparison of GNRs in biobank-purchased serum samples from cancer patients with those
from nominally healthy individuals revealed general consistency of GNR behavior in the
two lung cancer cohorts (Table 2 and Supporting Information Table S8). In addition, there
was partial GNR profile overlap between lung and colorectal cancer but not prostate cancer
(Table 2 and Supporting Information Tables S8-S10). Based on increases in ROC c-
statistics, GNRs were better at distinguishing lung cancer patients from fully healthy
individuals than from well-match controls (Table 2 and Supporting Information Table S8)—
an unsurprising but useful observation to note when it comes to the design of biomarker
studies. GNRs in serum did not appear to be particularly diagnostic in prostate cancer
(Supporting Information Table S10).

Biological Implications

Glycan nodes observed via this technique are necessarily derived from the most abundant
glycan source in the sample under consideration. In blood plasma, roughly half of the
glycoproteins are immunoglobulins / complement protein and the other half are liver
glycoproteins. Unless near-milligram-per-milliliter plasma concentrations are reached,
cancer glycoprotein shedding is unlikely to contribute more than an unobservable fraction to
total plasma glycoprotein content. This means that cancer-induced alterations to the humoral
immune system and/or the liver are most likely responsible for the alterations in plasma
glycan nodes observed here. Though the mechanisms behind such phenomena (e.g., those
discovered by Narisada et al3! and Kitazume et al32) are varied and the phenomena
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themselves are only partially understood, they are by no means unknown,2-18—even in non-
neoplastic diseases.19-20

Glycan source notwithstanding, aberrant activity of at least two different GTs in lung and
colorectal cancer patients was detected (Table 2 and Supporting Information Table S5 and
Supporting Information Tables S8-S10). A table of GTs responsible for producing the
glycan nodes observed in humans is provided online (Supporting Information Table S2): 1)
ST6Gal-1: Six of the top 12-performing GNRSs in lung cancer (Table 2) and five of the top
seven GNRs in colorectal cancer (Supporting Information Table S9) involved t-Gal and/or
6-Gal. When their behavior was considered in cancer cases compared to controls these
GNRs showed fluctuations consistent with minor changes in t-Gal (p = 0.04) and significant
increases in 6-Gal (p = 8.6x1074; ROC c-statistic = 0.737 + 0.064; Supporting Information
Table S5). Together these data indicated increased -galactoside:a2-6sialyltransferase
(ST6Gal-1) enzyme activity—a phenomenon for which there is evidence in cancer cells from
numerous other carcinomas including those of the colon/rectum,33-34 preast,3° brain (non-
neuroectodermal epithelial-like tumors),36 cervix,3” and liver (transgenic mouse model of
hepatocellular carcinoma),38 as well as in choriocarcinoma (cell lines)3? and acute myeloid
leukemia.?? 2) GnT-1V: Five of the top 12 lung cancer GNRs (Table 2) and two of the top
seven colorectal cancer GNRs (Supporting Information Table S9) provided evidence for
elevated quantities of 2,4-Man. In addition, the 2,4-Man iGN in CEE lung cancer patients
was significantly higher than in the controls (p = 3.4x10™4; ROC c-statistic = 0.747 % 0.063;
Supporting Information Table S5). Increased 2,4-Man is mediated through increased UDP-
N-acetylglucosamine:a-1,3-0-mannosidasef1,4-Nacetylglucosaminyltransferase 1V (GnT-
IV) activity. In general this enzyme has been documented as overactive during oncogenesis
and differentiation.*! Evidence for its overexpression has been found in cancer cells from
colorectal carcinoma,*? choriocarcinoma,*® hepatocellular carcinoma,** and pancreatic
cancer (GnT-1Vb form).4°

To our knowledge this is the first report of altered activity for either ST6Gal-1 or GnT-IV in
lung cancer patients; in our opinion, the fact that these changes may not be derived directly
from tumor cells themselves makes the findings intriguing—particularly with regard to
potential therapeutic implications embedded in the underlying mechanism(s). Based on the
CEE cohort, a total of 12 iGNs were significantly increased in lung cancer patient plasma,
providing evidence for activity changes in numerous other GTs as well, including
fucosyltransferases (vis-a-vis increased t-Fuc and 3,4-GIcNAc) and GnT-V (vis-a-vis
increased 2,6-Man) (Supporting Information Tables S2 and S5).

Four of the seven increasing GNRs in lung cancer (Table 2) contained 3,4,6-Man as their
denominator, providing suggestive evidence for decreased p1,4-N-
acetylglucosaminyltransferase 111 (GnT-111) activity—the GT responsible for adding
“bisecting GICNACc” to N-linked glycans. However, the change in the 3,4,6-Man iGN was
not statistically significant. Notably, the 3,6-Man iGN increased in CEE lung cancer patients
relative to controls (p = 1.4x1073; Supporting Information Table S5)—suggesting an overall
increase in N-glycans and a relative inability of GnT-I11 to keep pace.

CONCLUSIONS

There is an urgent need for blood-borne markers of risk and progression in lung cancer as
well as other types of cancer (and glycan-affective disorders) to which this analytical
approach will likely be applicable. Based on current knowledge of human GTs, the glycan
nodes 6-Gal, 2,4-Man, 2,6-Man, and 3,4,6-Man represent 1:1 (or nearly 1:1) molecular
surrogates for ST6Gal-1, GnT-1V, GnT-V and GnT-Il1 respectively—and there are other
glycan nodes that hold this same relationship with their respective GTs (Supporting
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Information Table S2). Additional glycan nodes, such as 3-Gal, may represent the activity of
multiple GTs but they are still potentially modulated by the aberrant expression of just one
of the GTs that leads to their existence.

By condensing and pooling together into a single analytical signal the inherent molecular
heterogeneity introduced by aberrantly expressed GTs (Fig. 1)—and doing so for multiple
GTs simultaneously from 10 pL of whole, unprocessed biofluid without the use of enzyme
or antibody reagents—this analytical approach represents a promising means by which to
access glycans as disease markers. Its utility is expected to improve further once it can be
applied to hundreds of well-characterized patient samples for which outcome information is
available, then coupled to multivariate modeling algorithms to create disease-specific
prognostic biosignatures. Finally, we note that cancer-induced aberrant glycans in plasma/
serum may be diluted by significant quantities of normal glycans; as such, going forward we
feel that application of this technology to biofluids or tissues obtained directly from
putatively cancerous organs (e.g., as demonstrated in Fig. 4) may represent a more powerful
use of this technology to address specific medical needs for better cancer markers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was supported by a Flinn Foundation award and, in part, by NIH grants R0O1DK 082542 and
R24DK083948, as well as grant number GM62116 to the Consortium for Functional Glycomics. We thank Dr.
Mark Holl and Dr. Mia Hashibe for helpful discussions. We also thank the national Pls of the CEE study for
allowing the use of the samples: Drs. D. Zaridze, Moscow, Russia; J. Lissowska, Warsaw, Poland; N. Szeszenia-
Dabrowska, Lodz, Poland; E. Fabianova, Banska-Bystrica, Slovakia; P. Rudnai, Budapest, Hungary; D. Mates,
Bucharest, Romania; V. Bencko, Prague, Czech Republic; L. Foretova, Brno, Czech Republic; V. Janout, Olomouc,
Czech Republic.

Abbreviations

GTs Glycotransferase enzymes

iGN individual glycan node

GNR glycan node ratio
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Figure 1.

Conceptual overview of the analytical concept: An upregulated GT (e.g., GnT-V) causes an
increase in the quantity of a specific, uniquely linked glycan monosaccharide residue (a 2,6-
linked Mannose “node” in this example)—which, through the subsequent action of other
GTs, can lead to formation of a mixture of heterogeneous whole-glycan structures at low
copy number each—a// of which can be difficult to detect and quantify in routine fashion.
Analytically pooling together the “glycan nodes” from amongst all the aberrant glycan
structures provides a more direct surrogate measurement of GnT-V activity than any single
intact glycan. Simultaneous measurement of N—, O—, and lipid linked “glycan nodes” in
whole biospecimens as described here represents a conceptually novel means by which to
detect and monitor glycan-affective diseases such as cancer. Actual extracted ion
chromatograms from 10-microliter blood plasma samples shown. Numbers adjacent to
monosaccharide residues in glycan structures indicate the position at which the higher
residue is linked to the lower residue. If no linkage positions are indicated in the
chromatogram annotation the residue is either in the terminal position or free in solution
(e.g. glucose). All residues except sialic acid link downward via their 1-position; sialic acid
links downward via its 2-position. Split in chromatogram indicates change in extracted ion
chromatograms: m/z 117 + 129 for hexose residues and m/z 116 + 158 for N-
acetylhexosamine (HexNAC) residues.
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Figure2.

Molecular overview of the global glycan methylation analysis procedure. An O-linked

Partially Methylated Alditol Acetates
(Ready for Analysis by GC-MS)

Page 14

glycan is illustrated; these are released during the permethylation process, which has been

adapted from Goetz.22 Following permethylation and hydrolysis, monosaccharides are
reduced and nascent hydroxyl groups “marked” by acetylation. The unique pattern of
methylation and acetylation in the final partially methylated alditol acetates (PMAAS)

corresponds to the unique “glycan node” in the original intact polymer and provides the

molecular basis for separation and quantification by GC-MS. N-linked and glycolipid
glycans are released as linkage-marked monosaccharides during acid hydrolysis.
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Figure 3.

Evidence that N-linked and glycolipid glycans were captured by the clean-up protocol and
subsequently subjected to methylation analysis. This occurred despite the fact that they were
not released during permethylation like O-linked glycans 22. Top row: a) pre-purified
Human Serum Amyloid P (contains only one complex-type N-linked glycan 46-47), b) pre-
purified Bovine Ribonuclease B (RNase B, contains only one high mannose N-linked
glycan 48-49). Bottom row: c) pre-purified Human Vitamin D Binding Protein (DBP,
contains a NeuNAc2-3Gal1-3GalNAc O-linked glycan and no N-linked glycans 0-51) d)
Pre-purified neutral glycosphingolipids from human granulocytes (largely characterized by
their lactose (Gall-4Glc)-base, 3-Gal and 4-GIcNAc-containing structures). Extracted ion
chromatograms and symbol legend in this Figure are the same as in Fig. 1. Dotted borders
around monosaccharides and greyed out linkage numbers indicate potential heterogeneity in
the glycan structure across different protein or lipid molecules.
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Figure 4.
Ilustrative results from biomatrix compatibility studies. The analytical technique may be
applied to 10-NL volumes of any whole biofluid or homogenized tissue. Qualitatively
diverse results are obtained for a) sputum (homogenized), b) seminal fluid (without sperm),
¢) urine (concentrated ~10x prior to analysis), d) saliva, €) skin harvested from an abrasion
wound and f) liver (bovine). Legend is provided in Fig. 1. The “f” next to terminal t-GalNAc
in the urine sample indicates a furanose (5-membered) ring structure, which likely arises
from the presence of some structurally interchangeable free GalNAc in the sample. Glycan
nodes derived from glycogen dominate the liver sample.
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Figureb5.

Clinical performance of the top blood plasma-based glycan node ratios (GNRS) in
distinguishing newly diagnosed lung cancer patients (n=28) from age/gender/smoking
status-matched controls (n=29). a) Univariate distribution of the t-Gal/6-Gal GNR b) ROC
curve for t-Gal/6-Gal, c) univariate distribution of the t-Gal/3,6-Man GNR, d) ROC curve
for t-Gal/3,6-Gal. For both of these GNRs the same two samples from squamous cell
carcinoma patients produced two outliers on the opposite side of the control distribution.
Since they were completely separate from the control distribution they were excluded from

Anal Chem. Author manuscript; available in PMC 2014 March 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Borges et al.

Page 18

the ROC curve analysis. Table 1 summarizes the clinical performance characteristics for the
top 12 diagnostic GNRs in lung cancer.
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Table 1

Summary clinical information on gender, age and smoking status for the 59 samples analyzed from the Lung
Cancer in Central and Eastern Europe study.

Gender Age? Tobacco Pack YearsP
Controls 15 Male 63.1+£7.6 17.3+15.2
14 Female
Lung Cancer Cases 16 Male 60 +10.7 27.0+20.7
14 Female

a
Student's t-test p-value for Controls vs. Cases = 0.21

bStudent's t-test p-value for Controls vs. Cases = 0.046
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