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ABSTRACT: Glycan head-groups attached to glycosphingolipids
(GSLs) found in the cell membrane bilayer can alter in response to
external stimuli and disease, making them potential markers and/or
targets for cellular disease states. To identify such markers,
comprehensive analyses of glycan structures must be undertaken.
Conventional analyses of fluorescently labeled glycans using hydro-
philic interaction high-performance liquid chromatography (HILIC)
coupled with mass spectrometry (MS) provides relative quantitation
and has the ability to perform automated glycan assignments using
glucose unit (GU) and mass matching. The use of ion mobility (IM)
as an additional level of separation can aid the characterization of
closely related or isomeric structures through the generation of glycan
collision cross section (CCS) identifiers. Here, we present a workflow
for the analysis of procainamide-labeled GSL glycans using HILIC-
IM-MS and a new, automated glycan identification strategy whereby
multiple glycan attributes are combined to increase accuracy in
automated structural assignments. For glycan matching and
identification, an experimental reference database of GSL glycans containing GU, mass, and CCS values for each glycan was
created. To assess the accuracy of glycan assignments, a distance-based confidence metric was used. The assignment accuracy
was significantly better compared to conventional HILIC-MS approaches (using mass and GU only). This workflow was applied
to the study of two Triple Negative Breast Cancer (TNBC) cell lines and revealed potential GSL glycosylation signatures
characteristic of different TNBC subtypes.

Glycosphingolipids (GSLs) are amphipathic lipid mole-
cules comprised of a hydrophilic glycan headgroup

attached to a hydrophobic ceramide tail. The regulation of
GSL biosynthesis and metabolic pathways is crucial for their
proper biological function, including their roles in cell growth,
signal transduction,1 and cell identity establishment and
maintenance.2,3 Heterogeneity in both the ceramide and
glycan head-groups can result in a large number of GSL
species, with over 500 characterized so far;4 however, much of
the biological function is determined by the glycan head-
groups.5

GSL glycans share a high degree of compositional similarity
yet display a high degree of structural heterogeneity due to
differences in monosaccharide sequence, linkage, anomericity,

and branching. Further complexity can arise through
monosaccharide modification with substituents such as sulfate,
phosphate, and acetate.6 The analytical challenge in GSL
glycomics lies in unearthing these structural complexities to
gain a more comprehensive understanding of altered GSL
processing pathways and the role of the glycans in cell function
and disease. For the analysis of GSL glycans, liquid
chromatography (LC) and mass spectrometry (MS)-based
glycomic workflows have recently been successfully applied to
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GSL glycomics and offer a new, high-resolution, and
quantitative approach.5,7−9

For released, fluorescently labeled glycans, one of the most
widely used and established separation techniques is hydro-
philic interaction-ultra/high-performance liquid chromatogra-
phy coupled with fluorescence and electrospray ionization-
mass spectrometry detection (HILIC-U/HPLC-FLD ESI-
MS).10 In this approach, glycans are identified using their
mass to charge (m/z) ratios and HILIC elution profiles, which
are standardized using a dextran glucose homopolymer, giving
each glycan peak a unique glucose unit (GU) identifier.11 This
method provides relative quantitation information based on
fluorescence detection and allows users to search experimental
GU values against glycan GU libraries such as those contained
in the GlycoStore database for automated glycan assign-
ment.12,13

As a consequence of high glycan heterogeneity, GU values
can be highly similar for isomeric structures or multiple glycans
may elute in a single chromatographic peak in complex
samples. This can lead to ambiguity in structural assignments.
Recent advances in MS have included the incorporation of ion
mobility separation (IM-MS), which has the potential to
separate closely related analytes such as isomeric or isobaric
glycans.14−16 Separation of gas-phase ions occurs in a drift
tube, where ions move under an electric field in a buffer gas.
The time taken for a glycan to travel through the IM tube drift
gas can be used to calculate a collision cross section (CCS)
value using the Mason-Schamp equation.17 CCS values can
also be reliably utilized as glycan identifiers and, in addition to
GUs, increase confidence in automated glycan matching of
experimental data against a reference database.
Here, we present a complete workflow for the analysis of

GSL glycans from sample preparation to a high-resolution
detection system where HILIC-UPLC-FLD is coupled with
traveling-wave (TW) IM-MS to obtain both relative
quantitation data and qualitative data for glycan identification.
Accompanying this, we describe the construction of the first
multiattribute, experimentally derived library of GSL glycans
containing the following features: GU, mass, and CCS values
for all observed ion states ([M + H]+, [M + 2H]2+, and [M +
H + Na]2+). To the best of our knowledge, the work described
here is the first to combine GU, mass, and CCS values to
accurately annotate GSL glycan conjugates. A method for
automated glycan matching based on Euclidean distance
geometry of these attributes is also presented and evaluated.
By combining multiple attributes, we were able to improve the
accuracy of glycan identification compared to conventional
approaches that use mass and GU alone. Furthermore, the
automated assignment of GSL glycans by library matching was
benchmarked, allowing a confidence score for each assignment
to be calculated. The technology was used to aid glycan
identification in cells and successfully distinguish GSL
glycosylation signatures between two TNBC subtypes.

■ EXPERIMENTAL SECTION
Materials. GSL glycans (73 standards covering ganglio-,

lacto-, neolacto-, globo-, and isoglobo series) standards were
purchased from Elicityl (Crolles, France) and LNFP1 glycan
standard from Prozyme (Hayward, CA). GM2 GSL,
Procainamide hydrochloride, sodium cyanoborohydride, poly-
vinylpyrrolidone, and rEGCase II from Rhodocococcus sp. was
purchased from Sigma-Aldrich (St. Louis, MO). PD MiniTrap
G-10 SEC cartridges were purchased from GE Life Sciences

(Illinois). Ammonium formate solution was purchased from
Waters (Milford, MA) and Procainamide-labeled Dextran
Homopolymer from Ludger Ltd. (Oxon, U.K.). Immobilon-P
PVDF membrane (0.45 μm), acetonitrile, DMSO, acetic acid,
methanol, 1-butanol, chloroform, sodium acetate, and LC−MS
grade water were from Merck (Kenilworth, NJ). Phosphate
buffered saline (PBS) was from Axil Scientific (Singapore,
Singapore) and polypropylene plates from Corning Costar
(Utah). Roswell Park Memorial Institute (RPMI) 1640 media,
Leibovitz’s L-15 media, and penicillin-streptomycin were from
Gibco (New York) and HyClone Fetal Bovine Serum was from
Fisher Scientific. MDA-MB-453, MCF-7 and BT474 cells were
purchased from the American Type Culture Collection ATCC
(Manassas, VA), and BT549 cells were from the National
Cancer Institute NCl-60 panel (Bethesda, MD).

Cell Culture and Harvest. BT549 cells were cultured in
RPMI 1640 media supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin and collected at passage
number 13. MCF7 cells were cultured in RPMI 1640 media
supplemented with 10% FBS and collected at passage number
16. BT474 cells were grown in 1:1 DMEM/Ham’s F12
supplemented with 2 mM L-glutamine and 10% FBS and
collected at passage number 18. The cells were grown to 80%
confluency at 37 °C in 5% CO2. The MDA-MB-453 cell line
was cultured in Leibovitz’s L-15 media supplemented with 10%
FBS and collected at passage number 7. The cells were grown
to 80% confluency before passaging at 37 °C in an atmospheric
gas composition. Cells were washed twice with PBS before
scraping for collection. Cells were pooled from multiple culture
flasks to make a total of 3 × 108 cells per triplicate and pelleted
by centrifugation at 2500g for 20 min. Pellets were stored at
−80 °C.

Extraction of GSLs. GSL extraction was performed based
on Anugraham et al.7 and further purified according to
Vidugiriene and Menon18 (see the Experimental Section in the
Supporting Information).

Glycan Release. For polyvinylidene difluoride (PVDF)
membrane-based glycan release, 6 × 10 μg of GM2 was
solubilized in 50 μL of chloroform/methanol (2:1) and
spotted onto individual membrane spots in a 96-well
polypropylene plate according to Anugraham et al.7 Samples
were left to bind overnight before blocking with 1% PVP in
50% methanol/water. For in-solution glycan release, dried GSL
samples were solubilized in 50 μL of 50 mM sodium acetate
(pH 5.0). Both PVDF-bound and in-solution samples were
treated with 4 μL (8 mU) of rEGCase II and incubated at 37
°C for 18 h for one-night digestion. For two nights digestion,
samples were incubated initially for 24 h followed by the
addition of a further 2 μL (4 mU) of rECGase II and
incubation for another 19 h. The released glycan solution was
transferred to fresh Eppendorf tubes containing 1 mL of
chloroform/methanol/water (8:4:3).7 Sample vials were
washed with 50 μL of DI water which was pooled in the
Eppendorf tube. Tubes were vortexed and centrifuged. The
upper glycan-containing methanol/water layer was extracted
and dried in a vacuum centrifuge.

Fluorescent Labeling with 2-Aminobenzamide. Gly-
cans were solubilized in 25 μL of water and transferred to a
glass vial for labeling with 2-aminobenzamide (2-AB) via
reductive amination. A mixture of 20 μL 0.35 M 2-AB and 1 M
sodium cyanoborohydride in 7:3 (v/v) DMSO/acetic acid was
added to each sample and incubated at 37 °C for 16 h with
agitation at 800 rpm.
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Fluorescent Labeling with Procainamide. Glycans were
solubilized in 10 μL of water and transferred to a glass vial for
labeling with procainamide via reductive amination. A 100 μL
solution of 0.4 M procainamide hydrochloride and 0.9 M
sodium cyanoborohydride in 7:3 (v/v) DMSO/acetic acid was
prepared, followed by the addition of 30 μL of water to result
in a clear labeling mixture. A volume of 10 μL of procainamide
labeling mix was added to each sample and incubated at 37 °C
for 16 h.
Postlabeling Cleanup. For removal of excess label,

glycan-label mixtures were diluted with water to a total volume
of 300 μL and then applied to individual PD MiniTrap G-10
SEC cartridges. For breast cancer glycan samples, 10% of the
sample was removed for G-10 cleanup. Glycans were eluted in
water and dried in a vacuum centrifuge.
HILIC-UPLC-Fluorescence (FLD) and ESI-IM-MS. La-

beled glycans were analyzed by either HILIC-UPLC-FLD or
HILIC-UPLC-FLD with IM-MS on an ACQUITY UPLC H-
Class (Waters Corporation, Milford, MA) with a fluorescence
detector (λex = 310 nm, λem = 370 nm for procainamide; λex
= 330 nm, λem = 428 nm for 2-AB). Chromatography analyses
were carried out based on Albrecht et al.5 (see the
Experimental Section in the Supporting Information). IM-
MS measurements were made online using a Synapt G2S
quadrupole/IMS/orthogonal acceleration time-of-flight MS
instrument (Waters, Milford, MA) fitted with an electrospray
ionization (ESI) ion source (see the Experimental Section in
the Supporting Information for analysis details).
Data Processing. MassLynx data were imported into the

Waters UNIFI Scientific Information System for GU
calculation using the “Glycan Assay (FLR with MS
Confirmation)” processing method. GU values were calculated
by normalizing the glycan retention times against the
procainamide-labeled dextran ladder using a fifth order
polynomial distribution curve. Mobility data were processed
for CCS calculation using UNIFI’s Accurate Mass Screening
on the IMS data method. FLD peak integration was done
manually for the area-under-curve based quantitation, and all
glycan peak areas within a sample were normalized to 100% for
relative quantitation.
A total of 73 GSL glycan standards were used to build an

experimental reference library containing up to five attributes
for each glycan: theoretical mass and experimentally observed
GU and CCS values for each glycan and its detected ion states
([M + H]+, [M + 2H]2+, and [M + H + Na]2+).
For glycan identification in the breast cancer cell line

samples, data files were processed as described above. GU,
FLD peak area, retention time, observed m/z, and CCS data
were extracted for each peak and glycan identifications made
using an automated in-house searching algorithm (see the
Experimental Section in the Supporting Information for further
details).
Safety Consideration. Chloroform is toxic, nonodorous,

and volatile. It is recommended that experienced personnel
observe and handle the chemical with strict safety measures
and consideration.

■ RESULTS AND DISCUSSION
Methodology Development for GSL Extraction and

Labeling. GSLs were extracted from the breast cancer cell
lines using a modified Folch extraction procedure that has been
previously reported and demonstrated to be a reliable method
for the enrichment of sialylated gangliosides from cell

cultures.7,19 The extraction of GSLs from cell membranes
described by Albrecht et al.5 also included a further purification
step of the crude GSL fraction which involved n-butanol/water
partitioning. This step helps to remove polar impurities and
reduce the amount of contaminant monosaccharides from
crude GSL extracts. With the aim of improving the yield and
sensitivity of GSL glycans from biological samples, the
inclusion of this step was tested with GSLs extracted from
BT474 cells. When omitting this extra purification step, the
glycan profile showed several contaminating peaks that did not
correspond to glycan compositions (Figure S-1A,B). Several of
these peaks were removed after partitioning; however, peaks
containing glycans were also greatly reduced (Figure S-1C,D),
and therefore this purification step was omitted from the
processing of subsequent samples.

Optimization of GSL Glycan Release Conditions. For
glycan release using rEGCase II from Rhodocococcus sp., the
GM2 standard was used to compare release from solubilized
GSLs with GSLs immobilized on a PVDF membrane. PVDF
membrane-based release involves the immobilization of the
hydrophobic ceramide portion of GSLs to the hydrophobic
membrane surface, leaving the hydrophilic glycan portion
exposed for enzymatic release.7 In-solution based digestions
are a common way to perform glycan release from
glycoconjugates and require fewer experimental steps com-
pared to PVDF-based digests. In-solution digestion has also
been shown to produce glycan profiles with double the signal
intensity compared to a PVDF-based digest for glycoprotein
N-glycan release.20 To ensure the release of different GSL
types, enzyme amounts and digestion times must also be taken
into consideration. Digestion times ranging from 16 to 48 h
have previously been reported for GSLs derived from
biological samples.5,7,9 Therefore, in addition to comparing
in-solution vs PVDF-based release, fluorescence peak areas for
released GM2 glycan were also assessed between one and two
nights digest with rEGCase II. The amount of enzyme used
was based on Anugraham et al.1 The largest glycan yield was
observed after two nights in-solution digest, and this was
significantly higher than any of the PVDF-based digests (p <
0.013; Figure S-2). Interestingly, two nights digestion of
PVDF-membrane bound GSLs resulted in the lowest glycan
yield, which is contrary to the findings of Anugraham et al.7

Selection of a High-Sensitivity Label. To ensure
optimal glycan fluorescence and MS signal, procainamide
and 2-AB glycan labels were compared. 2-AB is a widely used
and long-established label for the fluorescent detection of
released glycans but performs relatively poorly in MS detection
due to its poor ionization efficiency.21 Procainamide was found
to have 16.6 times higher fluorescence (p < 10−8; Figure S-3)
and 93 times higher MS signal intensity (p < 10−8; Figure S-3)
compared to 2-AB when tested using a LNFP1 glycan
standard. Similar observations have also been made in the
analysis of N-glycans.21,22

Constructing a Multiattribute GSL Glycan Library. A
total of 73 procainamide-labeled GSL glycan standards derived
from 36 separate compositions and representing all the
commercially available GSL glycans to our knowledge were
analyzed by HILIC-UHPLC-FLD coupled with ESI-IM-MS
for the collection of glycan GU, m/z, and CCS values for all
observed charge states (Table S-1). The CCS (TWCCSN2)
values are written according to the nomenclature adopted in
recent publications, where the superscripted prefix denotes the
measurement type and the subscripted suffix specifies the drift
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gas.23 The structures in our database are representative of
different glycan types, namely, isoglobo, globo-, neolacto-,
lacto-, and ganglioside structures. These data comprise the
most comprehensive GSL glycan library constructed to our
knowledge and is the first to include IM-MS CCS values for
GSL glycan head-groups. This complements efforts to populate
glycoconjugate CCS value databases such as the GlycoMob24

CCS database for free glycans and recent work from Glaskin et
al.25

Analyses were conducted in triplicate and repeated on
separate days to calculate a representative average and standard
error value of each attribute. CCS values can be influenced by

ionization polarity and adduction, making it possible to
observe multiple CCS values for the same glycan present in
various ion states.26 GU values were collected for all 73
structures, while for the various charge states: 68 TWCCSN2
values were collected for [M + H]+ (93.2% of structures), 51
TWCCSN2 values for [M + 2H]2+ (69.8% of structures), and 71
TWCCSN2 values for [M + H + Na]2+ (97.3% of structures).

The workflow used here takes advantage of the formation of
sodium adducts during positive ion mode ESI27 to collect
TWCCSN2 values for an additional ion state without the need to

Figure 1. Multiattribute GSL glycan library for 73 glycan structures. The theoretical procainamide-labeled mass of each glycan is shown graphed
against their average experimentally derived GU and TWCCSN2 values for the [M + H]+, [M + 2H]2+, and [M + H + Na]2+ ion states. Error bars
denote the standard error of the mean. Data corresponds to values presented in Table S-1.

Figure 2. (A) Average assignment accuracies from random sampling (1000 times) of 80% of the 73 GSLs glycans (i.e., bootstrapping). Using GU
and mass attributes compared with various multiattribute combinations showed the highest accuracy is achieved when all attributes are used. The
use of mass and GU alone had significantly lower accuracy compared to all other combinations (p-value < 0.0001). Error bars denote standard
deviations calculated using the bootstrapping procedure. (B) Pearson correlation coefficients for different attribute pairings revealed TWCCSN2 [M
+ 2H]2+ to have the least correlation with other closely related attributes, thereby providing the greatest discriminating power between glycan
isomers (p-values < 0.001).

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b01476
Anal. Chem. 2019, 91, 9078−9085

9081

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01476/suppl_file/ac9b01476_si_002.xlsx
http://dx.doi.org/10.1021/acs.analchem.9b01476


create adducts through doping of samples with sodium or
lithium salts.
For some structural isomers, GU values were found to be

highly similar making it difficult to distinguish isomers using
this attribute alone (red shaded panels; Figure 1). When the
TWCCSN2 identifiers for these structures were examined,
however, greater differences in TWCCSN2 values were observed,
allowing the isomers to be distinguished. This authenticated
the use of CCS attributes as valuable glycan identifiers. The
reverse was also observed where GU values provided greater
discriminating power for isomers compared to their TWCCSN2
values (blue shaded panels; Figure 1). Interestingly, the
isomers for which this was the case were found in the upper
mass range of the library.
Testing Automated Glycan Matching: Mass and GU.

To assess multiattribute glycan matching and the accuracy of
the glycan reference library in performing glycan identification,
the 73 glycan standards were analyzed by HILIC-UPLC-FLD
with ESI-IM-MS on eight separate occasions and the data from
these analyses were established as the reference library. The
standards were analyzed by LC-MS a further six times, and
these six analyses were treated as unknown glycan “test cases”.
Experimental attributes of the test glycans were searched
against the library in various combinations, and the degree of
accuracy assignment was calculated by bootstrapping the 73
test case standards, i.e., selecting 80% of the 73 at random to
search against the library 1000 times (Figure 2A). When only
observed mass (deconvoluted) and GU attributes were used to
search the library, only 62% of glycan assignments were correct
and this was the lowest accuracy observed. Although these two
attributes are used in routine automated assignments of labeled
N-glycans, when plotted against one another, a high degree of
overlap in GU values was seen among isomeric glycans (Figure

3A). GSL glycans express a high degree of heterogeneity due to
isomerism that is even higher than that observed in N-glycans
of similar masses. The subtle variations in monosaccharide
linkages particularly observed in GSL glycan isomers results in
highly similar and overlapping GU values, thereby increasing
the possibility of false positive matches in the library.

Testing Automated Glycan Matching: Mass, GU, and
CCS. When mass and GU was used in combination with a
single CCS value, the matching accuracy increased from 62%
to 74% when using TWCCSN2 [M + 2H]2+, to 74% with
TWCCSN2 [M + H]+, and 86% with TWCCSN2 [M + H + Na]2+

(Figure 2A). This indicates that CCS values are a valuable
glycan identifier when used in library matching. Of the three
ion states, TWCCSN2 [M + H + Na]2+ resulted in the highest
glycan matching accuracy. When all five glycan attributes were
used together for matching, this resulted in the highest
accuracy of assignment (87%) and was significantly higher than
using the traditional approach of mass and GU alone. When all
attributes were visualized using principle component analysis
(PCA; Figure 3B), there was improved separation between
isomeric glycans compared to graphing the mass against GU
(Figure 3A). This demonstrates the ability of multiple
attributes to produce glycan identifiers that are single unique
points in a 2-dimensional space. An example of this is
highlighted in Figure 3 where an isomer family of four glycans
with a composition of Hexose3GlcNAc1Fucose1-Proc and high
GU overlap showed complete separation when plotted in the
multiattribute PCA-generated 2-dimensional space.
To determine which attribute is responsible for the better

separation and discrimination of isomeric glycans, a Pearson
correlation analysis was carried out. The results of this analysis
(Figure 2B) confirmed that CCS values are an appropriate
orthogonal attribute to use as they are not perfectly correlated

Figure 3.When glycan attributes are mapped onto a 2D space, (A) the separation of glycan isomers using only attributes gained from conventional
HILIC-MS approaches (mass and GU) is poor, with several structures overlapping and causing potential false positive hits during library matching.
(B) When all five attributes from our HILIC-IM-MS workflow are mapped onto a 2D space using PCA, the separation of isomers is improved. An
example of this is shown in the boxed gray spots containing isomers of the composition Hexose3GlcNAc1Fucose1-Proc. Only glycan library entries
(48 glycans) that had measurements for all five attributes were used in this comparison. Each spot represents a glycan, and isomeric structures share
the same spot color. Neutral procainamide-labeled glycan masses are listed in the key.
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with either mass or GU and can therefore provide new
information. The TWCCSN2 [M + 2H]2+ attribute showed the
least correlation with all other attributes with correlation
coefficients between 0.44 and 0.54, causing it to have the
greatest isomer discrimination ability. As TWCCSN2 values for
doubly protonated species were the least detected of the three
ion states (only 69.8% of library structures compared to 94.5%
and 98.6% detected as [M + H]+ and [M + H + Na]2+,
respectively), this is most likely the reason why this TWCCSN2
attribute appeared to be the weakest in our library matching
(74%, Figure 2A). With a greater coverage of all the charge
states, particularly doubly protonated states, a glycan matching
accuracy even greater than 87% might be attained. This may be
partly achieved through the continuous addition of attribute
measurements to the library and the incorporation of ESI
solvent conditions that increase the efficiency of analyte
protonation over sodium adduct formation.28

The assignment accuracies described thus far involved the
use of a defined library and deidentified test cases. To
determine the probability of correct assignment for an
unknown glycan, the assignment accuracies for the glycans
identified in Figure 2A were used for nonlinear regression of
accuracy vs distance for all attribute combinations. The
resulting regression curves (Figure S-4) allow the distance
for an unknown glycan to be used to calculate the probability
that its assignment using multiattribute matching is correct.
Testing Automated Glycan Matching: Distinguishing

Glycan Linkages. Isomeric structures can be difficult to
distinguish due to their high similarity (same composition but
different monosaccharide order or linkage). As the GSL glycan
biosynthetic pathway is able to produce a high degree of
isomerism (for example, a galactose residue may be linked to
the preceding monosaccharide in one of four ways: α-1,3, α-
1,4, β-1,3, or β-1,4), the ability to accurately identify isomeric
structures was tested. The library and test set of 73 GSL glycan
standards was reduced to 34 (containing only isomeric
structures) for this purpose. The highest assignment accuracy

of 84.83% was obtained when using mass, GU, and TWCCSN2
[M + H + Na]2+ attributes compared to only 39.47% when
using only mass and GU (Figure S-5A). Visualization of the
correct and incorrect assignments made using these three
attributes showed that assignment inaccuracies were not
skewed to a particular linkage type (Figure S-5B). These
results further confirm the necessity of adopting a multi-
attribute approach in comparison to conventional mass and
GU matching.

Application of Technology to TNBC Cell Lines. TNBC
breast cancers make up 10−20% of all breast cancers and are
difficult to diagnose due to a lack of well-defined markers.29

Previous glycosylation gene expression analysis has shown
three genes mainly involved in O-glycan and GSL glycan
metabolism to be diagnostic of the TNBC state as compared to
luminal and HER2 breast cancers.30 Within the TNBC
classification itself there have been up to six different subtypes
reported that have previously been successfully stratified by a
total gene expression cluster analysis.29 The BT549 cell line
has been classified as a mesenchymal and basal B subtype and
is considered a noninvasive TNBC while MDA-MB-453 in
comparison is an invasive, luminal androgen receptor and
luminal subtype despite displaying an epithelial morphology
similar to BT549. Limited glycomic profiling has been carried
out in human breast cancer models, and as GSL glycosylation
changes have been described in ovarian and colon cancers,7−9

we sought to characterize GSL glycan differences in the two
different TNBC subtypes with MCF7 as a non-TNBC control.
Our optimized sample preparation workflow for GSL
extraction, glycan release, and detection with automated
structural assignment by HILIC-UHPLC-FLD coupled with
ESI-IM-MS was applied here.
A total of 58 different GSL glycan head-groups were

identified: 47 structures in BT549 cells, 30 in MDA-MB-453,
and 28 in MCF7 (Figure 4). In total, 25 of the structures were
identified by matching against the glycan reference library and
returned average glycan identification distances between

Figure 4. (A) Qualitative comparison of the GSL glycans detected in BT549, MDA-MB-453, and MCF7 cells using a proportional Venn diagram.
(B) Clustering analysis of the glycomes based on glycan presence/absence in a cell showed distinct GSL glycosylation signatures. The cell line GSL
glycan profiling was carried out in triplicate for each cell line.
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0.0165 and 0.4460, while the remaining 33 structures were
identified by composition only. The structural types detected
included ganglio-, globo-, lacto- and neolacto-series, and
identification details are shown in Table S-2. For glycans
identified using the reference library, the probability of correct
assignment (given a distance) was calculated using the
regression curves from the nonlinear regression analysis in
Figure S-4. Probabilities were calculated for each glycan when
using mass and GU for identification compared with
multiattribute based identification. The probabilities for
multiattribute matching (0.6−1) were higher compared to
mass and GU based matching (<0.5) for all glycans,
demonstrating that higher confidence in glycan assignment is
achieved when using multiple attributes.
The 58 glycans identified were derived from 48 LC−FLR

peaks due to coelution. Comparison of these peaks using
clustering analysis of the relative percentage peak areas (based
on FLR; Table S-3) showed GSL glycan signatures for each
cell line (Figure S-6). However, as peak components were not
uniform across cell types, (e.g., peak 23 contained two glycans
in BT459, three glycans in MDA-MB-453, and two glycans in
MCF7, Table S-2), peaks were not directly comparable and a
qualitative comparison was focused on, allowing all glycans to
be compared. A Venn diagram of the glycans found in each cell
type is shown in Figure 4A and revealed the majority of
fucosylated structures (seven out of nine) were detected in
MDA-MB-453. N-Acetylneuraminic (NeuAc) and N-glyco-
lylneuraminic (NeuGc) acid sialylation were observed in all
cell types; however, BT459 cells displayed the highest number
of sialylated structures and was the only cell type with
structures carrying both NeuAc and NeuGc (LacNeuAc1-
NeuGc1 isomers at GUs 4.3 and 4.6). Cluster analysis of the
glycomes (based on glycan presence/absence) again showed
distinct glycosylation signatures particularly for MCF7 and
MDA-MB-453 (Figure 4B). In both the clustering analyses
(Figure S-6 and Figure 4B), MDA-MB-453 clustered with
MCF7 (despite having countering triple negative statuses)
away from BT459. Previously reported glycomic analysis has
shown the N-glycomes of MDA-MB-453 and BT549 cytosolic
glycoproteins cluster together away from a normal epithelial
cell line but did not show any distinction between the two
cancerous cell lines.31 The authors reported minimal
stratification in the N-glycomes of membrane glycoproteins,
while some differences were observed in the O-glycome. In
comparison, GSL glycan profiling may offer a more effective
way to differentiate these cell lines and classify the TNBC
subtypes. Using our multiattribute based GSL glycan profiling
workflow to aid structure identification, the preliminary results
indicate that GSL glycan signatures allow stratification of
TNBC subtypes and may provide an important future
diagnostic tool in clinical settings. To confirm this finding,
further investigation using a larger panel of TNBC cell lines is
required.

■ CONCLUSIONS
We have established a comprehensive workflow for the analysis
of GSL glycans, including construction of the first
experimental, multiattribute GSL glycan reference library.
Compared to currently established approaches in automated
glycan assignment that use only GU and mass, we have shown
a significantly improved assignment method using multi-
attribute data. Importantly, this approach decreases ambiguity
in the assignment of highly similar glycans, such as isomeric

structures, and represents an important advancement in glyco-
analytics. The workflow was successfully applied to help cell
line profiling of different breast cancer subtypes, which
revealed cell line-specific glycan signatures. Together with
further expansion of the library, this technology will enable
reliable screening or diagnosis of GSL-related diseases and
identification of potential antibody targets. Most significantly,
multiattribute monitoring presents a new, reliable approach for
the automated analysis of complex glycans.
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