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ABSTRACT: Bone marrow-derived human mesenchymal stem
cells (BM-hMSCs) have the innate ability to migrate or home
toward and engraft in tumors such as glioblastoma (GBM).
Because of this unique property of BM-hMSCs, we have explored
their use for cell-mediated therapeutic delivery for the advance-
ment of GBM treatment. Extravasation, the process by which
blood-borne cellssuch as BM-hMSCsenter the tissue, is a
highly complex process but is heavily dependent upon
glycosylation for glycan−glycan and glycan−protein adhesion
between the cell and endothelium. However, in a translationally
significant preclinical glioma stem cell xenograft (GSCX) model
of GBM, BM-hMSCs demonstrate unequal tropism toward these
tumors. We hypothesized that there may be differences in the
glycan compositions between the GSCXs that elicit homing (“attractors”) and those that do not (“non-attractors”) that facilitate
or impede the engraftment of BM-hMSCs in the tumor. In this study, glycotranscriptomic analysis revealed significant
heterogeneity within the attractor phenotype and the enrichment of high mannose type N-glycan biosynthesis in the non-
attractor phenotype. Orthogonal validation with topical PNGase F deglycosylation on the tumor regions of xenograft tissue,
followed by nLC−ESI−MS, confirmed the presence of increased high mannose type N-glycans in the non-attractors. Additional
evidence provided by our glycomic study revealed the prevalence of terminal sialic acid-containing N-glycans in non-attractors
and terminal galactose and N-acetyl-glucosamine N-glycans in attractors. Our results provide the first evidence for differential
glycomic profiles in attractor and non-attractor GSCXs and extend the scope of molecular determinates in BM-hMSC homing to
glioma.
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■ INTRODUCTION

Glycosylation is the most common protein post-translational
modification (PTM). It is estimated that 50% of all proteins
within the human proteome are glycosylated, though only 10%
of proteins have evidence supporting the presence of this
PTM.1,2 The glycan moieties on membrane and secreted
proteins are important modulators of protein folding, stability,
and trafficking.2,3 Glycosylation also mediates biological
functions such as cell−cell or cell−matrix adhesion,2,4−6

host−pathogen interactions,2,6,7 and receptor−ligand interac-
tions.6,8 One important cell−cell adhesion process critically

reliant on and predominantly mediated by glycan moieties is
extravasation.
Extravasation is the process whereby cells within blood

vessels home or migrate to sites of inflammation or damaged
tissue.5,9 In the first step, rolling adhesion, carbohydrate−
carbohydrate interactions are critical.9,10 Carbohydrate binding
proteins (e.g., P- and E-selectin) on the endothelial surface
recognize and bind carbohydrates (e.g., Sialyl LewisX) on
glycolipids or glycoproteins on the opposing cell surface. The
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next step, tight binding, predominantly relies on complemen-
tary pairs of adhesion molecules on the opposing cell surfaces
to strengthen the initial interaction established by rolling
adhesion. Many adhesion proteins, such as integrins and
ICAMs, are themselves heavily glycosylated.9,10 The impor-
tance of glycosylation in extravasation is highlighted by the
consequences of genetic deletion of enzymes related to O- and
N-linked glycan processing.10 For instance, mice lacking
polypeptide N-acetylgalactosamine transferase-1 (Galnt1−/−),
which initiates O-linked glycosylation, demonstrate significantly
reduced extravasation at every critical step.11 Genetic ablation
of sialyltransferase ST3Gal-IV in mice reduced CXCR2-
mediated firm adhesion.12

Recent observations of intra-arterially delivered bone
marrow-derived human mesenchymal stem cells (BM-
hMSCs), for cell-based therapeutic delivery of antiglioma
agents,13−19 suggest that these cells extravasate from the blood
vessel endothelium via diapedesis after intravascular injection to
engraft into the tumor mass.15 GFP-labeled BM-hMSCs
injected into the internal carotid artery of tumor-bearing mice
were found in linear arrangements co-localized with endothelial
marker CD31 up to two days post-treatment.15 By the third
day, BM-hMSCs were seen dispersed throughout the tumor
parenchyma, supporting the hypothesis of extravasation-
mediated localization.15 However, the fact that some GSCXs
attract BM-hMSCs (“attractors”) and others do not (“non-
attractors”) suggests that there are differences in the tumor-
expressed glycans,14 which may make attractors conducive to
BM-hMSC engraftment.
We have previously found alterations in the lipid

compositions20 and proteins comprising cell-signaling path-
ways21 of the attractor and non-attractor GSCXs, which have
shed light on the different phenotypes. We have analyzed the
glycomic profiles of U373MG xenografts22 and glioma stem
cells,23 but the differential glycan profiles of attractor and non-
attractor GSCXs remains unexamined. Thus, we set out to
evaluate the glycan profiles of these tumors to expand our
understanding of the variable BM-hMSC tropism. We first used
glycogene-targeted transcriptomics to generate an informed
data-driven glycomics approach. Data derived from targeted
glyco-microarrays prompted an N-linked glycan-specific
approach using on-tissue digestion of N-glycans from the
tumor areas of attractor and non-attractor xenografts followed
by nLC−ESI−MS analysis.24

■ MATERIALS AND METHODS

Chemicals and Reagents

Borane−ammonia complex, sodium hydroxide beads, dimethyl
sulfoxide (DMSO), iodomethane, trifluoroacetic acid, chloro-
form, ammonium bicarbonate, and MS-grade formic acid were
obtained from Sigma-Aldrich (St. Louis, MO). Microspin
columns were supplied by Harvard Apparatus (Holliston, MA).
PNGase F (500,000 units/mL) was purchased from New
England Biolabs Inc. (Ipswich, MA). Acetic acid and
acetonitrile were purchased from Fisher Scientific (Pittsburgh,
PA), and HPLC-grade water was acquired from Mallinckrodt
Chemicals (Phillipsburg, NJ).
Animals

Male athymic nude mice (nu/nu) were purchased from the
Department of Experimental Radiation Oncology, The
University of Texas M.D. Anderson Cancer Center
(MDACC, Houston, TX) as previously described.20,21 All

animal procedures were undertaken within the guidelines
prescribed by the MDACC Animal Care and Use Committee,
the USDA Animal Welfare Act, and the Guide for the Care and
Use of Laboratory Animals (NIH).
Glioma Xenograft Model

GSCs (GSC17, GSC11, GSC229, GSC231, GSC268, and
GSC274) were established as previously described.25,26 GSCs
(1 × 106) were implanted in mice via the guide-screw
method.27 Nine attractors (GSCX17, GSCX268, and
GSCX274) from three different cell lines each with three
biological replicates, and nine non-attractors (GSCX11,
GSCX229, and GSCX231) from three different cell lines each
with three biological replicates were used for this study. A total
of 18 GSCXs, nine biological replicates per phenotype, were
used in this study. Attractor and non-attractor phenotypes were
determined previously.14

Tissue Dissection, Sectioning, and Sampling

Animals were anesthetized by intraperitoneal injection of
ketamine/xylazine and sacrificed as previously described.20

Brains were removed immediately, flash frozen in liquid
nitrogen vapor,28 and sliced to 1.5-mm thick using a brain
matrix. Tissue punches (1.5 mm diameter; Braintree Scientific,
Braintree, MA) were taken from the tumor site within each
slice and flash frozen in liquid nitrogen as previously
described.21 Next, brain tissue was sectioned at 20 μm along
the coronal plane and thaw mounted on glass slides for on-
tissue deglycosylation.24 Slides were stored at −80 °C until
further analysis.
Targeted Transcriptomic Analysis

Transcriptomic experiments were conducted on a custom
targeted microarray chip containing functional human gene sets
related to glioma biology compiled from the NCBI human
sequence database as previously described.21,29−31 Briefly, total
RNA was extracted from all individual biological replicates of
GSCXs (N = 9 attractors; N = 9 non-attractors), purified,
amplified, and then labeled with Cy5. A universal human
reference (Stratagene, La Jolla, CA) was labeled with Cy3.32

Data from chips scanned with a confocal laser (ScanArray
4000XL; Packard Biochip Technologies, Billerica, MA) were
processed with BlueFuse (Illumina Fulbourn, Cambridge,
UK)21,29−31 and analyzed by significance of analysis of
microarrays algorithm (SAM, v4.0, Stanford University, Palo
Alto, CA).33 The significance cutoff was set to an FDR of
<10%.21,29−31 As previously described,21 positive fold change
values are indicative of an increase in transcript expression in
attractors relative to non-attractors, and negative fold change
values are indicative of a decrease in transcript expression in
attractors relative to non-attractors (Supplemental Table 1,
Supporting Information). This data set21 was re-analyzed by
Gene Set Enrichment Analysis (GSEA) to determine
significantly enriched glycomic pathways from a custom-made
glycomic pathway database.34−36 Significantly enriched data
sets are defined at p < 0.05 and a false discovery rate (FDR) of
q < 0.30. DanteR (version 0.1.1) was used to generate a 3D
PCA of all glycogenes from GSCXs.
On-tissue Digestion

Coronal sections (20 μm) of all GSCXs were brought to room
temperature and spotted with 1 μL of PNGase F (50 Units) on
the tumor regions of attractor and non-attractor xenografts.
The enzymatic deglycosylation reaction was carried out
overnight in a water bath at 37 °C. Released N-glycans were
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collected and reduced with borane−ammonia, followed by
solid-phase permethylation (SPP) as previously described.24

NanoLiquid Chromatography−Mass Spectrometry

Samples resuspended in 20% acetonitrile/0.1% FA were
subjected to nanoLC−MS analysis as previously de-
scribed24,37−40 in a Dionex Ultimate 3000 UHPLC system
(Thermo Scientific, Sunnyvale, CA, USA) coupled to an LTQ
Orbitrap Velos (Thermo Scientific, San Jose, CA, USA) mass
spectrometer. The flow rate of the nanoLC system was set to
350 nL/min. Mobile phase A consisted of 98% water, 2%
acetonitrile, and 0.1% formic acid, whereas mobile phase B
consisted of 100% acetonitrile and 0.1% formic acid.
Permethylated glycans were separated on a C18 column
(Thermo Scientific, Pittsburgh, PA, USA) using these
conditions: 20% mobile phase B for 10 min, 20−38% B in 1
min, 38−60% B over 35 min, and finally, 90% B was applied
and held for 5 min. The column oven temperature was set to 55
°C. The nanoLC system was coupled to the mass spectrometer
using a nanoelectrospray ionization source. The resolution of
full MS was set to 15,000, which is adequate to resolve close
glycan m/z values. MS/MS was conducted in data-dependent
acquisition (DDA) mode; the four most intense peaks were
subjected to MS/MS analysis using both collision-induced
dissociation (CID) and higher-energy collisional dissociation
(HCD).

■ DATA PROCESSING AND ANALYSIS
MultiGlycan41,42 was employed to process the raw data files
generated by the mass spectrometer. First monoisotopic peaks
within 6 ppm difference from theoretical m/z values and with
correct charge states were extracted. The theoretical m/z values
were generated from a comprehensive N-glycan candidate list
consisting of 128 glycans with different charge states and
adduct forms (e.g., protonated, sodiated, and ammoniated).
The peak areas of extracted ion chromatograms were used to
represent the abundance of each glycan structure detected in
the different samples. The same glycan structures across
consecutive MS scans were merged,42 and each injection was
normalized according to the digestion area on tissue slides.
Data were filtered based on percent missing values (%NA) with
>50% NA removed. Grubb’s test was used to identify and
remove outliers in the data set. Data presented as mean ± SEM
with p ≤ 0.05 considered significant.

■ RESULTS
The glycomics of GSCXs exhibiting differential homing for
attractors and non-attractor BM-hMSCs have not been
systematically studied. Because glycans are essential to the
extravasation process,2,10 it is critical to gain a better
understanding of the differential glycan profiles of the attractor
and non-attractor phenotypes. We employed the workflow
outlined in Figure 1 to investigate glycotranscripts and N-
glycans differentially expressed in GSCXs exhibiting attractor
and non-attractor phenotypes.

■ TARGETED TRANSCRIPTOMICS REVEALS
ENRICHMENT OF HIGH MANNOSE TYPE
N-GLYCANS IN NON-ATTRACTOR PHENOTYPE

Our previously published data from these same GSCXs using a
targeted microarray platform containing 2,577 total transcripts
related to glioma biology was re-analyzed, focusing on all the
cloned human glycogenes contained on the chip21 (Supple-

mental Table 1, Supporting Information). PCA analysis of all
glycotranscripts from attractors and non-attractors (Figure 2A)
demonstrated clear separation between the two phenotypes
(PC1). The clustering of biological replicates (individual
animals with the same cells line) for attractors (PC3, 8.13%)
and non-attractors (PC2, 9%) was similar. However, from the
overall clustering of both individual cells lines (e.g., GSC17)
and biological replicates within a given phenotype, the
attractors demonstrated greater glycotranscript heterogeneity
compared to non-attractors. GSEA analysis of the transcripts
using a custom-made glycogene database revealed high
mannose type N-glycan biosynthesis (nominal p-value =
0.0383; FDR q-value = 0.2962) to be significantly enriched in
the non-attractor phenotype (Figure 2B). However, no glycan
synthesis or degradation pathway met our threshold require-
ments in GSEA for attractors (data not shown).

■ QUANTITATIVE GLYCOMICS OF ATTRACTOR
RELATIVE TO NON-ATTRACTOR GSCXS

To corroborate the glycotranscriptomic findings and obtain
tumor specific N-glycan information, we performed nLC−ESI−
MS glycomic experiments from on-site PNGase F deglycosy-

Figure 1. Workflow outlining tissue sample preparation for combined
transcriptomics and glycomics. Tissue punches (left) from GSC
xenografts (1.5 mm thick × 1.5 mm diameter) were taken for targeted
transcriptomics (as described in Materials and Methods). Serial
coronal sections from GSC xenografts at 20 μm (right) were made
after the tissue punches were taken and thaw mounted on glass
microscope slides. PNGase F (1 μL) was spotted on the tumors of
each GSCX for N-glycan release overnight. Released N-glycans were
collected, reduced, permethylated, and analyzed by nLC−ESI−MS.
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lation of 20 μm coronal sections from the GSC xenografts. Of
the detectible species passing our filters (Materials and
Methods), we identified 18 glycan compositions, 9 of which
were significantly differentially expressed between the two
phenotypes (Figure 3). Consistent with our previous work,21

there were more significant complex N-glycan compositions in
the attractors compared to non-attractors. The high mannose
glycans were significantly less abundant in the attractor
phenotype in accordance with the GSEA biosynthesis pathway
enrichment from the transcriptomic data (Figure 2). Further,
the transcript MAN1C1, coding for the protein mannosyl-
oligosaccharide 1,2-α-mannosidase IC was decreased in
attractors relative to non-attractors (Supplemental Table 1,
Supporting Information). The MAN1C1 enzyme produces
Man8GlcNAc2, then Man6GlcNAc2, from Man9GlcNAc2, the
nascent N-linked glycan emerging from the Golgi. Notably,
Man6GlcNAc2 was one of the significant high mannose N-
glycans found to be decreased in attractors compared to non-
attractors.
Terminal mono- and disialylation of N-glycans

(GlcNAc4Man3Gal2Sia1, GlcNAc4Man4Gal2Sia2, and
GlcNAc4Man4Gal2Fuc1Sia1) in the attractors was significantly
decreased compared to the non-attractors; the presence of sialic
acid on galactose could be either α2−3 or α2−6 linked.5 This
trend was consistent for those N-glycan compositions
(GlcNAc4Man3Gal2Sia1, GlcNAc4Man4Gal2Sia2, and
GlcNAc4Man4Gal2Fuc1Sia1) that did not reach significance
(Figure 3). The average peak areas of sialic acid-containing N-
glycan species (Supplemental Figure 1, Supporting Informa-
tion) support the overall trend of decreased sialic acid species
in attractors compared to non-attractors (p = 0.0001). We note

that the exception to this is N-glycan composition
GlcNAc6Man3Gal4Fuc2Sia3 (tetrantennary), which was in-
creased in attractors and possesses three terminal sialic acids.
Interestingly, GlcNAc6Man3Gal4Fuc2Sia3 has a fucose on the
antennae in addition to the core fucose, which must be α1−6
linked, as PNGase F cannot cleave N-glycans containing core
α1−3 fucose. The fucose present on the N-glycan antenna is
linked to the N-acetylglucosamine, which typically occurs as a
α1−3 or α1−4 linkage. The transcript FUT5 that codes for the
enzyme α-(1,3)-fucosyltransferase 5 was increased in attractors
relative to non-attractors (Supplemental Table 1, Supporting
Information). This enzyme is responsible for the placement of
an α1−4-linked fucose to N-acetyl-glucosamine (GlcNAc) and
thus offers support for the N-glycan composition seen in
GlcNAc6Man3Gal4Fuc2Sia3.
In contrast, the N-glycan compositions increased in attractors

compared to non-attractors are of the complex type, possessing
either a terminal galactose or GlcNAc. Composition
GlcNAc4Man3Gal2Fuc1 (p = 0.02) terminating in galactose
was inc r e a s ed in a t t r a c to r s and compos i t i on s
GlcNAc4Man3Gal1Fuc1 and GlcNAc7Man3Gal5, while not
significant, follow the same trend. Complex N-glycans
GlcNAc4Man3Fuc1 (p = 0.0005) and GlcNAc5Man3Fuc1 (p =
0.02) are the two most abundant N-glycans in attractors and
terminate with two or more GlcNAcs (GlcNAc4Man3Fuc1 fold
change = 4.4; GlcNAc5Man3Fuc1 fold change = 3.7) in an N-
acetyllactosamine (LacNAc) formation.5 Composition
GlcNAc3Man3Fuc1 is an exception to this, however, ending
with one GlcNAc monosaccharide at the reducing end, unlike
compositions GlcNAc4Man3Fuc1 and GlcNAc5Man3Fuc1.

Figure 2. Targeted transcriptomic analysis. (A) Principal component analysis of all human glycogenes from targeted microarray. Attractors are in
blue, and non-attractors are shown in red. GSC followed by a number designates the glioma stem cell line used for the xenograft, and the number
following the hyphen indicates the biological replicate. (B) GSEA enrichment plots for statistically significant genes. The high mannose N-glycan
type glycogene set enriched in the non-attractor phenotype is depicted. Black bars illustrate the position of the probe sets in the context of all of the
glycoprobes on the array. The running enrichment score plotted as a function of the position of the ranked list of array probes is shown in green. The
rank list metric shown in gray illustrates the correlation between the signal-to-noise values of all individually ranked genes according to the class
labels (attractor vs non-attractor). The genes overrepresented on the leftmost side of the enrichment plots are those that correlate to differential
expression in the non-attractor phenotype. Significantly enriched data sets are defined at p < 0.05 and false discovery rate (FDR) < 0.30.
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■ DISCUSSION

BM-hMSCs demonstrate significant promise as cell-based
delivery vehicles for antiglioma therapeutics.13,15−17,19,43,44

However, evidence suggests that in GSCXs, the “gold standard”
of glioma models, these cells do not home or extravasate
equally.14 Given the importance of glycosylation in the
extravasation process,5,9,10 we examined the glycomic profile
of attractors and non-attractors. The transcriptomic platform
contains all human glycogenes, enabling analysis of all
glycosylation pathways including, but not limited to, N- and
O-linked glycosylation, gangliosides, and glycosaminoglycans.
By utilizing this targeted transcriptomic approach, we were able
to focus further glycomic studies on protein N-linked
glycosylation in a data-driven approach for tumor-specific
glycomic profiles. The value of this workflow is that the high-
throughput targeted transcriptomic platform yields informative
data about genes related to all types of glycosylation, which
then serves to inform orthogonal glycomics experiments
(Abstract Graphic and Figure 1).
The transcriptomic data revealed no significantly enriched

glyco-synthetic or degradative pathways in attractors by use of
GSEA analysis. This may be attributed to glycan heterogeneity
in the attractor phenotype, which can clearly be seen in the
PCA analysis (Figure 2A). However, high mannose biosyn-
thesis was a significantly enriched N-linked glycosylation
pathway in the non-attractor phenotype (Figure 2B),
prompting us to examine the N-glycan profile of the GSCXs
using the previously developed, highly efficient method for N-

glycan profiling of tissue sections.24 The utility of this approach
is that information relevant to histopathology is obtained from
small samples derived from xenografts.24

Orthogonal glycomic experiments confirmed elevated levels
of high mannose N-glycans in the non-attractors (Figure 3), as
predicted by GSEA analysis from the glycotranscriptomic data.
High mannose N-glycans could be an indicator of an
embryonic, undifferentiated phenotype.45 Increased expression
of high mannose type N-glycans has also been observed in
colorectal cancer cell lines of varying malignancies46−48 and in
breast cancer cell lines and tissue.49−51 The biological
significance of this glycomic alteration in cancer is not clear,
yet the presence of high (truncated) mannose indicates some
level of incomplete N-linked glycosylation prossessing.52 To
what extent and whether or not the truncated high mannose is
protein specific is unknown, as levels of terminal sialic acid
(complex and hybrid) N-glycans, which represent uncompro-
mised N-glycan processing, were increased in the non-attractors
(Figure 3).
Sialic acids carry a strong negative charge and have dual

biological functions.5 They can act either as ligands for sialic
acid binding proteins or they may serve to “mask” sites like
galactose from galactose-binding receptors.5,53 It has been
observed that the increase in sialic acid content of tumor cells
results in decreased attachment of the cell to the basement
membrane via electrostatic repulsion, promoting metastasis.5,53

Although GBM is confined within the cranium and does not
metastasize, it is possible that via the same phenomenon, the

Figure 3. N-glycan Compositions in Attractors and Non-Attractors. Bar graphs of the permethylated N-glycan peak from attractor (blue) and non-
attractor (red) GSCXs through on-tissue (tumor) digestion. The y-axis represents peak area, and the x-axis represents glycan composition (GlcNAc,
Man, Gal, Fuc, NeuNAc). Symbols: GlcNAc, blue squares; Man, green circles; Gal, yellow circles; NeuNAc, magenta diamonds; and Fuc, red
triangles. Values are mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t-test).
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non-attractors repel BM-hMSCs, preventing extravasation and
dispersion into the tumor parenchyma. Concomitantly, the
sialic acid residues may be “masking” cell surface ligands that
BM-hMSCs utilize for extravasation and dissemination
throughout the tumor paraenchyma. For instance, sialic acid
is known to inhibit galectin binding, which binds to either
galactose or GlcNAc depending on the galectin isoform.54,55

The structures increased in the attractors terminated in either
GlcNAc or galactose, in contrast to their sialylated counter-
parts, which were increased in the non-attractors (Figure 3 and
Supplemental Figure 1, Supporting Information). At present,
only galectin-1 has been identified on the cell surface of BM-
hMSCs.56 The functional cell surface expression of other
galectin isoforms on BM-hMSCs remains unresolved.
Interestingly, recent evidence suggests that sialic acids may

scavenge free radicals, providing an antioxidant effect.5,57−62

Sialic acids on glycosphingolipids have been reported to
provide protection against ROS.57,58 Free N-acetylneuraminic
acid (Neu5Ac, sialic acid) in solution was able to reduce the
concentration of organic peroxides, lipid hydroperoxides, and
the arachidonic acid derivative HpETE as well as attenuate
cytotoxicity in culture with these agents.59,62 Pharmacologically,
the hypersialylated analogue of human erythropoietin (r-
HuEPO) was able to attenuate TNF-α-induced ROS and
activation of JNK and MSK1, kinases upstream of NFkB.60

However, upon desialylation, r-HuEPO lost its ability to inhibit
JNK and MSK1 and reduce TNF-α-induced ROS.60

We have previously demonstrated that the pentose
phosphate pathway (PPP) was downregulated in attractors
relative to non-attractors.21 Supporting this was the down-
regulation of glutathione S-transferase and superoxide dis-
mutase in attractors relative to non-attractors and compromised
fatty acid metabolism, which is heavily dependent on NADPH
generated from the PPP.21 These data suggest that reactive
oxidative species (ROS), which incite pro-inflammatory
reactions, in attractors would be more prevalent than in non-
attractors. In fact, ROS species have been documented to
decrease the sialic acid content of mammalian cell surface
oligosaccharides,63,64 which offers a possible explanation for the
overall decreased levels of sialic acid-containing N-glycans in
the attractors (Figure 3). The role of sialic acid-containing N-
glycans as free radical scavengers5,57−61 and its consistent
upregulation in non-attractors in our glycomic study would
presumably lead to lower levels of ROS and ROS-mediated
inflammation in non-attractors. We note that our previous
lipidomic study demonstrated DHA, an inflammatory-resolving
lipid, to be increased in the tumor regions of non-attractors.20

DHA is a fatty acid dependent upon NADPH generated by the
PPP for its biosynthesis.65 The PPP and the proteins directly
and indirectly involved in DHA metabolism were upregulated
in the non-attractor phenotype relative to the attractor
phenotype, supporting decreased inflammation, including
ROS-generated inflammation.21 The increase in terminal sialic
acid N-glycans in the non-attractor phenotype generates a new
layer of complexity, adding new valuable information and
supporting our previous work.20,21

Our study of the N-glycan profile of attractor and non-
attractor GSCXs yielded highly informative N-glycan compo-
sitions from the tumor regions of glioma xenograft tissue.
Because we applied the on-tissue PNGase F deglycosylation
protocol,24 we are confident that the N-glycan compositions we
observed come from the cell surface in contrast to membrane
fractionation, which invariably yields membrane contamination

from the endoplasmic reticulum and Golgi apparatus.45

However, we acknowledge that a limitation to this study is
that the N-glycans and subsequent mass spectrometric
measurements are derived from a thin slice of tissue, limiting
the analytical depth of the tumor microenvironment and any N-
glycan microheterogeneity associated with differential intra-
tumoral microenvironments. Nonetheless, the results of this
study motivate future investigations into the identity of proteins
modified by N-glycans and their sites of attachment and
linkage, along with mechanistic studies on their biological
significance and functional relevance, including N-glycan
expression by BM-hMSCs.
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