g

Laboratory Investigation (2020) 100:1252-1261
https://doi.org/10.1038/541374-020-0435-2

P>

TECHNICAL REPORT

Molecular signatures of tumor progression in myxoid liposarcoma
identified by N-glycan mass spectrometry imaging

Bram Heijs®' - Stephanie Holst-Bernal' - Marieke A. de Graaff - Inge H. Briaire-de Bruijn? -
Mar Rodriguez-Girondo? - Michiel A. J. van de Sande* - Manfred Wuhrer®' - Liam A. McDonnell' -
Judith V. M. G. Bovée (»?

Received: 24 January 2020 / Revised: 14 April 2020 / Accepted: 14 April 2020 / Published online: 27 April 2020
© The Author(s), under exclusive licence to United States and Canadian Academy of Pathology 2020

Abstract

Myxoid liposarcoma (MLS) is the second most common subtype of liposarcoma, accounting for ~6% of all sarcomas. MLS
is characterized by a pathognomonic FUS-DDIT3, or rarely EWSRI-DDIT3, gene fusion. The presence of >5%
hypercellular round cell areas is associated with a worse prognosis for the patient and is considered high grade. The
prognostic significance of areas with moderately increased cellularity (intermediate) is currently unknown. Here we have
applied matrix-assisted laser desorption/ionization mass spectrometry imaging to analyze the spatial distribution of N-linked
glycans on an MLS microarray in order to identify molecular markers for tumor progression. Comparison of the N-glycan
profiles revealed that increased relative abundances of high-mannose type glycans were associated with tumor progression.
Concomitantly, an increase of the average number of mannoses on high-mannose glycans was observed. Although overall
levels of complex-type glycans decreased, an increase of tri- and tetra-antennary N-glycans was observed with
morphological tumor progression and increased tumor histological grade. The high abundance of tri-antennary N-glycan
species was also associated with poor disease-specific survival. These findings mirror recent observations in colorectal
cancer, breast cancer, ovarian cancer, and cholangiocarcinoma, and are in line with a general role of high-mannose glycans
and higher-antennary complex-type glycans in cancer progression.

Liposarcomas are mesenchymal neoplasms displaying  has a yearly incidence of ~30 cases per million, and
variable levels of adipogenic differentiation. Liposarcoma  represents 17-25% of all sarcoma cases [1, 2]. The World
Health Organization (WHO) classification describes four
different liposarcoma subtypes: (1) atypical lipomatous

These authors contributed equally: Liam A. McDonnell, Judith V.M. tumor/well-differentiated liposarcoma, (2) dedifferentiated,
G. Bovée (3) pleomorphic, and (4) myxoid liposarcoma (MLS) [1].
Supplementary information The online version of this article (https:// MLS ]S.the second most Common subtype of liposarcoma,
doi.org/10.1038/s41374-020-0435-2) contains supplementary accounting for ~30% of all liposarcoma cases and 6% of all
material, which is available to authorized users. sarcoma cases [3]. MLS is characterized by uniform round
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Fig. 1 H&E images of myxoid (MYX), “intermediate” (INT), and
round cell (RC) areas. MYX areas are characterized by a low cel-
lularity and high abundance of myxoid extracellular matrix (ECM).
RC areas contain a high abundance of round cells and lack the ECM

sheets, with the absence of intervening myxoid (MYX)
stroma (Fig. 1) [1]. The presence of >5% of these so-called
“round cell” areas in MLS is associated with a worse
prognosis, and is therefore considered histologically high
grade (previously designated as round cell (RC) lipo-
sarcoma) [1-4]. The presence of transitional areas, with
increased cellularity but still retaining some MYX stroma,
can be referred to as intermediate (INT) histological grade,
although its prognostic significance is currently unknown
(Fig. 1).

Other factors with potential prognostic value include the
overexpression of TP53 [5], the presence of necrosis [5],
increased tumor size (>10cm) [6], increased age (> 45
years), and male gender [7]. The treatment of MLS is
multimodal, and the tumors are initially often sensitive to
chemo- and radiotherapy; nonetheless 35-50% will develop
either recurrence or metastases. High intra-tumor hetero-
geneity may complicate the determination of histological
grade, especially when the tumor mass is poorly represented
by a small biopsy [8]. While it is widely accepted that the
presence of RCs is associated with a poor prognosis and
higher risk of metastasis, the underlying molecular
mechanisms of tumor progression are largely unknown.

In a previous immunohistochemistry (IHC)-based study
by Demicco et al., the progression of MLS was shown to be
accompanied by the activation of the PI3K/Akt pathway
caused by the overexpression of insulin-like growth factor 1
receptor (IGF1R), a loss of phosphatase and tensin homolog
(PTEN), or activating mutations in phosphatidylinositol 4,5-
bisphosphate 3-kinase catalytic subunit alpha isoform [9].
In addition, several studies have reported the involvement
of TP53. One report indicated, based on IHC on a retro-
spective cohort of human MLS samples, that the over-
expression of TP53 (with a missense mutation) was
associated with increased chance of metastatic disease [5].
Another report, based on IHC analysis in genetically
modified mice, stated that a double knockout of both Pren
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component. The cell density in transitional INT regions is too high to
be considered MYX, but the ECM component is too abundant to be
RC. The scale bars represent 25 um.

and TP53 resulted in the formation and progression of
several liposarcoma subtypes, including MLS. Single
knockout models with a loss of either Pten or TP53 did not
result in any tumor formation. The combined loss of Pten
and TP53 resulted in the abnormal expression of D-cyclins
and CDK4/6, which, in turn, regulate enzymatic activity
during the cell cycle, leading to uncontrolled proliferation
[10]. A more recent report by Nezu et al. shows that the
overexpression of microRNA miR-135b in MLS results in
the downregulation of the THBS2 gene, coding for the
glycoprotein thrombospondin-2 (TSP2), which, in turn,
increases the expression of matrix metalloproteinase 2,
responsible for enhanced degradation of the ECM and
ultimately results in increased MLS aggressiveness [11].

Conventional omics-analyses (e.g., genomics, pro-
teomics) have had limited success in MLS, possibly due to
its high degree of intra-tumor heterogeneity [12, 13]. Nezu
et al. used laser-capture microdissection to separate the
contributions from the RC and MYX areas in MLS [11].
The success of this microdissection approach demonstrated
that new biomolecular insights can be obtained with intra-
tumoral-grade-specific analysis.

Matrix-assisted laser desorption/ionization mass spec-
trometry imaging (MALDI-MSI) is an analytical technique
that allows the spatially correlated molecular analysis of
various molecular classes directly from tissue [14, 15]. By
combining the molecular analysis of modern biomolecular
mass spectrometry with the imaging capabilities of micro-
scopy MALDI-MSI enables the simultaneous registration of
the spatial distributions of 100-1000s of biomolecules
without labeling and is untargeted in nature. Furthermore,
MALDI-MSI does not adversely affect the tissue’s under-
lying histology; consequently, the tissue may be histologi-
cally stained after the MSI experiment and the histological
image aligned with the MSI dataset. These multimodal data,
MSI and histology, allow the tissue’s molecular content to
be examined in its correct histopathological context, and
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Table 1 Basic information on
the group of patients represented

Tumor histological grade-based analysis

on the TMA. Morphology- Low grade High grade
based analysis
Total MYX INT RC Total MYX INT Total INT RC
No. of patients [#] 32 23 21 7 20 7 13 11 4 7
Gender Male vs. female 18 vs. 13 12 vs. 8 6vs. 5
Age Median [years] 43 42.5 43

thus, for instance, to compare low- and high-grade areas
within a single tissue section. In a process termed virtual
microdissection cell-type-specific molecular signatures can
be extracted, and then used to identify molecular signatures
[16-19].

MALDI-MSI can be used to analyze different molecular
classes, using essentially the same technology but different
tissue preparation procedures. On-tissue digestion MALDI-
MSI using proteolytic enzymes is used to increase the range
of proteins amenable to MALDI-MSI, aid their identifica-
tion, and allow the analysis of formalin-fixed, paraffin-
embedded (FFPE) [20-23]. On-tissue digestion MALDI-
MSI using the endoglycosidase PNGase F enables the
analysis of N-linked glycans, from both fresh frozen and
FFPE tissue sections [24, 25]. N-glycans are oligosacchar-
ides, and a class of common co-translational protein mod-
ifications. Attached during translation in the endoplasmatic
reticulum, high-mannose-type N-glycans (consisting of the
N-glycan-core, and up to nine additional hexoses) are
checkpoints during the protein folding process, and are
considered precursors for the rest of the N-glycan maturing
process that takes place in the Golgi system. During N-
glycan maturation, high-mannose-type glycans are trun-
cated, and redecorated with a mixture of N-acetylhex-
osamines, hexoses, fucoses, and sialic acids, resulting in
either complex-type or hybrid-type N-glycan structures
[26]. Proteins, previously associated with MLS tumor pro-
gression, such as TSP2, IGF1R, and other receptor tyrosine
kinases, involved in the activation of the PIK3/Akt path-
way, are known to be glycoproteins [27, 28]. While these
proteins have a known role in MLS progression, the role of
the N-glycans is unknown. Therefore, we have analyzed the
N-glycans by on-tissue digestion MALDI-MSI, to investi-
gate the glycomic alterations underlying tumor progression.

Materials and methods

Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (Stein-
heim, Germany) except ethanol and xylene (Merck,

Darmstadt, Germany). Recombinant Peptide N-Glycosidase
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F (PNGase F) from Flavobacterium meningosepticum was
expressed and purified as previously described [25].

Tissues, tissue microarray (TMA) construction, and
patient grouping

A TMA was previously constructed from FFPE MLS tis-
sues from 32 patients diagnosed with MLS at Leiden Uni-
versity Medical Center [29, 30]. Patients did not receive
neoadjuvant therapy. The array consists of 141 tissue cores
of 1.5 mm diameter, divided in two paraffin blocks, here
referred to as MLS-1 and MLS-2. Both blocks also contain
six control cores, originating from human placenta, colon,
spleen, neuronal, lung, and tonsil tissues. Cores were
obtained from three distinct morphological regions in the
tumor, MYX areas, INT areas, and RC areas. If a tissue
block presented only a single morphology, three needle
cores were included in the TMA; if more than one mor-
phology was present MYX + INT, MYX + RC, or INT +
RC), two cores per morphology were included. An over-
view of the TMA is reported in Table 1. The use of the
human samples and clinical follow-up data was approved
by the Leiden University Medical Center ethical committee
(B17.012).

N-glycan MALDI-MSI

Sections of 6 um thickness were cut using a microtome and
mounted on indium tin oxide coated glass slides (Bruker
Daltonics GmbH, Bremen, Germany), previously coated
with poly-L-lysine for improved adhesion. Importantly,
TMA sections were not transferred to the glass slide using a
tape transfer system due to the risk of polymer con-
tamination. Slides were dried overnight at 37 °C and stored
at 4°C in the dark until further processing. On-tissue
digestion was performed after the application of 15 layers
(10 pL/min) of PNGase F (100 ng/uL in deionized water)
using a SunCollect sprayer (SunChrom GmbH, Frie-
drichsdorf, Germany). Following overnight incubation at
37 °C, 7mg/mL a-cyano-4-hydroxycinnamic acid in 50%
acetonitrile and 0.1% trifluoroacetic acid was applied to the
tissue using the SunCollect (SunChrom GmbH) system. A
comprehensive description of the sample preparation has
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been previously reported [31]. N-glycan MALDI-MSI
analysis was performed using a RapifleX MALDI-TOF/
TOF instrument (Bruker Daltonics). Data were recorded in
reflectron, positive ion mode covering the mass ranges
between m/z 900 and 3200, using 500 laser shots per spot
and a 50 x 50 um pixel size.

Histology staining and annotation

Following MALDI-MSI analysis, excess MALDI matrix
was removed with two ethanol washes (70%, 2 x 1 min) and
the TMAs stained with haematoxylin and eosin (H&E).
Slides were then scanned using a digital slide scanner
(IntelliSite Pathology Ultra-Fast Scanner, Philips, Eindho-
ven, The Netherlands). The scanned histology images were
co-registered to the MALDI-MSI data in flexImaging 5.0
(Bruker Daltonics). The individual TMA cores were anno-
tated by an expert pathologist (JVMGB). The annotations
demarcate the MYX, “intermediate” (INT), and RC areas
within each core (Fig. 1). INT areas were defined as tran-
sitional areas with modestly increased cellularity without
elevated nuclear grade and mitotic activity, thus too cellular
to be annotated as MYX and containing too much ECM to
be considered an RC area. Following annotation, the aver-
age mass spectra were extracted from 138 regions of interest
(ROIs), originating from 32 patients. Differentiation
between patients with low- and high-grade disease (<5%
and >5% RC morphology, respectively) was based on the
clinical diagnostic evaluation.

Data preprocessing and analysis

The total ion current normalized average spectrum for each
of the 138 annotated ROIs was exported in CSV file format
using flexImaging 5.0. An overall average spectrum repre-
senting the N-glycan content of the full TMA was created in
mMass [32]. Spectral processing of the overall average
mass spectrum was performed in mMass using the follow-
ing parameters: Savitsky—Golay smoothing—window size:
0.1 m/z, cycles: 2; baseline subtraction—precision 45,
relative offset 15; peak picking—signal-to-noise ratio (S/N)
threshold: 3; deisotoping—maximum charge: 1, isotope
mass tolerance: 0.15 m/z, isotope intensity tolerance: 50%.
A total of 130 peaks (S/N=3) were detected and which
were then assigned to glycan composition using Glyco-
WorkBench (v1.2.4105) [33], based on the observed mass
and previously performed MALDI-MS/MS experiments
[31, 34]. Assigned N-glycans were added to the “compo-
sition list” required for data extraction by MassyTools
(version 0.1.8.1) [35]. In MassyTools, a recalibration of all
ROI spectra was performed on the basis of a predefined list
of calibrants (Table S1, Supplementary information).
Spectra with at least four calibrants (S/N2>9) were

recalibrated and considered for further analysis. Feature
extraction of the assigned N-glycan compositions [31, 34] was
performed through integration of the areas of at least 70% of
the theoretical isotopic envelope. A feature-specific baseline
correction was performed by subtracting the baseline detected
within a window of 20 m/z. Following an assessment of the
quality of the extracted mass spectra led to the exclusion of
three ROI spectra because the “fraction of the analytes above
S/N 9” was below 3 standard deviations of the mean (mean
and SD: 89+ 10%). Analytes were considered for further
analysis if they had a mass error below 20 ppm and S/N 29 in
the majority (250%) of the ROI spectra. A total of 43 N-
glycans met the curation criteria and their relative intensities
were rescaled to 100% and submitted to statistical analysis. In
addition, derived traits were calculated based on the compo-
sitional features of the N-glycan species (Table S2, Supple-
mentary information) [36].

Two approaches were taken to assess molecular differ-
ences associated with disease progression: (1) morphology-
based analysis: the different annotated tumor areas (MYX,
INT, RC) within the different tumors were compared with
each other. Thus, of one tumor or patient, different mor-
phological areas (if present) were included in the analysis as
it was purely based on morphology; (2) patient-based ana-
lysis: the different tumors/patients were compared with each
other: of every tumor, the area most representative (i.e.,
most cellular) of the histological grade as determined on
routine diagnostic evaluation of the entire tumor specimen
was used for the analysis. Statistical comparisons were
performed in MatLab (R2017a, Mathworks, Natick, MA,
USA) to find derived traits and individual N-glycans cor-
related with MLS progression.

The Kruskal-Wallis test, a nonparametric one-way
ANOVA-type analysis, was used for feature selection. N-
glycans and derived traits with a p value < 0.05 were con-
sidered for pair-wise comparisons between the three mor-
phology groups (MYX vs. INT, MYX vs. RC, INT vs. RC)
and patient groups (low grade vs. high grade), using a
nonparametric alternative to the t-test (the Mann—Whitney
U test). Survival analyses (Kaplan—Meier) were performed
for the significant hits from both the morphology-based and
the patient-based analysis using SPSS (version 25, IBM
corporation). The survival curves among low- and high-
intensity groups (based on third quartile dichotomization)
were compared using the low-rank test. All reported p
values were corrected for multiple testing using the
Benjamini—-Hochberg method.

Results

In this study, MLS morphological disease progression was
studied in two different ways: we compared the N-glycan
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Fig. 2 Visual representation of
the N-glycan MSI average
spectrum compiled from all
cores present on the TMA. N-
glycan annotations on the m/z .
features were based on mass
matching and literature. Y
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content between (1) annotated areas displaying MYX, INT,
and RC morphology, and (2) between tumors diagnosed as
low grade vs. high grade based on overall morphology
(<5% vs. 25% RC component, respectively).

N-glycan changes with increased histological grade

A total of 43 N-glycans were detected and assigned with a
glycan composition (= direct traits; Fig. 2 and Table S3,
Supplementary information). N-glycan species were
grouped on the basis of shared structural features that reflect
the enzymatic steps of N-glycan biosynthesis (= derived
traits) [36]. These N-glycan traits were compared between
the three different morphologies of MLS, as well as
between the patients with low- and high-grade disease. The
most prominent difference was observed in the abundance
of high-mannose type N-glycans between MYX and RC
morphologies (FCremyx = 1.53, p=0.006), as well as
between INT and RC morphologies (FCrcent = 1.43, p=
0.015) (Fig. 3a). Moreover, a 1.4-fold higher level of high-
mannose type N-glycans was observed in patients with
high-grade tumors, compared with low-grade disease
(FChightow = 1.43, p=0.002) (Fig. Sla, Supplementary
information), indicating an overall increase of high-
mannose type N-glycans with morphological progression.
In addition, a slight, but significant increase in the average
number of mannoses attached to the N-glycan core was
observed between MYX and RC areas (MYX: average of
6.99 mannoses, RC: average 7.16 mannoses, p = 0.027).
Also, between patients with high- and low-grade disease a
significant increase in the number of mannose residues on
high-mannose species was observed (low grade: 7.01
mannoses, high grade: 7.16 mannoses, p =0.006) (Fig.
S1b, Supplementary information).

The direct trait contributing most to the high-mannose
type derived trait was HON2 (where H = hexose, and N =
N-acetylhexosamine), found at m/z 1905.63 [M + Na]t,
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which showed the highest fold change between the MYX
and RC areas (FCremyx = 2.26, p =0.003), and INT and
RC areas (FCrent = 1.95, p =0.015). Moreover, the same
N-glycan exhibited an almost twofold increase (FChigpiow =
1.91, p=0.001) in patients with high-grade MLS, com-
pared with patients with low-grade MLS (Fig. 4). In addi-
tion, three other high-mannose type N-glycans (H6N2, m/z
1419.48 [M+Na]*; H7N2, m/z 1581.53 [M+ Na]';
HS8N2, m/z 1743.58 [M+Na]®) were also significantly
associated with changes in morphology and tumor histolo-
gical grade (Figs. 3e-h and Sle-h, Supplementary
information).

The increase in high-mannose type N-glycans with
morphological disease progression, together with the
equality of hybrid-type N-glycans, led to a concomitant
decrease in the relative abundance of complex-type N-gly-
cans as an effect of total area normalization/rescaling to
100% (Figs. 3b and Slc, Supplementary information).
Interestingly, within the group of complex-type N-glycans,
the composition/types/abundances of N-glycans also chan-
ged with progression. A significant increase in tri- and tetra-
antennary complex-type N-glycans was observed in the
transition from MYX to RC areas (Fig. 3c, d). Accordingly,
in the total tumor histological grade-based analysis the tri-
antennary complex-type N-glycans were more abundant in
the high-grade tumors, compared with the low-grade tumors
(FChighiow = 1.18, p=0.012) (Fig. S1d, Supplementary
information).

Four complex-type N-glycans (H6NSF1, m/z 2174.77
[M + Na]*; HON5F2, m/z 2320.83 [M + Na]*; HON5F1S1,
m/z 2487.85 [M + Na]™; HIN6F1, m/z 2539.90 [M + Na] ™,
where H = Hexose, N = N-acetylhexosamine, F = fucose,
and S = N-acetylneuraminic acid) were found with sig-
nificant variation between MLS morphologies (Fig. 3i-1).
Three of these species, HONSF1, HONSF2, and H6NSF1S1,
were fucosylated tri-antennary complex-type glycans, the
fourth, H7N6F1, was a mono-fucosylated tetra-antennary
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Fig. 3 N-glycans changing with MLS morphology. Boxplots show-
ing the relative area distributions in MYX, INT, and RC areas for the (a—
d) derived N-glycan traits, d—g single high-mannose type N-glycans, and

complex-type glycan, suggesting this glycan to drive the
derived trait.

When comparing patients with high- and low-grade
MLS, the molecular picture was very similar; two of the tri-
antennary complex-type glycans that correlated with disease
morphology, H6NSF2 (FCygniow = 1.26, p=0.012) and
H6NSF1S1 (FChighiow = 1.41, p=0.002), had a similar
correlation with clinical grade. In addition, HSN4F1S1
(FChighiow = 1.23, p = 0.047) and HSNSF1S1 (FCyighyiow =
1.20, p =0.041) correlated positively with progression in
grade (Fig. S1i-1, Supplementary information).
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h—k single complex-type N-glycans that were significantly altered in the
morphology-based statistical analysis. Asterisks represent various sig-
nificance levels (*p <0.05; **p <0.01; ***p <0.005).

N-glycan changes with tumor histological grade
within areas with “intermediate” morphology

To find out whether the “intermediate” areas, the transi-
tional morphology between typical MYX and RC MLS,
harbor any clinical relevance the N-glycan content of the
INT areas was compared between patients with low- and
high-grade MLS. It was found that the high-mannose type
N-glycan HON2 (FCyigpiow = 1.48, p = 0.046) and complex-
type N-glycan HS5N4F1S1 (FChigniow = 1.25, p=10.033)
were associated with patients with high-grade disease.

SPRINGER NATURE



1258

B. Heijs et al.

m/z 1905,63

o
g 5 8
> & O

P

o o ;
Lo T O O
[P T I N A

N

Absolute intensity [A.U] @)

o

RC - L3403
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Examples of the molecular distribution of high-mannose glycan HON2
(m/z 1905.63 [M + Na]™) in a myxoid (MYX) morphology of patient
L413, b “intermediate” (INT) morphology of patient L3242, and ¢

However, these results were not maintained following
multiple testing correction, which may be due to the small
number of patients analyzed here. In addition, a similar
approach was taken comparing MYX areas of patients with
low- and high-grade MLS. No significant differences were
observed between MY Xjow-grage and MY Xiioh-grade-

Survival analysis for altered N-glycan species and
traits

To assess the prognostic potential of the significantly altered
N-glycan species and derived traits, Kaplan—-Meier analyses
for disease-specific survival were performed. It was found
that the high abundance of the CA3 trait (tri-antennary
complex-type N-glycans) resulted in a significantly poorer
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round cell (RC) morphology of patient L3403. d—f Corresponding
H&E images to panels (a)—(c). g Zoom view on m/z 1905.63 in the
average spectra of L413-MYX, L3242-INT, and L3403-RC.

prognosis than compared with the low-abundance group
(Fig. 5). The Kaplan—Meier analyses for the high-mannose
trait, as well as the individual HON2 and H8N2 species,
resulted in significant log rank test results. Notably, these
results were not maintained following Benjamini—Hochberg
multiple testing correction, which may be due to the small
patient series used here.

Discussion

An increased relative abundance of high-mannose type N-
glycans was found to be associated with morphological
progression of MLS. Significantly higher levels of high-
mannose type species (HON2, H7N2, H8N2, and HIN2)
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Fig. 5 Prognostic potential of tri-antennary complex type N-gly-
cans. Kaplan—-Meier plot showing disease-specific survival for low
abundance (continuous line) and high abundance (dotted line) of tri-
antennary complex-type N-glycans.

were found between MYX and RC areas. As expected, the
same molecular species differentiated between patients with
low- and high-grade tumors. Interestingly, the association
between high-mannose type glycans and tumor progression
was previously described for breast cancer, ovarian cancer,
colorectal cancers, and cholangiocarcinoma [37-41]. It
should be noted that for MLS, the term ‘“morphological
progression” refers to the increased presence of morpholo-
gical features associated with poor prognosis (increased cel-
lularity, presence of RC component), rather than a clinical
progression of the disease (e.g., the progression of a carci-
noma from in situ, to invasive, to metastatic). In normal cells,
high-mannose type glycans play a crucial role in both protein
folding and the protection of proteins against degradation
during intracellular re-localization. However, the exact role
of high-mannose glycans in cancer is still unknown.

Several complex-type N-glycans, -characterized by
increased antennarity, were detected at higher levels in
high-grade tumors. Increases in tri-antennary complex-type
N-glycans, similar to those observed in the current study,
have been previously reported in cholangiocarcinoma [41].
The increase in branching of N-glycans is likely caused by
the higher expression of the MGAT4 and MGATS genes,
which code for N-acetylglucosaminyltransferase IV (addi-
tion of B1,4-GlcNAc) and N-acetylglucosaminyltransferase
V (GnT-V; addition of B1,6- GlcNAc), which previously
have been associated with invasion and metastasis in both
breast and colorectal cancer [42-45]. Overexpression of
GnT-V and the resulting increase in N-glycan branching
resulted in increased cell motility, a loss of contact inhibi-
tion, and caused morphological transformation of normal
human epithelial cells [46, 47]. In addition, mice with a
MGATS deficiency showed a suppression of mammary
tumor cell growth and metastasis [46—48].

It is known that both PI3K and Ras/Mapk signaling sti-
mulate MGATS and MGAT4 gene expression in human
carcinomas [45, 46]. In MLS, increased PI3K/Akt signal-
ing, through either a loss of PTEN homolog activity or
overexpression of the IGFIR, is involved in tumor pro-
gression, which could indicate similar molecular mechan-
isms being active in the different tumor types [9].

All complex N-glycan structures that correlated with
morphological progression carried at least one fucose resi-
due. N-glycans can carry a fucose residue on both the N-
glycan core and the antennae. However, the present
MALDI-MSI approach could not differentiate between
these structural isomers. Aberrant core- and antenna fuco-
sylation have been implicated in tumor progression,
metastasis, and resistance to chemotherapy in colorectal
cancer, pancreatic cancer, and hepatocellular carcinoma
[45, 49, 50]. The role of fucosylation in MLS progression
remains to be established, as well as whether fucosylation is
another general adaptation that accompanies all tumors.

Although the presence of INT areas in MLS is now well
recognized, the prognostic significance of these transitional
areas with more-limited hypercellularity is less certain. Here
we have studied the potential prognostic value of the INT
morphology by comparing the INT areas of patients with
low-grade MLS with the INT areas of patients with high-
grade MLS. It was found that a selection of direct N-glycan
traits differentiated between the INT areas of patients with
low- and high-grade MLS. These N-glycans were the same
as those significant between patients with low- and high-
grade MLS in the patient-based analysis discussed pre-
viously. When looking at the morphology-based analysis,
the N-glycan species differentiating between MYX and RC
areas were always less abundant in the INT areas compared
with RC areas, but more abundant compared with MYX
areas. This finding indicates that the INT areas are not just
reflecting a morphological transition, but also a molecular
transition, and that the INT areas likely harbor prognostic
potential. Previous work by Haniball et al. has shown that
patients with “intermediate grade” MLS (up to 5% RC
component) have a higher risk of metastatic disease, com-
pared with patients without RC component [51]. The defi-
nition for “intermediate grade” MLS, however, is based on
the assessment of the full tumor histological grade, and does
not take into account areas with increased cellularity com-
pared with low-grade MLS. This shows that, in order to
fully exploit the INT areas for prognostic evaluation, a
careful definition of the INT morphology and INT grade in
the WHO description of MLS would be required.

While little is still known about glycosylation changes in
MLS, the current findings would support a possible role for
N-glycans in tumor progression in MLS. The biosynthesis
of complex-type N-glycans is dependent on the activity of a
large number of different glycosyltransferases, and changes
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in the expression of these enzymes result in changed gly-
cosylation profiles. The increase in high-mannose type N-
glycans and decreased abundance of complex-type glycans
indicate that the maturation of glycans is disrupted.
Nevertheless, the processing of N-glycans in the endo-
plasmic reticulum and Golgi system does not appear to be
uniformly reduced, as an increase in N-glycan branching
was observed in addition to the accumulation of high-
mannose type glycans. Expression analysis of the genes
coding for the various glycosyltransferases, or a quantitative
(micro)proteomics approach, could help identify which
enzymes cause the altered glycosylation profiles in the
different MLS grades. While the results clearly display a
positive correlation between the abundance of several N-
glycans and the morphological progression of MLS, a
potential complicating factor is that MLS tumor progression
is associated with an increase in cellularity [1]. A normal-
ization using the number of cells per pixel would solve this
issue. However, the majority of glycoproteins are either
secreted or membrane bound. The N-glycans analyzed by
MALDI-MSI must first be released from their carrier pro-
teins (achieved here with on-tissue PNGase F digestion) and
were analyzed using a 50 x 50 um? pixel size. These para-
meters make it impossible to establish whether a glycan was
bound to a membrane protein or a secreted, extracellular
protein. Therefore, a cell density normalization would not
result in a more accurate representation of the N-glycan
distributions in the tissues.

In summary, the results indicate that the INT MLS
morphology is not just transitional state between MY X and
RC MLS on a morphological level, but also on the level of
N-glycan expression. More importantly, we have found an
association between the increase of high-mannose-type N-
glycans, an increase in their mannose content, a decrease of
complex-type glycans, and an increase of their f1,4- and
B1,6-linked GIcNAc branching with morphological MLS
progression; a molecular pattern that mirrors recent findings
in other tumor types, and would indicate a more general role
for N-glycans in tumor biology.
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