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N- and O-glycans are attractive clinical biomarkers as
glycosylation changes in response to diseases. The lim-
ited availability of defined clinical specimens impedes
glyco-biomarker identification and validation in large pa-
tient cohorts. Formalin-fixed paraffin-embedded (FFPE)
clinical specimens are the common form of sample pres-
ervation in clinical pathology, but qualitative and quanti-
tative N- and O-glycomics of such samples has not been
feasible to date. Here, we report a highly sensitive and
glycan isomer selective method for simultaneous N- and
O-glycomics from histopathological slides. As few as
2000 cells isolated from FFPE tissue sections by laser
capture microdissection were sufficient for in-depth his-
topathology-glycomics using porous graphitized car-
bon nanoLC ESI-MS/MS. N- and O-glycan profiles were
similar between unstained and hematoxylin and eosin
stained FFPE samples but differed slightly compared
with fresh tissue. This method provides the key to un-
lock glyco-biomarker information from FFPE histo-
pathological tissues archived in pathology laboratories
worldwide. Molecular & Cellular Proteomics 16:
10.1074/mcp.M116.062414, 524–536, 2017.

Cell surface and body fluid proteins are extensively deco-
rated with specific glycans (1). Glycoproteins and glycolipids
are part of the plasma membrane glycocalyx, the first inter-
face for intercellular interactions (2). As such, the glycome and

glycoproteome are key elements of cellular communication (3,
4). In many disease states, biological processes change to
express different glycans and glycoproteins on the cell sur-
face (5, 6). Dynamic changes of the glycome are a result of
age, an organism’s physiological state (homeostasis or dis-
ease) and various other environmental or intrinsic factors (7–9).
As glycans integrate environmental and indirectly genetic
factors and are closely associated with complex diseases,
they have been established as predictive and prognostic
markers for diseases such as cancer and chronic inflamma-
tion (6, 10–13).

Most efforts to identify glyco-biomarkers focused on body
fluids because of the ease of accessibility (6, 14, 15). To better
understand the molecular events responsible for disease on-
set and progression, analysis of specific glycosylation signa-
tures directly from tissue specimens is fundamental (16–18).
However, tissues are often highly heterogeneous mixtures of
different cell types that hamper the detection of specific mark-
ers. The collection of significant numbers of well-defined clin-
ical tissue specimens for high quality biomarker research is
challenging because of ethical and technical obstacles.

A widely applied standard pathology procedure is the pres-
ervation of tissue samples by formalin fixation followed by
subsequent paraffin-embedding (FFPE)1, along with e.g. he-
matoxylin and eosin (H&E) staining (19) for tumor diagnosis
and long-term conservation. Many FFPE preserved tissue
specimens are available in clinical centers around the world
and are often associated with comprehensive clinical data
sets. FFPE tissues can be handled at ambient temperatures
and various dissection methods such as laser capture micro-
dissection can be applied in order to minimize contaminations
by other tissues and/or cells. This makes them a highly valu-
able source for any disease related research, biomarker
discovery or retrospective studies, as long as the compounds
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of interest are qualitatively and quantitatively preserved and
can likewise be extracted for further analyses (20–22).

Proteins (20, 21, 23–25) or nucleic acids (23, 26, 27) are now
frequently recovered from FFPE specimens even though they
can be modified and/or degraded during the conservation
process. The analysis of metabolites (28), glycosaminogly-
cans (29), as well as N- (25, 30–33) and O-glycans (32–34) has
been described. To date, all analyses aimed at comprehen-
sive clinical tissue N- and O-glycomics (1) suffered from poor
sensitivity (32), (2) could not be applied to both N- and O-
glycans (25, 30, 31, 34), (3) fall short of reliable O-glycan
extraction (33), (4) suffered from the differentiation of isobaric
N- and O-glycans (30, 32, 33) or reliable analysis of intact
sialylated glycans (30, 31). Thus, a robust method for the
sensitive and selective extraction and in-depth analysis of
FFPE tissue derived N- and O-glycans is required.

Here we present a highly sensitive approach to individually
and sequentially extract and analyze structurally preserved N-
and O-glycans from as few as 1000 cells isolated from FFPE
tissue specimens. Laser capture microdissection (LCM) en-
sures contact free picking-up of cell groups or even a single
cell for easy subsequent manipulation. LCM isolated tissues
were analyzed along with whole tissue sections using porous
graphitized carbon (PGC) nano scale liquid chromatography
(nanoLC) coupled with online ESI tandem mass spectrometric
(MS/MS) detection (35, 36). In-depth glycan structure infor-
mation on fucose and sialic acid linkages was obtained within
a single experiment providing a maximum of information from
a minimal amount of clinical material. This PGC nanoLC-ESI
MS/MS based glycomics approach applied onto LCM-iso-
lated cells derived from FFPE tissue specimens is opening
novel avenues for investigating the role of protein glycosyla-
tion in health and disease.

EXPERIMENTAL PROCEDURES

If not otherwise stated all materials were purchased in the highest
possible quality from Sigma-Aldrich (St. Louis, MO). Peptide-N-Gly-
cosidase F (PNGase F) was obtained from Roche Diagnostics GmbH
(Mannheim, Germany). Water was used after purification with a Milli
Q-8 direct system (Merck KGaA, Darmstadt, Germany). Chloroform
was from VWR international (Fontenay-sous-Bois, France). Human
liver tissue was derived from three different patients suffering from
liver cirrhosis or hepatocellular carcinoma obtaining a liver transplant
according to the Milan criteria. This study was approved by the Ethics
committee of “Klinieka Bolnica Merkur” For reporting the glycomics
experiments the MIRAGE guidelines are followed (37).

Formalin Fixation and Paraffin Embedding—Liver tissue was di-
vided into several parts and either immediately frozen at �80 °C or
fixed with formalin (Formalin solution, neutral buffered, 10%, BioGnost,
Zagreb, Croatia) and embedded in paraffin (Paraffin wax, Sakura,
Alphen aan den Rijn, The Netherlands) following routine procedures.
Briefly, tissue went through 10% formalin (24 h), 70% ethanol (2 �
1 h), 95% ethanol (2 � 1 h), absolute ethanol (2 � 1 h), xylene (2 � 1 h
at 37 °C) and liquid paraffin (3 � 1 h at 60 °C). Paraffin tissue blocks
were cut into 2–10 �m thick sections using a standard sliding manual
microtome (Microm, Dreiech, Germany). 2–4 �m thick sections were
mounted onto glass slides (Microscope slides, Vitrognost). H&E stain-
ing was done according to routine protocols (19). After deparaffiniza-

tion with xylene, and rehydration through decreasing series of etha-
nol, slides were washed and hematoxylin was applied. After
subsequent washes and eosin treatment slides were dehydrated with
increasing ethanol series and briefly air-dried. The specimens were
used within 3 months after initial preparation.

Laser Capture Microdissection—Laser capture microdissection
was done as follows: stained sections mounted on membrane slides
(MembraneSlide 1.0 PEN, Carl Zeiss Microscopy, Jena, Germany)
were analyzed under the microscope which is part of a laser micro-
dissection system (Palm Zeiss MicroBeam, Axiovert 200M with PALM
RoboSoftware, Carl Zeiss Microscopy) and selected cells were
counted, marked and cut using PALM RoboSoftware according to
manufacturer’s manual.

Laser pressure catapulting method was performed using the
protocol described in the manufacturer’s manual and isolated
tissue parts were collected in adhesive caps of 500 �l collection
tubes (Sample AdhesiveCap 500 opaque (D) PCR Tube, Carl Zeiss
Microscopy).

Protein Extraction/Antigen Retrieval from FFPE Tissues—
Unmounted Sample Set—Protein extraction of around 50 un-

mounted FFPE tissue sections was done as described previously (21).
Briefly, 2–10 �m thick FFPE sections were transferred into 1.5 ml
sample tubes, washed twice in xylene for 5 min under mild agitation,
followed by two washes with absolute ethanol for 5 min before being
allowed to dry. Deparaffinized and washed samples were combined
and homogenized on ice in a 0.1 M Tris-HCl, pH 8.0; 0.1 M DTT buffer
using a table top Branson sonifier B-12 sonicator (Branson Sonic
Power output control: 1.5; 3 � 10–30 s). SDS was added to a final
concentration of 4% (w/v) and samples were incubated at 99 °C for
60 min under mild agitation and were allowed to cool down to room
temperature afterward. Subsequently, the samples were centrifuged
for 20 min at 2,000 rcf to remove nonsoluble material. Proteins were
precipitated from supernatant according to the method used by Wessel
and Flügge (38). Briefly, 200 �l supernatant were mixed with 800 �l
methanol, followed by the addition of 200 �l chloroform and 600 �l
water and vigorous mixing. The samples were centrifuged at 14,000
rcf for 5 min and the upper aqueous phase was carefully removed (the
interphase contained precipitated proteins). Additional 600 �l meth-
anol were added, liquids mixed and then centrifuged for 10 min at
14,000 rcf. The supernatant was removed and the final pellet was
dissolved in a solution containing 6 M urea and 2 M thiourea prior dot
blotting onto a PVDF membrane (described below) or stored at
�20 °C for further use.

Mounted Sample Set—Microscope slides carrying H&E stained
and unstained FFPE tissue sections (2–4 �m) were washed with
xylene (3 � 2 min) followed by absolute ethanol (3 � 2 min), scraped
off with a needle/razor blade and then transferred from the slide into
a sample tube containing 4% SDS in 0.1 M Tris-HCl, pH 8.0 and
0.1 M DTT. The suspension was sonicated on ice (see above) and then
further processed as described for the unmounted sections.

Laser Capture Microdissected Sample Sets—Tubes containing un-
stained, already deparaffinized washed cells (�1,000; �5,000, and
�10,000), as well as H&E stained counter parts were incubated
upside down to ensure capturing of microdissected samples usually
located at the lid of the tube after the dissection procedure, for 30 min
in 4% SDS in 0.1 M Tris-HCl, pH 8.0, 0.1 M DTT. Subsequently the
samples were incubated in the same buffer for 60 min at 99 °C.
Samples were then further processed as described for the un-
mounted sections.

A second set of laser capture microdissected tissue containing
approx. 2000 cells per microdissection were obtained from three
subsequent FFPE tissue sections of either hepatocellular carcinoma
or surrounding nontumor tissue. Microdissected samples were
treated as described above.
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Frozen Sample Sets—Protein extraction of frozen tissues was done
as described earlier (39). Briefly, liver tissue blocks were homoge-
nized on ice using a IKA “T10 basic” homogenizer (Staufen, Germany)
in lysis buffer (pH 7.4) containing 50 mM Tris-HCl, 0.1 M sodium
chloride, 1 mM ethylenediaminetetraacetic acid and protease inhibitor
mixture (Promega, Mannheim, Germany) and incubated for 20 min.
The solution was then sonicated on ice using a tabletop Branson
sonifier B-12 sonicator (Branson Sonic Power output control: 1.5; 3 �
10–30 s) and centrifuged at 2000 rcf for 20 min at room temperature.
Supernatants were spotted directly onto PVDF membranes (see be-
low) or stored at �20 °C.

PVDF Dot Blotting and N- and O-glycan Release—Extracted pro-
teins were dot-blotted (frozen/FFPE tissue) onto a 0.2 �m pore size
PVDF membrane (Millipore, Tullagreen, Ireland) and N- and O-glycans
were sequentially released as described in detail previously (35, 36).

To assure that comparable protein amounts were used for the
glycan release, dilutions series (1:2; 1:4; 1:8; 1:16; 1:20; 1:32) of pro-
teins extracted from FFPE tissue sections (unmounted sections
only) were prepared and spotted onto the membrane (data not
shown). Spots exhibiting similar direct-blue 71 staining intensities
compared with the fresh-frozen proteins were considered to contain
comparable amounts of protein immobilized on the PVDF membranes
and were used for subsequent glycan release.

Analysis of Released N- and O-glycans Using Porous Graphitized
Carbon Liquid Chromatography Electrospray Ionization Mass Spec-
trometry—Following a final offline carbon desalting step as described
previously (35) samples were dissolved in 10 �l MilliQ-water and 3 �l
were injected for each LC-MS run. The PGC nanoLC setup was as
follows: a PGC precolumn (HYPERCARB 5 �m, 30 � 0.32 mm,
Thermo Fisher Scientific, Waltham, MA) and a PGC separation col-
umn (HYPERCARB 3 �m, 100 � 0.075 mm, Thermo Fisher Scientific)
were installed in Ultimate 3000 UHPLC system (Dionex, Germering,
Germany). The precolumn was equilibrated in buffer A (10 mM am-
monium bicarbonate) and released glycans were loaded onto the
precolumn for 5 min at 6 �l/min flow rate prior valve switching. The
equilibration conditions for the separation column were 3% buffer B
(60% ACN in 10 mM ammonium bicarbonate). After loading the re-
leased glycans onto the trapping column, a linear gradient was es-
tablished using buffer B as follows: reduced N-glycans were sepa-
rated using a linear gradient from 3% buffer B to 15.8% in 1 min
before increasing to 40.3% buffer B over 49 min. O-glycans were
analyzed using the same setup but applying a linear gradient from 2%
to 35% buffer B over 33 min. The flow rate was set to 0.8 �l/min and
the columns were held at a constant temperature of 40 °C. The LC
was directly coupled to an amaZon speed ETD ion trap mass spec-
trometer equipped with a CaptiveSpray source (Bruker, Bremen, Ger-
many) for online detection of glycans in negative ion mode. MS
spectra were acquired in UltraScan mode within an m/z range of 380 -
1800; smart parameter setting (SPS) was set to m/z 900; ion charge
control (ICC) to 40,000 and max. acquisition time to 200 ms.

MS/MS spectra were generated using collision induced dissocia-
tion over an m/z range from 100 - 2,500 on the three most abundant
precursors applying an isolation width of m/z 3. The fragmentation
cut-off was set to 27% with 100% fragmentation amplitude using the
Enhanced SmartFrag option from 30–120% in 32 ms. ICC was set to
150,000.

Structure Determination and Relative Glycan Quantitation—N- and
O-glycan structures were identified by manual screening of spectra
and annotated, including isomeric structure elucidation, based on
PGC retention time (35, 40–42), negative-ion mode fragmentation
behavior (43–55), and biosynthesis pathways known from literature
(56, 57). Nomenclature is based on Varki et al. (58). Representative
MS/MS spectra for each identified glycan structure (if applicable) can
be generated from the information given (m/z, intensity) in the Sup-

plementary Material. Mass lists of fragment spectra were generated
from raw data using DataAnalysis Version 4.1 (Bruker) with an abso-
lute intensity threshold of 50 (no rel. threshold used), a S/N ratio of 1
and a peak width (FWHM (m/z)) of 0.1. Besides manual annotation,
glycan product ion spectra were assigned using ProteinScape 4.0
(Bruker) using the GlycomeDB database or Glycoworkbench 2.1 (59).
For ProteinScape searches, the following parameters were selected:
Glycan type: N-glycan; Taxonomy: Homo sapiens; Derivatization:
UND (underivatized); Reducing end: reduced; Ions: H� up to 3 charg-
es; Charge -: 1–3; MS tolerance: 0.6 Da; MS/MS tolerance: 0.6 Da;
Mass type: monoisotopic; Fragmentation type: CID a b c x y z,
cross-rings �1, cleavages �2. Thresholds were set at Score: �5%,
Fragmentation coverage: �5% and Intensity coverage: �5%. Pro-
teinScape glycan assignments were accepted if the score was �10.
All assigned spectra and identified peaks are listed in the supplemen-
tary material.

Relative abundances of individual glycan structures were deter-
mined using the area under the curve (AUC) from the respective
individual chromatographic traces (extracted ion chromatograms,
EIC) of the corresponding monoisotopic precursors using Quant-
Analysis software (Version 2.1, Bruker). The integration limits of all
AUCs were checked and, if needed, adjusted manually. The sum of all
detected and quantified glycan structures within a sample corre-
sponded to 100% and the individual relative amounts were deter-
mined from the individual AUC values. Relative abundances were also
calculated in relation to the highest peak when necessary. Note that
a relative abundance of 1% was set as feasible threshold to take
structures in consideration for quantitative changes in the course of
this study.

Experimental Design and Statistical Rationale—We developed, op-
timized, and downscaled an analytical FFPE glycomics workflow for
N- and O-glycans using hepatic specimens obtained from patients
diagnosed with hepatocellular carcinoma (HCC) and selected for liver
transplantation. One part of the tissue was immediately fractionated
and frozen in liquid nitrogen (in the text referred to as frozen tissue)
whereas the other part was subsequently FFPE-preserved (referred to
as FFPE tissue). Glycans were released from proteins dot-blotted
onto a PVDF membrane after extracted from tissue. Using clinical
H&E stained and unstained tissue sections, the entire analytical work-
flow was developed and validated, minimal sample requirements
evaluated and potential unintended artifacts induced by FFPE pres-
ervation, staining or antigen retrieval identified. The protocol was
further optimized for minimal amounts of FFPE tissue (1,000; 5,000;
10,000 cells), selected by LCMs. The optimized protocol was then
used with �2,000 hepatocytes from HCC tissue and surrounding
nontumor tissue (Fig. 1).

Statistical analyses of the relative abundances of the N- and O-
glycans from different origins (e.g. frozen/FFPE or tumor/nontumor)
are based on a linear model. Different sample sources were tested for
equal suitability in glycomics analyses. Samples from different dis-
ease states were investigated for differences in relative abundances
of glycans. The fold changes of the relative abundance of the com-
pared samples and their respective p values were plotted in the shape
of Volcano plots (see Supplementary Material). Oligosaccharide
structures with a mean relative abundance of less than 0.3% were not
plotted if that threshold was not reached in either of the compared
groups. This was done for clarity and potential issues arising from not
accurate quantitation of very small peak areas. The p values were
corrected for multiple testing using the method of Benjamini and
Hochberg (60). Changes in relative glycan abundances with a p value
of less than 0.01 were regarded to be statistically significant. Unsu-
pervised hierarchical cluster analysis was applied for data visualiza-
tion in the form of heatmaps. The logarithmic relative abundance
values were used to calculate the Euclidean distance matrix and
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complete-linkage clustering in the sample dimension. Additionally, for
plotting the values of each glycan structure were scaled to have mean
zero and standard deviation one (Z-score normalization), except in
Fig. 4B. For Fig. 2A a second stage of clustering was applied in the
glycan dimension for each of the five main structural groups sepa-
rately. The free software for statistical computing and graphics “R”
(61) was used as data analysis environment. The code is available
upon request.

RESULTS

Frozen and hepatic FFPE clinical tissue was used for ex-
traction on N- and O-glycans. The analytical FFPE glycomics
workflow was developed for whole tissue sections, further
optimized for minimal sample amounts, including laser-de-
rived microdissections, evaluated and potential unintended
artifacts induced by sample preparation identified. Chloro-
form-methanol precipitation (38) prior glycoprotein immobili-
zation on PVDF membranes (35) was found to be beneficial for
the subsequent N- and O-glycan release as well as for PGC
nanoLC-ESI MS/MS glycomics. This step removes excess
SDS and other contaminant substances resulting in clearly
reduced background contamination levels, better data quality
and a clear sensitivity increase (data not shown). Comprehen-
sive N- and O-glycome profiles were generally obtained from
tissue slides down to 3 �m in thickness and a surface area of
�15 mm2.

Easy Cleavable Glycoepitopes Remain Intact During Pres-
ervation and Extraction—Once a highly sensitive N- and O-
glycomics protocol for FFPE tissue material was established
we compared the glycomes obtained from the different
sources. The N-glycan base peak chromatograms (BPCs)
acquired from representative FFPE and frozen tissue speci-
mens appeared equivalent (supplemental material S1A).

Among the ten most abundant compositions nine were iden-
tical between the two sample sources (Fig. 2B). Sialylated,
complex biantennary (�66%) and fucosylated structures
(�40%) were the most abundant N-glycans (Fig. 2C, supple-
mental material S1G). In total 74 different N-glycan structures
(derived from 40 compositions) were detected in both, FFPE
and frozen tissues (details in supplemental material S1B). The
distribution of �2,6:�2,3 linked NeuAc residues on complex
N-glycans was roughly 2:1. Fucose residues were mainly
attached to the N-glycan core (35%) with just �5% of the
hepatic N-glycome exhibiting Lewis type fucosylation (Fig.
2C, supplemental material S1G). The same glyco-epitopes
were detected in similar amounts in both, FFPE and frozen
samples, indicating that the preservation process and the
sample preparation required for antigen retrieval did not affect
any more readily cleavable glycoepitopes containing sialic
acid or fucose residues (supplemental material S1B).

The hepatic O-glycome consisted of just eight different
O-glycans present in six compositions (Fig. 2D, supplemental
material S2A). These were exclusively of the core 1 and core
2 type with up to two NeuAc residues. In summary, these data
confirmed that the FFPE preservation process and the antigen
retrieval did not introduce any qualitative changes on the
detectable N- and O-glycome.

Subtle Quantitative Glycome Differences Are Present Be-
tween Frozen and FFPE Specimens—Quantitative changes in
the glycome are a major parameter determined in any disease
related glycomics study. Therefore, we tested whether the
quantitative glycome was similar between frozen and FFPE
specimens. The detected N-glycans were categorized into
global structure categories (Fig. 2C) and their relative quanti-

FIG. 1. Overview on the FFPE-tissue workflow for clinical N- and O-glycomics. Entire tissue blocks, slide-mounted tissue sections
before or after H&E staining or micro-dissected tissue specimens provide clinical tissue sources. After antigen retrieval (glyco)proteins are
immobilized onto PVDF membranes and N- and O-glycans are sequentially released for porous graphitized carbon nanoLC-ESI MS/MS
based glycomics.
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FIG. 2. Comparison of N- and O-glycans released from unmounted FFPE tissue sections and matching frozen human hepatic tissue.
A, Heat map obtained after unsupervised clustering of the detected N-glycans generated from various technical replicates of the two sample
sources. Detected N-glycan structures (the ten most abundant compositions are colored, see also supplemental material S7A for an overview)
are represented by structure ID numbers on the top side of the heat map. The structure numbering refers to the respective IDs described in
supplemental material S7A. Asterisks above numbers indicate the p value range obtained for statistically relevant differences between the
starting materials (� 0.01 (**) or � 0.05 (*)). The heat map is sorted according to different structure classes (dendrograms at the bottom of the
heat map), whereas the different color boxes on the bottom provide additional structural information on the individual N-glycans (e.g. NeuAc
or fucose linkage, presence of bisecting GlcNAc). The samples cluster according to sample origin (frozen and FFPE) because of differences
in the relative intensity of mainly �2,3/�2,6 linked NeuAc residues. B, Structures are depicted for the ten most abundant N-glycan compositions
(red label). Structure 19 and 25 (purple label) were the 10th most abundant composition in one sample source. C, Category comparison of the
hepatic N-glycome obtained from frozen or FFPE starting material. Error bars represent the standard deviation determined from 5 technical
replicates. The number of structures in each category is indicated above bars. D, Comparison of the hepatic O-glycome obtained from frozen
or FFPE starting material. The structure numbering refers to the respective IDs described in Supplemental material 8a.
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tative distribution assessed by an unsupervised hierarchical
cluster analysis (Fig. 2A). These data indicated that mostly the
levels of N-glycans carrying �2,3 linked NeuAc and/or fucose
residues were slightly elevated in the FFPE tissue compared
with frozen tissue (Fig. 2A, 2C). In particular, complex sialy-
lated core fucosylated N-glycans (e.g. IDs 30c, 33d and 35d)
showed higher abundances in FFPE tissue samples, whereas
�2,6 NeuAc carrying N-glycans were slightly elevated in fro-
zen tissue (Fig. 2A, 2C; supplemental material S1G, S1H). The
unsupervised cluster analysis also indicated differences be-
tween frozen and FFPE tissue for some paucimannnosidic
and complex neutral type N-glycans, however, further statis-
tically relevant differences were confirmed only for structures
5b and 25 (Fig. 2A, 2B, see also supplemental Fig. S1). These
data emphasize that a direct comparison between frozen and
FFPE derived starting material should be avoided as the tis-
sue source already results in minor, though statistically rele-
vant glycome differences, which might lead to false positive
results in differential studies. Despite these no other global
trends indicating destruction or discrimination of particular
more readily cleavable monosaccharides such as fucose or
sialic acid residues were observed. Furthermore, no unin-
tended chemical modifications could be detected, further
supporting the principal usability of FFPE conserved speci-
mens for glyco-biomarker studies.

Some quantitative differences between the different sample
sources were also found for the O-glycome. The singly and
doubly sialylated core 2 type structures 1a (Hex2HexNAc2

NeuAc) and 4b (Hex2HexNAc2NeuAc2) were more prominent
in FFPE samples whereas the levels of structures 7 (HexHex-
NAcNeuAc2) and 6b (HexHexNAcNeuAc) were less abundant
in FFPE samples. Other structures present above a relative
abundance of 1% did not show any detectable quantitative
changes (Fig. 2D). Based on these results we concluded that
for disease signature evaluation a direct comparison between
frozen and FFPE tissues should be avoided as different start-
ing materials obviously mimic statistically relevant signatures
in clinical glycomics studies.

Glass Slide Mounted and H&E Stained Tissue Specimens
Provide Suitable Sources for Clinical N- and O-glycomics—
The mounting of FFPE tissue sections onto glass slides and
H&E tissue staining represent standard procedures in every
pathology laboratory. We evaluated whether FFPE tissue sec-
tions that underwent these procedures are also suitable for
clinical N- and O-glycomics. PGC nanoLC-ESI MS/MS glycom-
ics performed on mounted FFPE preserved hepatic tissue sec-
tions (both, H&E stained and unstained) resulted in the detection
of 77 N-glycan and 9 O-glycan structures, which was in good
agreement with the results obtained for the unmounted
material (Fig. 3A–3C, supplemental material S3A and S4A).
Statistics indicated a significant difference for pauciman-
nose type structures between untreated and H&E stained
slides (Fig. 3B), however, as these four structures amount
only �2% of relative intensity, the minor individual tissue

section differences could also cause the detected differ-
ences. The similar results obtained for essentially all N-
and O-glycans from H&E stained and unstained tissue sec-
tions indicated that the staining method did not affect
glycan integrity and antigen retrieval (Fig. 3A–3C, supple-
mental material S3A, S3D and S4A, S4D). These data also
clearly demonstrated that glycomics information can be
obtained from the very same material used for pathological
examinations.

One Thousand Cells Are Sufficient for Composition Gly-
comics—LCM provides a unique possibility to selectively iso-
late areas of interest for subsequent glycomics studies. How-
ever, as this approach inevitable yields just small amounts of
tissue, we evaluated the minimum number of cells required to
still obtain a basic glycan profile. Approximately 1000, 5000
and 10,000 hepatocytes were isolated from unstained and
H&E stained FFPE tissue sections for glycan profiling (Fig. 4A,
4B). In order to remain comparable with the analyses de-
scribed above, also just 1/3 of the sample was actually used
for a single PGC nanoLC-ESI MS/MS analysis despite the low
amount of starting material.

We succeeded in obtaining basic N- and O-glycan profiles
from as low as 1000 cells (Fig. 4A, 4B, supplemental material
S3K, S4G). The detected signal intensities were low and just
25 out of 71 detected N-glycans met our stringent quantita-
tion criteria. MS/MS based identification was successful for
20 out of 71 structures (38 and 50 out of 71 for 5000 and
10,000 cells, respectively, supplemental material S3K), with
the residual being assigned based on retention time, precur-
sor mass and hepatic glycome data acquired during this
project. Four out of eight O-glycans could also be quantified
from the 1000 cells starting material (supplemental material
S4G). Even though glycan profiles were obtained from as low
as 1000 cells, this amount was considered to be insufficient
for reliable quantitative clinical glycomics. In particular, lower
abundant structures could not be reliably quantified when
starting from 1000 cells, making it very difficult to reliably
detect subtle glycome changes. The use of higher cell num-
bers (�2000) provided in general reliable quantitative glycome
profiling data (Fig. 4A, 4B). These results encouraged us to
further pursue the LCM route and validate the usability of
microdissection to complement histopathology with glycom-
ics using hepatic cellular carcinoma tissue sections in a proof
of principle study.

Spatial Insights into Hepatocellular Carcinoma N- and O-
glycome Using Laser-capture Microdissection—Associating
the glycome with microscopically visible tissue features pro-
vides a key requirement to exactly determine disease associ-
ated glycan signatures. Tumor tissue micro-heterogeneity,
however, represents a major obstacle in tissue preparation for
glycan profiling as the presence of nontumor related cells can
mask tumor specific glycosylation features (22). LCM can help
overcome this obstacle as it provides the possibility to spe-
cifically select tissue areas of interest that are also cross-
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FIG. 3. Comparison of the hepatic N- and O-glycome obtained from unstained and hematoxylin and eosin (H&E) stained FFPE tissue
sections. A, Heat map obtained after unsupervised clustering of the detected N-glycans, sorted according to N-glycan categories. The
differences in relative N-glycan abundances indicated by the clustering analyses between the H&E stained and untreated FFPE sections are
smaller than the methodological and individual slide specific differences as indicated by the fact that no clear sample source derived clustering
was obtained. Detected N-glycan structures are represented by structure ID numbers (for details see also supplemental material S7A) on top
of the heat map. The heat map is sorted according to different structure classes (bottom of the heat map), whereas the different color boxes
on the bottom provide additional structural information on the individual N-glycans (e.g. NeuAc or fucose linkage, presence of bisecting
GlcNAc). B, Category comparison of the hepatic N-glycome obtained from unstained (blue) or H&E stained (red) FFPE tissue sections. Error
bars represent the standard deviation determined from 4 technical replicates. The number of structures in each category is indicated above
bars. The asterisks indicate the p value range obtained for statistically relevant differences between the starting materials (� 0.05 (*)). C,
Comparison of the hepatic O-glycome obtained from unstained (blue) or H&E stained (red) FFPE tissue sections. Error bars represent the
standard deviation determined from the analysis of 5 technical replicates.
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validated by classical pathology diagnoses. In addition, this
technique provides the opportunity to gain access to nontu-
mor tissue parts from the very same patient reducing the

factor of individual glycosylation heterogeneity. We applied
this technique to gain further insights into the individual gly-
cosylation signatures of HCC.

FIG. 4. N-glycome determined from hepatocytes (1,000; 5,000 and 10,000 cells) microdissected from H&E stained FFPE tissue slides
and analyzed by porous graphitized carbon nanoLC-ESI MS/MS glycomics. A, N-glycan base peak chromatograms (BPC) obtained from
1,000; 5,000 and 10,000 cells isolated from H&E stained FFPE tissue sections by laser capture microdissection. The intensity for all BPCs was
normalized to the most intense sample (10,000 cells). The major N-glycan structures have been indicated at their respective retention time in
the BPC. The asterisk indicates a nonglycan contamination signal. B, Heat map obtained after unsupervised hierarchical clustering of the
N-glycans detected from 1000; 5000 and 10,000 cells compared with the ones obtained from entire FFPE tissue sections and sorted according
to major structure categories. Detected N-glycan structures are represented by structure ID numbers (for details see also supplemental material
S7A) on top of the heat map. The heat map is sorted according to different structure classes (bottom of the heat map), whereas the different
color boxes on the bottom provide additional structural information on the individual N-glycans (e.g. NeuAc or fucose linkage, presence of
bisecting GlcNAc). Despite the fact that with lower cell numbers less N-glycans were detectable (indicated by the white boxes), no cell number
associated clustering occurred, indicating that the overall profile remains comparable independent of the cell number and that the microdis-
section itself does not alter the glycan profile.
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FIG. 5. N- and O-glycome of hepatocellular carcinoma (HCC) and noncancer hepatic tissue (NC). A, Representative image of FFPE
preserved tissue sections of HCC used for spatial isolation of HCC cells and surrounding noncancerous tissue by laser capture microdissec-
tion. The respective areas used for the analyses are labeled as indicated. B, Overview on the N-glycan structures exhibiting the largest
expression level changes between HCC and NC tissue including their structure IDs as listed in supplemental material S7A. The number of
asterisks indicate the p value range obtained for statistically relevant differences between the starting materials (� 0.01 (**) or � 0.05 (*)). C,
Heat map obtained after unsupervised hierarchical clustering of the N-glycans detected from �2,000 cells of HCC and NC hepatic tissue and
sorted according to major structure categories. Detected N-glycan structures are represented by structure ID numbers (for details see also
supplemental material S7A) on top of the heat map. The heat map is sorted according to different structure classes (bottom of the heat map),
whereas the different color boxes on the bottom provide additional structural information on the individual N-glycans (e.g. NeuAc or fucose
linkage, presence of bisecting GlcNAc). Based on the N-glycome, HCC and NC tissue cluster in distinct classes. Paucimannose type and �2,6
NeuAc carrying N-glycans show the highest alterations between these two tissue types. D, Category comparison of the HCC and NC
N-glycomes. The number of structures in each category is indicated above bars. Error bars represent standard deviation determined from 3
technical replicates. E, Comparison of HCC and NC O-glycomes obtained from the very same material the N-glycomes were obtained. Sialyl
Lewis X epitopes present on core 2 type O-glycans show a significant increase in HCC tissue, whereas core 1 type O-glycan levels are reduced.
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N- and O-glycan profiles were determined from �2000 cells
isolated by the LCM method (Fig. 5A). The glycome of non-
tumor tissue was comparable to the ones obtained for different
liver samples described above (supplemental material S10).
Significant global glycome changes were observed in the
isolated HCC cells for various N-glycans of the paucimannose
and core fucosylated type, but also for hybrid as well as
neutral and �2,6 sialylated N-glycans (Fig. 5B–5D). Though
high mannose type glycans appeared unaltered as a group,
the levels of individual structures (Man8, Man7 and Man6, IDs:
8, 7a, 6b, respectively) were significantly decreased, whereas
Man5 (ID: 5b) showed an opposite trend (Fig. 5C, and sup-
plemental material S5B). The most striking changes were
detected for paucimannosidic structures such as Hex2HexNAc2

Fuc (ID: 2) and Hex3HexNAc2Fuc (ID: 3) and the biantennary,
doubly �2,6 sialylated structure (ID: 30a, Fig. 5B, 5C).

The O-glycome obtained from the very same microdis-
sected tumor tissue specimens showed more complex core 2
type structures carrying Lewis X and sialyl Lewis X glyco-
epitopes that shifted toward shorter core 1 type O-glycans in
the noncancerous surrounding cells (Fig. 5E). Similar core 2
O-glycans have previously been described in numerous tumor
types and have been linked to increased tumor survival and
metastasis by modulating the immune response (62, 63). As
the hepatic O-glycome is significantly less complex compared
with the N-glycome, in future O-glycans might present a
useful and simpler alternative in the context of HCC tissue
differentiation.

DISCUSSION

In principle glycans have been isolated from FFPE tissue
sections already previously (31–33). Despite these earlier re-
ports we were, however, not able to find satisfying answers to
numerous crucial questions. (1) Are all glyco-epitopes quan-
titatively and qualitatively preserved during the preservation
and antigen-retrieval procedures? (2) What is the minimum
sample amount required to obtain a representative glycome?
(3) Is glycan integrity and recovery still given even after H&E
staining?

To address these questions, we developed and applied a
novel PGC nanoLC-ESI MS/MS glycomics approach for qual-
itative and relative quantitative N- and O-glycomics of clinical
FFPE tissue sections and even LCM-enriched tissue speci-
mens. Our results showed that unstained or H&E stained
FFPE tissue sections represent well suited sources for clinical
glycomics. In a proof of principle experiment we analyzed N-
and O-glycans from hepatic tumor and surrounding nontumor
tissue derived from the very same tissue section and patient.
Using laser capture microdissection patient-derived individual
glycome variations were reduced and the results provided a
more precise view on the specific and individual cancer tissue
glyco-signatures as tumor and control samples were also
derived from spatially close areas. This approach allowed an
in-depth characterization of the hepatic N- and O-glycome

from single tissue specimens including differentiation and
relative quantitation of structure isomers (Fig. 6).

Our results clearly emphasize that similar tissue specimen
treatment is imperative for glyco-biomarker studies. Minor
though significant differences were detected when the gly-
come of frozen starting material was compared with the
FFPE-derived profile. Inevitably the different starting condi-
tions required different initial tissue homogenization and pro-
tein extraction procedures. Thus, most likely specific proteins
were lost and/or insoluble in either one of the procedures,
subsequently resulting in the lack of specific glycoproteins.
The FFPE sections were also derived from a spatially narrower
tissue fraction compared with the frozen material, thus a
differential spatial glycan distribution as reported previously
by MALDI imaging experiments (31, 64) could also contribute
to the observed quantitative changes. Nevertheless, in the
initial method development several larger tissue sections were
combined, making spatial distribution differences less a likely
option for the observed differences.

Turiak et al. also reported differences in the number and
relative abundances of N-glycans released from frozen and
FFPE murine liver tissue (13 versus 14 compositions) (25). In
their interesting integrated omics approach they identify pro-
teins and profile glycosaminoglycans and N-glycans from the
same FFPE-slide. Nevertheless, in their workflow reliable de-
tection and quantitation of released N-glycans required six
sequential sections (10 �m thick, �2 mm2 in size) to be
combined, whereas we consistently identified 63 N-glycans
and 7 O-glycans from 5000 cells.

In comparison to a recent N-glycan MALDI-imaging study
on HCC including two patients overall just 17 of the reported
33 N-glycans qualitatively overlapped with our results (64).
Whereas in our data paucimannosidic N-glycans in particular
showed the largest differences (Fig. 5B–5D), Powers et al. (64)
reported the largest differences for high mannose type and
selected complex, nonsialylated N-glycans. Because of the
m/z cut-off used in their study, paucimannosidic N-glycans
eluded their detection. Nevertheless, the observed differ-
ences are possibly also a reflection of individual patient vari-
ability. The unavoidable influence of this factor on such clin-
ical glycomics studies is further supported by the fact that
Powers et al. reported contradicting results for some high
mannose structures in an earlier, similar study conducted on
16 patients (65). Whereas a decrease of Man8 in HCC tissues
is supported by data presented in this work and by two
independent reports from Powers et al. (65) and Nie et al. (66),
the follow up study from Powers and co-workers reported an
increase in Man8 in HCC tissues (64). This example clearly
shows that future biomarker oriented studies require both
large sample cohorts and orthogonal approaches to differen-
tiate individual patient glycan heterogeneity from possible
method artifacts and real cancer signatures. This will be cru-
cial to identify glycan signatures with the potential to support
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histopathology and also future personalized cancer diagnos-
tics or therapies (6).

The here presented liver O-glycome showed a low structure
diversity. To date just very few data is available on the liver
tissue O-glycome, and our results agree well with the data
provided by the Consortium of functional glycomics that also
reported a similar low O-glycan structure diversity in human
liver (see glycan structure database for human tissue on:
www.functionalglycomics.org).

The here presented method is generally applicable to any
tissue type and opens novel opportunities to study protein N-
and O-glycosylation including isobaric structure differentia-
tion directly from histopathologically examined tissue speci-
mens orthogonal to MALDI imaging techniques. Furthermore,
our results unlock the potential of FFPE tissue as a valuable
and easily accessible source for future clinical glyco-bio-
marker studies.
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