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Abstract
Formalin-fixed paraffin-embedded (FFPE) tissues have been used to discover disease-associated
protein changes using mass spectrometry. Protein post-translational modifications such as
glycosylation are known to associate with disease development. In this study, we investigated
whether FFPE tissues preserve such modifications and therefore can be used as specimen of choice
to identify the disease-associated modifications. We isolated the glycopeptides from the tryptic digest
of frozen and FFPE lung tissues using solid-phase extraction of glycopeptides and analyzed them
using mass spectrometry. The glycopeptides identified from FFPE lung tissue were compared to the
ones from frozen lung tissue regarding their relative abundance, unique glycosylation sites, and
subcellular locations. The results from our study confirmed that glycosylation in FFPE tissues are
preserved and FFPE tissues can be used for discovery of new disease associated changes in protein
modifications. Furthermore, we demonstrated the feasibility of applying the strategy of glycopeptide
isolation from tryptic peptides of FFPE tissue to other tissues such as liver and heart.
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INTRODUCTION
Surgical tissue has recently become a popular specimen of choice in the field of cancer
biomarker discovery rather than serum 1 for two reasons. First, proteins in a given tissue are
less complex and have a narrower dynamic range than those in serum. Second, like prostatic
specific antigen (PSA), a tumor marker for prostate cancer, which has much higher
concentrations in prostatic tissue than that in serum, proteins with cancer-biomarker potential
may exist at higher concentrations and are readily identified in tissues than in serum. Hence,
the idea of identifying potential cancer biomarkers in surgical tissues using quantitative
proteomics and then targeting them in serum using antibody-based assays or mass
spectrometry, so called tissue-targeted proteomic approach, make surgical tissues an important
specimen for biomarker discovery 2, 3.

Two types of surgical tissues are available: fresh or frozen tissues and formalin-fixed paraffin-
embedded (FFPE) tissues. Currently, the former are the main sources for tissue-targeted
biomarker discovery. However, two issues with using fresh or frozen tissues are their limited
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availability in large qualities and variable quality due to lack of standardization of preparation
and storage conditions. On the contrary, FFPE tissues, archived with pathological and clinical
information processed by universal standard methodology, are readily available worldwide in
hospitals and tissue banks. The concern of using FFPE tissues, however, is whether proteins
in FFPE tissues, stabilized via cross-linking by the process of formalin-fix and paraffin-embed,
are feasible for proteomic analysis.

The pioneering work of Hood et al has recently identified hundreds of proteins from soluble
peptides extracted from FFPE tissues using mass spectrometry4–6. However, the feasibility of
FFPE specimens for study of protein post-translational modifications such as glycosylation
has not yet been examined. Protein glycosylation is known as the most abundant post-
translational modification and ~50% of all proteins are estimated to be glycosylated 7, 8.
Glycosylation is fundamental in normal cell functions such as cell adhesion, migration, and
signal transduction 9–12, as well as in disease genesis and progression13, 14. Most glycosylated
proteins are membrane associated or extracellular and readily released to body fluids and could
serve as potential biomarkers in body fluids such as serum15, 16.

In this study, we investigated the feasibility of FFPE tissues for quantitative glycoproteomic
analysis using the solid-phase extraction of N-liked glycopeptides (SPEG), a glycopeptide
isolation technique that was reported recently by our group 17, 18. The FFPE tissues from
mouse lung were proteolyzed to peptides and SPEG was then used to isolate glycopeptides
followed by LC-MS/MS analysis. We compared quantitatively the glycopeptides from FFPE
lung tissue with those isolated from frozen lung tissue and found that glycopeptides were
identified in frozen tissues as well as FFPE tissues, although the relative abundances of the
glycopeptides from FFPE tissue were reduced. To this end, our study demonstrated the
feasibility of FFPE tissues for glycoproteomic analysis. This knowledge will facilitate the
usage of FFPE tissues for study of protein glycosylation and may be useful to identify
glycoproteins as potential biomarkers for disease diagnosis, progression and prognosis.

MATERIALS AND METHODS
Materials

Hydrazide resin and sodium periodate (Affi-Gel H2 Oxidizer) were from Bio-Rad (Hercules,
CA). PNGase F was from New England Biolabs (Ipswich, MA). Sequencing grade trypsin was
from Promega (Madison, WI). C18 columns (Sep-Pak Vac) were from Waters (Milford, MA).
All other chemicals were from Sigma-Aldrich (Missouri, MO).

Tissues
Mouse tissues were collected and either snap frozen or fixed in 10% normal buffered formalin
(NBF) for four hours. After fixation NBF tissues were transferred to 70% alcohol and processed
to paraffin using a Shandon Hypercenter XP (GMI, Inc., Ramsey, Minnesota). For Shandon
Hypercenter XP, a standard program of dehydration was carried out in ethanol 70%, 80%,
90%, 95%, 100%, 100% 1 hour each, followed by xylenes twice and 30 min each. Finally, the
tissue was soaked in paraffin 30 min and repeated once and then hold in the second paraffin
bath for at last 1 hour.

Tryptic digestion and SPEG isolation of N-linked glycopeptides
FFPE tissues block (~28mg) were placed in a 50~60°C oven for 30 min followed by incubation
in a xylene bath for 5 min. This incubation step was then repeated twice. After that, excess
liquid was shaken off from the tissues before they were soaked in each of the following
solutions for 3 min by the order of fresh absolute ethanol, fresh 90% ethanol and fresh 80%
ethanol. Then they were gently rinsed in running tap water for 30 s and placed in a PBS wash
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bath at room temperature for 30 min for further rehydration. After rehydration, the FFPE tissues
were weighed to and ~50mg tissues were used for glycopeptide extraction in each experiment.

Rehydrated FFPE tissues or frozen tissues (~50mg from each tissue), sliced into 1~3mm in
thickness, were vortexed in 100µl of 5mM phosphate buffer for 2–3 min and sonicated for 5
min in an ice-water bath to homogenize the tissues. After that, the tissue homogenate was
incubated in 100µl of trifluoroethanol (TFE) at 60°C for 2 h followed by sonication for 2 min
to denature proteins. Protein disulfide bonds were then reduced by a 30 min incubation of the
tissues with 5mM tributylphosphine (TBP) at 60°C and alkylated by another 30 min incubation
with 10mM iodoacetamide at RT in dark. Finally, the proteins were diluted 5-fold with 50mM
NH4HCO3 (pH7.8) to reduce the TBP concentration to 1mM before digested using tryspin
(enzyme to protein ratio of 1:50 w/w) overnight at 37°C with gently shaking. Proteins before
and after tryptic digestion were analyzed by protein gel, and silver staining was used to
determine whether the proteins from tissues were completely digested into peptides. The
complete tryptic digestion was indicated by disappearance of protein bands with high molecular
weight and appearance of peptide bands with low molecular weight (<10kDa). After trypsin
digestion, samples were centrifugated at 13,000 rpm for 5 minutes to remove any particulate
matter. Each sample contains ~ 4mg of peptides measured by the BCA assay. N-linked
glycopeptides were then isolated from 2mg of peptides from the digests described above using
SPEG 17. The enriched N-linked glycopeptides were concentrated by C18 columns and dried
down and resuspended in 40µl of 0.4% acetic acid before LC-MS/MS analysis.

LC-MS/MS analysis
From 40µl of isolated N-linked glycopeptides, 3 µl (~1.5µg) were analyzed by ESI quadrupole-
time-of-flight mass spectrometer (Q-TOF, Waters, Beverly, MA) using a linear acetonitrile
gradient (from 5%–32% B over 100 min; A= 0.1% formic acid in water, B=0.1% formic acid
in acetonitrile). Each sample was analyzed three times to decrease the errors induced by
different MS runs in a label-free LC-MS method based on label-free peak intensity of the same
peak among different LC-MS runs. Linear ion-trap mass spectrometer (LTQ, Thermo-
Finnigan, San Jose, CA) was also used to increase the coverage of glycopeptides isolated from
each sample and increase the number of identifications with an acetonitrile gradient from 5%–
35% over 85 min at a flow rate of 0.15 ml/min.

Protein and glycosylation site identification
Raw MS data of LTQ and Q-TOF were converted into mzXML files by the MassWolf file
converter 19. MS/MS spectra were searched with SEQUEST 20 against a mouse International
Protein Index database (IPI, version3.13). The peptide mass tolerance is 2.0Da for Q-TOF and
3.0Da for LTQ. Other parameters of database searching are modified as follows: oxidized
methionines (add methionine 16), a (PNGase F-catalyzed) conversion of Asn to Asp and
cysteine modification (add cysteine 57). The output files were evaluated by INTERACT and
ProteinProphet21, 22. The criterion of ProteinProphet analysis is the probability score ≥ 0.9 so
that low probability protein identifications can be filtered out.

Number of peptide identifications represents total number of MS/MS spectra used to make the
assignment of peptide sequences using SEQUEST20. The N-linked glycosylation site is the
Asp contained within the consensus N-linked glycosylation motif.

Quantitative proteomic analysis
LC-MS method-MS spectra were aligned and quantitatively analyzed by SpecArray software
suite 23. Briefly, SpecArray software suite uses LC-MS data generated by ESI-Q-TOF of
peptides from each sample and sequentially performs the following tasks to determine relative
abundance of peptides in different conditions: 1) Peptide peak picking: a list of peptide peaks
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was generated from each LC-ESI-MS run; 2) Peptide alignment: Peptides detected in individual
LC-MS patterns were aligned based on peptide mass and retention time. The software tool
accounted for shifts in the retention time in different LC-MS analyses during peptide alignment.
3) Peptide Array: For each peptide peak, an abundance ratio of matched peptides in different
samples was determined for each peptide peak. An in-house developed software tool was then
used to link the peptides identified from MS/MS spectra to their corresponding MS peaks by
matching retention time, precursor mass, and charge states of the peptides.

Subcellular location of identified proteins
Signal peptides were predicted using SignalP 2.0 24. Transmembrane (TM) regions were
predicted using TMHMM (version 2.0)25. The TMHMM program predicts protein topology
and the number of TM helices. Information from SignalP and TMHMM were combined to
separate proteins into the categories: i) cell surface - proteins that contained predicted non-
cleavable signal peptides and no predicted transmembrane segments; ii) secreted - proteins
that contained predicted cleavable signal peptides and no predicted transmembrane segments;
iii) transmembrane - proteins that contained predicted transmembrane segments and
extracellular loops and intracellular loops; and iv) intracellular - proteins that contained neither
predicted signal peptides nor predicted transmembrane regions. All protein sequences were
taken from IPI mouse protein database (version 3.13).

Results and discussion
Glycoproteomic analysis of FFPE tissue

FFEP treatment cross-links proteins in tissues so that they are stabilized and locked in position
for microscopic analysis. Given the harsh treatment conditions, it is reasonable to question the
quality of proteins in FFPE tissues for proteomic analyses, especially the ones that aim to
identify post-translational modification and sites. To this end, we investigated whether the
process of formalin fixation and paraffin embedding would interfere with analyses of protein
glycosylation by isolation of glycopeptides using SPEG and analyzing isolated glycopeptides
by LC-MS and LC-MS/MS.

First, we compared the number of glycopeptide identifications from FFPE lung tissue with that
from frozen lung tissue (Figure 1). When peptides were filtered using a probability score cut
off of ≥ 0.9, 92% of the identified peptides (1243 out of 1348) from the frozen lung tissue and
85% of the peptides (485 out of 571) from the FFPE tissue were glycopeptides indicated by
the inclusion of at least one of the consensus N-linked glycosylation motifs in the identified
peptide sequences. In contrast, only 7% of tryptic peptides in the human proteome contain
potential N-linked glycosylation motifs (N-X-T/S)26. This observation demonstrates that
specific capture of glycopeptides by oligosaccharide tags using SPEG specifically enriches
glycopeptides from FFPE tissue, evidenced by the fact that ~85% of the identified peptides are
glycopeptides. Most important, it demonstrates that 1) protein glycosylation is preserved in
FFPE tissues and 2) glycosylated proteins can be identified from them using mass spectrometry.

Second, we compared the number of unique glycosylation sites identified from FFPE and
frozen lung tissues (Figure 2). 168 and 252 unique glycosylation sites were identified from the
FFPE and frozen lung tissue, respectively. Although the number of unique glycosylation sites
identified from the frozen lung tissue was greater than from the FFPE lung tissue, 80% of the
glycosylation sites (135 out of 168) identified from the latter were present in the former (Figure
2). Some glycosylation sites are only identified from the FFPE lung tissue (33 out of 168). A
larger number of glycosylation sites (117) were uniquely identified from frozen lung tissue but
not from FFPE lung tissue.
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To further investigate the reason attributed to the difference in peptide sequences identified in
frozen lung or FFPE lung tissue, we compared the relative abundance of the glycopeptides
identified from both tissues (Category I), only in the frozen tissue (Category II), and only in
the FFPE tissue (Category III) in Table 1. The relative abundance of these glycopeptides were
calculated by SpecArray using the relative MS intensity from Q-TOF 23 as were the peptide
abundance ratio of frozen lung to FFPE lung (shown in Table 1). We also matched the identified
glycopeptides from MS/MS spectra of the same Q-TOF run to its corresponding MS peak. A
total of 47 identified N-linked glycopeptides were quantified in both specimens: 31 in Category
I, 14 in Category II, and 2 in Category III. Among the 31 glycopeptides in Category I, 3 of
them had higher abundance in FFPE tissue (ratios ≤0.5). This may be because the fixed tissues
are substantially denser than frozen tissues caused by the shrinkage of fixed tissue. Palmer-
Toy et al reported that more proteins were identified in the fixed/embedded tissue attributed
to the same possible reason 6. Nevertheless, the majority of the peptides in this class (14 out
of 31) had ratios ≥2, which indicates that the glycopeptide isolation is less efficient in FFPE
tissue compared to frozen tissue. In category II, although 14 glycopeptides were only identified
by MS/MS spectra in the frozen lungs, we were able to detect the corresponding MS peaks
with low intensity in FFPE tissue and quantified the peptides using the MS intensity. Most of
them were not identified due to the low abundance of these peptides and random sampling of
mass spectrometer. The random sampling of mass spectrometer is that only a certain number
of peptide peaks detected by mass spectrometry are randomly selected to be further analyzed
by MS/MS, depending on the analyzing efficiency of the instrument. A very similar observation
was made in Category III, in which the glycopeptides were only identified in FFPE tissue
(Table 1). Based on these quantitative data, the difference of identification could be mainly
attributed to the low concentration of peptides and limited detection ability of the mass
spectrometer, rather than a loss of the peptide. This specific difference could be compensated
by increasing the number of MS analyses to achieve complete and reproducible coverage of
the proteome. In addition, sample pre-fractionation by multiple dimensions prior to mass
spectrometry, such as gas-phase fractionation of the m/z dimension or capillary isoelectric
focusing based multidimensional separation coupled with nano-RPLC (reversed-phase liquid
chromatography), have also been reported27, 28.

Subcellular location of glycoproteins
We compared the subcellular location of glycoproteins identified from the frozen and FFPE
lung tissues as another measure of the quality of FFPE tissues for glycoprotein analysis.
Glycoprotein subcellular distribution from the frozen and FFPE lung tissues were identical:
7.7% and 6.4% cell surface proteins, 39.9% and 40.6% transmembrane proteins, 47.6% and
47.4% secreted proteins, and 4.8% and 5.6% cytoplasmic proteins were from FFPE and frozen
lung, respectively (Figure 3). The classification of the identified proteins showed identical
subcellular distributions. Since glycoproteins are most likely transmembrane, cell surface, or
secreted proteins, the subcellular distribution of the glycoproteins enriched from both FFPE
lung and frozen lung is different from global proteome analysis5.

Efficiency of trypsin digestion
It is commonly thought that crosslinking caused by formalin-fixation might interfere with
trypsin digestion. To investigate whether the formalin fixation could impact the efficiency and
specificity of trypsin digestion, the information of tryptic ends of the identified peptides from
FFPE and frozen lung is shown in Table 2. The percentage of peptides identified from FFPE
lung with arginyl and lysyl termini was 51.63% and 48.37%, respectively, compared to these
in frozen lung, 50.43% and 49.57%. The prevalence of these two residues within proteins is
considered roughly equivalent5. Furthermore, 63.10% and 64.68% peptides with one tryptic
end, 36.9% and 35.3% peptides with two tryptic ends, and 16.07% and 17.06% peptides with
missed cleavage sites were identified in FFPE lung and frozen lung, respectively. All the data
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suggest the formalin fixation did not make dramatic differences in the efficiency and specificity
of trypsin from frozen tissue, in accordance with the previous report5.

Investigation of other FFPE tissues
In addition to lung, we also investigated whether SPEG method could also be applied to other
FFPE tissues such as heart and liver. Using the same approach for lung tissues, we identified
166 and 135 unique glycosylation sites from FFPE heart and liver, as compared to 168
glycosylation sites from lung. This indicated the feasibility of SPEG method to other FFPE
tissues. We also compared glycoprotein subcellular location among FFPE lung, heart and liver
tissues to further determine the specificity of the SPEG method, which indicated that the
extracellular proteins can be significantly enriched in FFPE heart and liver, similar to FFPE
lung (Figure 3).

Conclusion
In this study we were able to identify glycopeptides with glycosylation sites from FFPE lung
and compared the identified glycopeptides with that from frozen lung using the SPEG and mass
spectrometry. The data indicated that FFPE tissue can be used for glycoproteomic analysis,
although the abundance of glycopeptides from FFPE tissue was reduced. Such differences in
intensity were also reported in a previous study by qualitative analysis of protein extraction
from FFPE 4. The intensity differences affected the identification of glycosylation sites to a
certain degree. Furthermore, the protein cellular distributions from FFPE tissue, based on
prediction from sequence, shows extreme similarity with frozen tissue. In short, the
glycosylation of proteins is preserved in FFPE tissues. This may imply that other post-
translational modification, such as phosphorylation and sulphation, may be also preserved in
FFPE tissues and such modified proteins can be analyzed using specific enrichment followed
by analysis using mass spectrometry. Furthermore, the SPEG method can also be successfully
applied to other FFPE tissues, such as liver and heart. This study may facilitate the usage of
FFPE tissues for analyses of proteins with diverse glycosylation forms for biomarker discovery.
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Figure 1.
Flow chart comparison of glycoprotein analyses from FFPE tissue and frozen tissue.
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Figure 2.
Venn diagram summary of unique glycosylation sites identified by LTQ: 168 in FFPE lung
tissue, 252 in frozen lung tissue and 135 are in common.
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Figure 3.
Distribution summary of N-linked glycoproteins identified by LTQ in tissues from frozen lung,
FFPE lung, FFPE liver, and FFPE heart, according to predicted cellular location.
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