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Abstract

Glycosaminoglycans (GAGS) are found in intracellular granules, cell surfaces and extracellular
matrices in a spatially and temporally regulated fashion, constituting the environment for cells to
interact, migrate and proliferate. Through binding with a great number of proteins, GAGs regulate
many facets of biological processes from embryonic development to normal physiological
functions. GAGs have been shown to be involved in pathologic changes and immunological
responses including cancer metastasis and inflammation. Past analyses of GAGs have focused on
cell lines, body fluids and relatively large tissue samples. Structures determined from such
samples reflect the heterogeneity of the cell types present. In order to gain an understanding of the
roles played by GAG expression during pathogenesis, it is very important to be able to detect and
profile GAGs at the histological scale so as to minimize cell heterogeneity to potentially inform
diagnosis and prognosis.

Heparan sulfate (HS) belongs to one major class of GAGs, characterized by dramatic structural
heterogeneity and complexity. In order to demonstrate feasibility of analysis of HS, 13 um frozen
bovine brain stem, cortex and cerebellum tissue sections were washed with a series of solvent
solutions to remove lipids before applying heparin lyases I, 11, and 111 on the tissue surfaces within
5mm*5mm digestion spots. The digested HS disaccharides were extracted from tissue surfaces
and then analyzed by using size exclusion chromatography/mass spectrometry (SEC-MS). The
results from bovine brain stem, cortex and cerebellum demonstrated the reproducibility and
reliability of our profiling method. We applied our method to detect HS from human astrocytoma
(WHO grade I1) and glioblastoma (GBM, WHO grade V) frozen slides. Higher HS abundances
and lower average sulfation level of HS were detected in glioblastomas (GBM, WHO grade 1V)
slides compared to astrocytoma WHO grade 11 slides.

Introduction

Glycosaminoglycans (GAGs) are a family of linear sulfated polysaccharides found in
cellular granules on cell surfaces and in extracellular matrices of animal cells. Among
GAGs, heparin, heparan sulfate (HS), chondroitin sulfate (CS), and dermatan sulfate (DS)
bind many families of growth factors and growth factor receptors?: 2. They serve as co-
receptors for growth factor-growth factor receptor interactions and bind growth factors and
other proteins in the extracellular matrix. Such GAG-protein interactions are necessary for
embryogenesis and the functioning of every adult physiological system3. GAG chains are
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heterogeneous, and their structures vary according to tissue type®. While there is general
appreciation regarding the regulated nature of GAG chain structure, it has not been possible
to produce sufficient structural information to understand their roles in disease states
including cancers.

GAGs are expressed in a spatially and temporally regulated manner®. Thus, the structure and
abundance of GAG chains varies according to the cell type, developmental state, and
regulatory signals received from the extracellular matrix. Understanding of the roles of
GAGs in physiology therefore depends on the ability to determine the structures and
abundances of GAGs from small quantities of tissue.

We and others have studied the expression of GAGs in tissue related to a variety of disease
states®14, These studies leveraged the ability to extract GAGs from comparatively small
quantities of tissuel® 16, Thus, it was possible to compare structures of chondroitin/dermatan
sulfate in human squamous cell carcinoma biopsies®. It was clear from these studies,
however, that the heterogeneity of the biopsy tissue limited the ability to determine the
structures of GAGs expressed by cancer cells versus those from surrounding non-cancerous
cells. We therefore sought to develop methods to analyze GAGs from smaller tissue
quantities.

MALDI-based imaging mass spectrometry (IMS) has advanced to the point that protein and
lipid profiles can be obtained on tissue spots less than 25 microns!’. Glycoconjugate
glycans, however, are not typically observed in MALDI IMS experiments. Glycans
dissociate under typical vacuum MALDI conditions, a fact that is likely to limit the ability to
perform tissue-based imaging and profiling experiments. In addition, ionization of glycans,
as hydrophilic molecules, is easily suppressed by more hydrophobic proteins and lipids
present in the tissue. The analysis of N-glycans enzymatically released from tissue surfaces
has been accomplished by permethylation prior to MALDI-TOF mass spectrometry8. These
results demonstrate the validity of derivatization to improve the stability and ionization
responses of the N-glycans. In order to analyze GAGs as permethylated derivatives, it is
necessary to use a multistep derivatization process in which sulfate groups are replaced by
acetate groups prior to MS analysis'®. We have chosen to analyze GAGs enzymatically
released from tissue surfaces in native form in order to keep the analytical workflow as
simple as possible.

Analysis of GAGs from tissue sections was first reported for hyaluronan and chondroitin
sulfate and was carried out using formalin fixed paraffin embedded tissue that had been
subsequently de-waxed and re-hydrated before applying GAG-degrading enzymes2%: 21, The
released GAG disaccharides were then detected using reversed phase ion pairing
chromatography with post-column fluorescence derivatization and detection. Tissue may
also be embedded in optimal cutting temperature polymer, sectioned using a cryostat, fixed
with methanol and dried on a glass slide. Chondroitin/dermatan sulfate GAGs have been
analyzed from tumor tissue prepared in this way on glass slides by adding enzyme digestion
solution to the dried tissue. The digest was analyzed by reversed phase ion pairing LC/MS?22,
Corneal keratin sulfate (KS) GAGs were analyzed from fresh frozen tissue sections by
applying a ring around tissue to be analyzed using a hydrophobic pen?3 24 followed by
direct electrospray mass spectrometric analysis of mono- and di-sulfated disaccharide
products.

Given the feasibility of ESI mass spectral analysis of GAGs from tissue surfaces, we sought
to develop methods appropriate for quantitative studies. A reproducible and quantitative
method is necessary in order to compare the structures of GAGs expressed in normal versus
disease tissue. We were concerned that surface effects would limit the reproducibility of
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direct MS analysis of enzyme digest solutions. Size exclusion chromatography (SEC)-MS
has proven to be extremely useful for quantitative comparison of GAG disaccharide profiles
among tissue and cell types®: 15 25-31 The method is very robust and removes components
from the tissue that interfere with ionization of the disaccharide analytes. Therefore, we
compared direct nano-ESI versus SEC-MS methods of quantification of GAGs released
from tissue surfaces. The results demonstrated that both CS/DS and HS GAGs may be
analyzed reproducibly from slides prepared from frozen tissue. The method was applied to
analysis of HS from human glioma biopsies.

Experimental section

Materials

Frozen bovine cortex, brain stem and cerebellum slides, which were cut at a thickness of 15
pm, and the tissue blocks from which the slides were prepared were purchased from Zyagen
(San Diego, CA). Each slide contained two sections. Frozen diffuse astrocytoma (WHO
grade I1) slides and glioblastoma (GBM, WHO grade 1V) slides, which were cut at a
thickness of 10 pm, were prepared at University of California San Francisco. Each slide
contains one section. Heparin lyase | was purchased from New England Biolabs (Andover,
MA) and heparin lyases Il and 111 were generous gifts from Prof. Jian Liu (UNC Eshelman
School of Pharmacy, USA). Heparan sulfate sodium salt from porcine intestinal mucosa
(HSP1M) was purchased from Celsus Laboratories (Cincinnati, OH).

Fresh tissue slides processing before enzymatic digestion

Frozen tissue slides were washed using chloroform:methanol solution (v/v=7:3) for 10 min,
twice, to remove lipids. Isopropanol:distilled water solution (v/v=1:1) was then used to wash
the slides for 10 min, twice. A 20 mM ammonium bicarbonate solution (pH adjusted to 9.0)
was applied to dissolve acidic molecules on the tissue surfaces for 10 min, twice. The tissue
slides were then washed using distilled water for 10 min, three times. The slides were then
allowed to dry in air.

Enzyme digestions for HS at tissue surfaces

Three digestion spots (with the size of 5mm x 5mm) were chosen in each frozen bovine
cortex, brain stem and cerebellum frozen histological section. Ten serial sections were used
for each sample to verify the reproducibility of the method and the spatial positions of
digestion spots were carefully coordinated.

Fresh frozen histological slides were prepared for three diffuse astrocytomas biopsies
samples and five GBM biopsies samples were prepared. One or two digestion spots were
chosen from each frozen section. The number of digestion spots was determined by the
histological characteristics of the sample. Three serial sections were used for each sample
and the spatial positions of the digestion spots were also carefully coordinated. The
abundances of disaccharides were normalized to Imm? digestion spot size.

The tissue slides were put in a sealed box during digestion to maintain an atmosphere
saturated with water vapor at 37 °C. A 5 pl volume of enzyme solution I, containing 20 mU
of heparin lyase | (specific for highly sulfated HS domains), 2 mU of heparin lyase Il
(specific for HS domains with a low degree of sulfation) and 2 mU of heparin lyase Il
(cleaves all HS domains) in the presence of 10 mM Tris/HCI buffer pH7.4 and 2 mM CaCl,,
was added to the defined digestion spot at 37 °C for 45 min. In order to keep the digestion
spot wet, a 5 pl volume distilled water was then added and the digestion was allowed to
proceed for another 45 min at 37 °C. The cycle of addition of enzyme solution I and distilled
water was then repeated 3 more times. Finally, 5 pul enzyme solution Il containing only 20

Anal Chem. Author manuscript; available in PMC 2014 November 19.
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mU of heparin lyase I, 2 mU of heparin lyase Il and 2 mU of heparin lyase 11 was added for
45 min at 37 °C. The digested products were aspirated by pipetting 6 I 0.3% ammonium
hydroxide solution into each digestion spots. Aspiration steps were repeated for another 5
times and the extraction volumes were combined. The solutions extracted from each spot
were dried using a vacuum concentrator and dissolved in 10 .l distilled water.

The methods for GAG extraction from tissue blocks, enzyme digestion of HS from tissue
blocks, SEC-MS, and direct nano-ESI MS are given in the Supplemental Methods section.
The SEC-MS method and appearance of GAG disaccharide mass spectra produced has been
described previously®.

SEC-MS is areliable and robust method to analyze HS released from tissue surfaces

Heparan sulfate can be digested into disaccharides using heparin lyases I, 11, and I11. The
structures of HS disaccharides are designated using the coding system of Lawrence et al32,
summarized in Scheme S-1. Among unsaturated disaccharides, DOAO, D0S0, DOA6/D2A0
and D0S6/D2S0 are the four most abundant signals detected from typical HS sources. HS
disaccharides extracted from two spots in the bovine hippocampus, cortex, cerebellum and
brain stem slides were analyzed by both direct nano-ESI MS and SEC-MS, as shown in
Figure S1. Despite the convenience, direct nano-ESI MS produced considerably higher
variability between the paired spots for each brain tissue than did SEC-MS. We concluded
that molecules co-extracted from the tissue surfaces influenced the abundances of ions
detected using direct nano-ESI MS. The use of SEC-MS appears to remove tissue surface
molecules that interfere with direct nano-ESI MS analysis and was used for the remainder of
the experiments here described. Representative SEC-MS total ion chromatograms (TICs)
and extracted ion chromatograms (EICs) for HS unsaturated disaccharides acquired from
frozen bovine brain stem and human GBM slides are shown in Figure 1.

Recovery of HS disaccharides from tissue surfaces

In order to determine the efficiency of recovery of HS from the tissue surfaces, we digested
HS from tissue surfaces using heparin lyases and extracted the disaccharides. We then
verified that no additional disaccharides could be extracted after additional digestion using
lyases. Next, we deposited 0.75 pg HSPIM onto the tissue surfaces where HS had been
digested and extracted previously and used the same conditions described in the
experimental procedures to exhaustively digest 0.75 pg HSPIM. Figure 2 compares the
absolute (A) and relative (B) abundances for five unsaturated HS disaccharides digested in
solution versus on the frozen bovine cortex tissue slides. The coefficients of variation (CV)
for the absolute and relative abundances from three independent experiments were less than
5% for all disaccharides except for the lowest in abundance (D2A6), indicating extraction
step is consistent among different spots. The recovery for each digested HS disaccharide
from tissue surfaces was about 90%, as shown in Figure 2A. In addition, the differences of
the relative abundance for the five most abundant disaccharides were 1.3% or less, as shown
in Figure 2B. Digestion of 0.75 ug HSPIM produces approximately 50 times more
disaccharides than typically present on the surfaces of tissue slides. Therefore, the enzymatic
digestion protocol is more than sufficient to digest all HS present on histological slides. We
also deposited 2.5, 5, and 10 pmol of HS disaccharide standards, respectively, onto different
tissue spots. These quantities approximate those typically found on histological slide
surfaces. Figure S-2 shows that the extraction efficiencies for HS disaccharides standards are
over 90%, confirming the reliability of extraction step. In summary, the recovery of digested
disaccharides and disaccharides standards from tissue surface is acceptable and consistent
among different spots.

Anal Chem. Author manuscript; available in PMC 2014 November 19.
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Method reproducibility and spatial variability for bovine brain stem, cortex and cerebellum

We conducted the following experiment to demonstrate that instrument sensitivity was
appropriate for analysis of HS from fresh frozen tissue slides. As shown in the Figure S-3,
2.5 pmol HS standards containing DOAQ, D0S0, DOAG, D0S6, D2A6 and D2S6 gave
acceptable EIC peaks. The signal to noise ratio (S/N) for each disaccharide monoisotopic
peak was 6 or greater and the coefficient of variation less than 6%. Because the abundances
of DOAO, DOS0 and D0S6/D2S0 ions observed from bovine brain, human astrocytomas and
GBM slides correspond to greater than 2.5 pmol and that for DOA6/D2A0 to 2 pmol, we
concluded that the instrument sensitivity was adequate.

In order to demonstrate the reproducibility of our method, we used 10 serial frozen sections
from brain stem, cortex and cerebellum from a single bovine brain. A set of three spots was
selected for each tissue section, the position of which was reproduced in each serial section.
The absolute and relative HS disaccharide abundances released from bovine brain stem
slides are shown in Figure 3A and 3B. Statistical analysis of variance (ANOVA) tests were
applied to demonstrate the reproducibility with respect to the three spots on each tissue slide.
As shown in Figure 3B, p values for disaccharide relative abundances greater than 5% were
not significant among the three spots. With regard to the relative abundances, CV values for
DOAO0 and D0SO0 are approximately 5% and those for DOA6/D2A0 and D0S6/D2S0
approximately 12%. We therefore concluded that HS disaccharide composition was
relatively homogenous in bovine brain stem. The CV values for the absolute abundances of
DOAO0, D0S0, DOA6/D2A0, and D0S6/D2S0 from ten serial sections were approximately
15% for each of the three spots. Since the CV value for the recovery of HSPIM standards is
around 5%, the observed 15% CV for ten serial sections is not caused by variation in HS
recovery from the tissue surfaces. This indicates that the CV value reflects variation in the
amount of HS present in the series of bovine brain stem sections. These data also show that
the HS quantity present among the three digestion spots varies significantly and is likely to
due to spatial differences in tissue morphology. We then compared the abundances of
disaccharides extracted from the tissue block from which slides were prepared versus
digestion from tissue slides (Figure S-4). The relative disaccharides abundances showed a
3% difference between mean value of tissue block and tissue surface for DOAO and D0SO,
1% for DOAG6/D2A0 and 1.7% for D0S6/D2S0. This confirms the reliability of our method.

We observed similar results for the same experiment using slides from bovine cortex, as
shown in Figure 4A and 4B. Statistical analysis of variance (ANOVA) of the data showed p
values (shown in the figure) that indicated significant differences among three digestions
spots in terms of the absolute disaccharides abundances. ANOVA calculations showed that
the relative abundances had p values > 0.05, indicating that they were not significantly
different. The CV values for the absolute abundances of DOAO, D0S0, DOAG6/D2A0, and
D0S6/D2S0 from ten serial sections were approximately 15%. The CV values for the
relative abundances were DOAO (5%), DOSO (5%), DOA6/D2A0 (8%), and D0S6/D2S0
(12%). In summary, the slight differences among absolute disaccharide abundances among
serial sections were also detected in bovine cortex, which is acceptable for biological
samples. The data also demonstrated that statistically significant differences in HS absolute
abundances were present among the three digestion spots on each tissue slide. In addition, a
2.5% difference between mean relative abundance values for tissue block versustissue
surface was observed for DOAO and DOSO and 0.5% for DOA6/D2A0 (Figure S-5).

As shown in Figure 5A, ANOVA calculations showed p values > 0.05, indicating no
significant differences in absolute disaccharide abundances among three spots digested on
bovine cerebellum tissue slides. These slides produced high CV values of approximately
40%. H&E staining was applied to see the morphological characteristics of cerebellum
continuous slides (Figure S-6). These data show that variability of cerebellum tissue

Anal Chem. Author manuscript; available in PMC 2014 November 19.
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morphology among serial sections, give rise to the observed high CV values. As with the
other bovine brain tissues, p values for relative disaccharide abundances were > 0.05 for
three spots (Figure 5B). The CV values for the relative disaccharide abundances of DOAO
and D0OSO0 were approximately 5%, and those for DOA6/D2A0 and D0S6/D2S0
approximately 10%. A 1% difference between mean value for disaccharides extracted from
tissue block versus tissue surface was observed for DOAO and 3% for DOSO and DOAG/
D2A0 (Figure S-7).

Application to human glioma samples

Astrocytomas and GBMs represent different stages of human gliomas. We applied our
method to profile HS in 3 astrocytoma samples and 4 GBM samples. It is interesting to note
that ANOVA calculations showed that absolute abundances for HS disaccharides were
significantly higher in GBM than astrocytomas, as shown in Figure 6A. The CVs for the
absolute disaccharide abundances were within 15% for each individual. In addition,
ANOVA calculations showed that statistically significant increases in relative abundances of
DO0A0% and D0S0% and decreases in DOA6/D2A0% and D0S6/D2S0% in GBMs compared
with astrocytomas, indicating lower sulfation level in GBMs. The CV values for the relative
abundances of DOAO and DOSO were approximately 5% and those for DOA6/D2A0 and
D0S6/D2S0 approximately 10% for each individual. We collected data demonstrating that
the SEC-MS instrument was stable (with CV values for the absolute abundances of DOAO,
D0S0, DOA6/D2A0, D0S6/D2S0 and D2A6 were less than 5%) over the duration of the time
during which the data were acquired (Figure S-8). We therefore conclude that there are
significant differences in HS disaccharide abundances between the set of GBM and
astrocytoma samples analyzed in this work.

Discussion and conclusions

Profiling HS from histological tissue surfaces by SEC-MS provides a sensitive and feasible
method to understand HS structure and distribution than traditional extraction HS from
whole tissue and provides a means of limiting tissue heterogeneity. The traditional method
for extraction of HS from wet tissue requires several days to complete and a minimum of 10
mg wet tissue weight. The on-slide digestion we show can be accomplished by digesting a
tissue slide corresponding to a fraction of a milligram tissue with no prior extraction
necessary.

There is increasing evidences showing involvement of proteoglycans in cancer development,
metastasis and other pathogenic processes in vivo and in vitro. The majority of these studies
focus on core protein expression levels due to lack of appropriate methods for the GAG
chains. To better understand the roles of GAGs in cancer development, it is important to
compare the GAG quantities and structures between tumor and normal tissue. Considering
the heterogeneity of normal tissue and the tumor microenvironment, we developed a
profiling method for GAG applicable to the histological scale. Our method is reproducible
and sensitive enough for studies of human brain gliomas. The results have the potential to
shed light on the role of GAG in pathogenic processes.

In summary, the results shown here demonstrate the feasibility of recovering GAGs from
histological surfaces. GAG abundances differ according to location, indicating the
importance of achieving reproducible analysis. We demonstrate that SEC-MS enables
considerably more reproducible analysis than does direct ESI-MS of enzyme digestion
solutions, presumably due to the removal of molecules that interfere with analyte ionization.
SEC-MS is slow, however, indicating that more rapid LC-MS methods are needed. We
recently published a HILIC-MS method for disaccharide analysis 33 and are in the process of
optimizing it for rapid analysis of tissue GAGs at reduced chromatography scale.

Anal Chem. Author manuscript; available in PMC 2014 November 19.
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Figure 1.

Representative total ion chromatograms (TICs) and extracted ion chromatograms (EICs) for
HS unsaturated disaccharides from fresh frozen histology slides: bovine brain stem (A-E)
and human glioblastoma (F-J). The D2A6 and D2S6 disaccharides from tissue sections were
not detected. Two peaks for DOS6/D2S0 were detected because of in-source loss of SOs.
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The loss of SO5 was corrected for the quantification as described™®.
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Comparison of the recovery of HSPIM disaccharides digested on bovine brain stem tissue
surface versus in solution. (A) Absolute disaccharides ion abundances; (B) relative
disaccharides ion abundances. The height of each bar is the mean value of three independent
experiments. The error bars represent the standard error.
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Figure 3.

lon abundances of HS disaccharides from bovine brain stem tissue slides corresponding to
three spots, each of which was analyzed from 10 serial sections. (A) Absolute disaccharide
ion abundances; (B) relative disaccharides ion abundances; ***, p value< 0.01, high
significance; **, 0.01 < p value < 0.05, medium significance.
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Figure4.

lon abundances of HS disaccharides from bovine brain cortex tissue slides corresponding to
three spots, each of which was analyzed from 10 serial sections. (A) Absolute disaccharides
ion abundances; (B) relative disaccharides ion abundances***, p value< 0.01, high
significance; **, 0.01 < p value < 0.05, medium significance.
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Figureb.

lon abundances of HS disaccharides from bovine brain cerebellum tissue slides
corresponding to three spots, each of which was analyzed from 10 serial sections. (A)
Absolute disaccharides ion abundances; (B) relative disaccharides ion abundances of
disaccharides; ***, p value< 0.01, high significance; **, 0.01 < p value < 0.05, medium
significance.
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Figure®6.

The ion abundances of HS disaccharides released from human glioma slides. A set of three
serial slides was used for the analysis of each individual. Astrocytoma (WHO grade II)
samples from 3 individuals and GBM (WHO grade 1) samples from 4 individuals were
obtained from biopsies. The mean value obtained from the set of individuals is shown. (A)
Absolute disaccharides ion abundances; (B) relative disaccharides ion abundances. T-tests
with two tailing were used for these data; ***, p value< 0.01, high significance; **, 0.01 <p
value < 0.05, medium significance.
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