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Abstract
Approximately 50–80% of oligodendrogliomas demonstrate a combined loss of chromosome 1p
and 19q. Chromosome 1p/19q deletion, appearing early in tumorigenesis, is associated with
improved clinical outcomes, including response to chemotherapy and radiation. Although many
hypotheses have been proposed, the molecular mechanisms underlying improved clinical
outcomes with 1p/19q deletion in oligodendrogliomas have not been characterized fully. To
investigate the molecular differences between oligodendrogliomas, we employed an unbiased
proteomic approach using microcapillary liquid chromatography mass spectrometry, along with a
quantitative technique called isotope-coded affinity tags, on patient samples of grade II
oligodendrogliomas. Following conventional biochemical separation of pooled tumor tissue from
five samples of undeleted and 1p/19q deleted grade II oligodendrogliomas into nuclei-,
mitochondria-, and cytosol-enriched fractions, relative changes in protein abundance were
quantified. Among the 442 total proteins identified, 163 nonredundant proteins displayed
significant changes in relative abundance in at least one of the three fractions between
oligodendroglioma with and without 1p/19q deletion. Bioinformatic analyses of differentially
regulated proteins supported the potential importance of metabolism and invasion/migration to the
codeleted phenotype. A subset of altered proteins, including the pro-invasive extracellular matrix
protein BCAN, was further validated by Western blotting as candidate markers for the more
aggressive undeleted phenotype. These studies demonstrate the utility of proteomic analysis to
identify candidate biological motifs and molecular mechanisms that drive differential malignancy
related to 1p19q phenotypes. Future analysis of larger patient samples are warranted to further
refine biomarker panels to predict biological behavior and assist in the identification of deleted
gene products that define the 1p/19q phenotype.
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INTRODUCTION
The significance for correctly classifying gliomas has become increasingly apparent since
the observation that subsets of recurrent anaplastic oligodendrogliomas responded
dramatically to PCV (procarbazine, CCNU, vincristine) combination chemotherapy.1 This
led to the realization that the combined deletion of 1p and 19q, present in 50–80% of
oligodendroglial tumors,2–4 marked a subset with particularly favorable outcomes and
enhanced treatment response. For WHO grade III patients, the robust response to alkylating
chemotherapy noted in combined deletions translated to markedly increased survival of 70%
at 10 years compared with virtually no survivors in patients with other molecular genetic
profiles.3,5 For patients with WHO grade II oligodendrogliomas, the absence of the deletion
is associated with a 60–70% 5-year survival compared with nearly 100% 5-year survival in
deleted tumors.6,7 Although some conflicting data exists,8 the largest series of untreated
grade II oligodendrogliomas demonstrates that 1p19q deletion status does not affect
survival9 and underscores the importance of 1p19q deletion as a biomarker of tumor
responsiveness to genotoxic therapies. Despite the important clinical implications, the gene
products encoded by the 1p/19q loci or their downstream targets have not been identified
and therefore the mechanism(s) responsible for the positive prognostic impact of this
genotype are not known. In the current investigation, we profiled the differential expression
of proteins from samples of grade II oligodendroglioma tumors of different 1p/19q deletion
status. The technology utilized is a well-established unbiased proteomics approach, in
conjunction with microcapillary liquid chromatography mass spectrometry (LC-MS) and
isotope coded affinity tags (ICAT). Proteomics discovery was followed by conventional
biochemical confirmation of candidate proteins.

MATERIALS AND METHODS
1. Case Selection

Our goal was to obtain 5 fresh frozen samples each for 1p and 19q codeleted and 1p and 19q
nondeleted oligodendrogliomas. Candidate cases were identified from a database search of
available fresh-frozen glioma tissue obtained at surgical resection with patient consent and
according to an approved institutional human subjects protocol. After removal as en bloc
tumor samples, fragments of solid tumor tissue free of gross hemorrhage or coagulation
artifacts were placed immediately into liquid nitrogen and then stored at -80 °C. Adjacent
sections of tumor tissue are fixed in formalin and used for routine neuropathology and FISH
analysis. Candidate cases were then limited to those with diagnoses of oligodendroglioma,
astrocytoma or mixed oligoastrocytoma (WHO grade II). At this point, slides were
independently reviewed by 3 neuropathologists and only cases with a unanimous diagnosis
of oligodendroglioma grade II were included in this study. Cases with existing informative
analysis for 1p/19q status were immediately included along with additional cases where
fluorescence in situ hybridization (FISH) studies were prepared from archived paraffin
blocks. Figure 1 illustrates typical H&E histology from our patient group including diffuse
infiltration by monomorphic cells with uniform round nuclei and perinuclear halos for both
1p/19q nondeleted (Figure 1A) and 1p/19q codeleted (Figure 1B) oligodendroglioma.
Representative examples of FISH are also shown in Figure 1 for oligodendrogliomas with
(Figures 1D, F) and without (Figure 1C, E) 1p/19 deletion.
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2. Patient Characteristics
Ten patients (n = 5/group), 6 male and 4 female, ranging in age from 28 to 65 with verified
WHO grade II oligodendrogliomas by blinded neuropathologic review, were included in this
study. In all but one case, the tumor samples were obtained at the time of initial diagnosis.
The one recurrent sample (5D) was obtained 7 years after initial diagnosis. Two patients
were lost to follow-up (1ND, 2ND). At the time of last follow-up for the remaining 8
patients (range 9–67 months), all patients are alive with only two patients (5D and 4ND)
documented to have either clinical or radiographic progression. Patient 5D progressed 34
months from the time that tissue was acquired for this study (a second recurrence) that
remained a grade II oligodendroglioma. Patient 4ND had disease progression 7 months after
surgery and radiation based on the presence of MR contrast enhancement deep to his
resection bed and a high choline peak on MR spectroscopy and Temozolomide
chemotherapy was instituted. For all other patients, there has been no clinical or
radiographic evidence of disease progression. Patient demographic data is listed in Table 1.

3. 1p/19q FISH
We prepared dual-color fluorescence FISH using commercially available probes and
standard methods with minor variations. After sectioning, paraffin-embedded tissue was
mounted on slides, dried at 50 °C, deparaffinized in xylenes and washed with ethanol
followed by distilled water. Preparations for hybridization included immersing the slides
sequentially in 90 °C citrate buffer (pH 6.0) for 20 min, distilled water (after cooling), 0.4%
pepsin (P-7012, Sigma-Aldrich, St. Louis, MO) 15 min at 37 °C and 2× standard saline
citrate (SSC) for 5 min. Slides were then air-dried. Ten to 20 μL of paired probe for
1p32/1q42 or 19q/19q was applied over the tissue section and coverslipped. Codenaturation
was achieved at 37 °C in a humidified chamber for the overnight incubation period during
which hybridization occurred. The next day, slides were removed, washed in 50%
formamide/1× SSC solution, 2 washes of SSC for 2 min each. Slides were removed and
allowed to air-dry. Ten to 20 μL of DAPI in Fluorgard (Insitus) was applied to each slide,
which were then coverslipped using 10–20 μL of DAPI in Fluorgard (Insitus).

For each hybridization, a minimum of 100 nonoverlapping nuclei were assessed for numbers
of green and red signals under 100× oil immersion using a Nikon E400 fluorescence
microscope with appropriate filters (Olympus, Melville, NY). An interpretation of deletion
was made when >50% of the nuclei harbored only 1 red signal. The deletion was considered
a relative deletion, for example, two copies of 1p in association with increased copies
(polysomy) of chromosome 1, and was defined by a ratio of target to reference signals of
<0.8 when more that 20% of nuclei had 3 or more signals from the reference chromosome.
FISH images were captured using appropriate filters and a SPOT camera (Diagnostic
Instruments, Sterling Heights, MI). The resulting images were thresholded and combined
using the manufacturer's software.

4. Sample Preparation before Proteomics Analysis
One of the major challenges of current proteomics technology relates to its limited dynamic
range when a complex sample is analyzed. To circumvent this limitation, tissue fraction or
isolation of organelles10–13 is usually required to gain an indepth proteome characterization.
In this study, using conventional biochemical methods, frozen tumor tissue was
homogenized gently in a buffer (20 mM HEPES (pH 7.5), 320 mM sucrose, protease
inhibitor cocktail (Sigma), phosphatase inhibitors (0.2 mM Na3VO4 and 1 mM NaF), and 1
mM PMSF) with glass homogenizer. Then, the homogenates were centrifuged at 100× g for
30 s to remove large debris. Next, the suspension was centrifuged at 4 °C at 800× g for 10
min to produce a pellet (crude nuclear fraction) and a supernatant, which was further
centrifuged at 10 000× g for 15 min to produce another pellet (mitochondria-enriched
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fraction) and a remainder cytosol-enriched fraction. The crude nuclear fraction was
incubated with nuclear extraction buffer containing 0.3 M KCl, 20 mM HEPES (pH 7.9), 1.5
mM MgCl2, 20% glycerol, and 0.1% Triton X-100 at 4 °C for 40 min first, and then
centrifuged at 14 000× g for 15 min to obtain nucleienriched fraction. All three portions, that
is, nuclei-, mitochondria- and cytosol-enriched fractions were frozen at -80 °C until
proteomic analysis. Protein concentrations were determined by standard BCA method.

5. Data Acquisition by Mass Spectrometry
A comparison of the relative abundance of protein profiles in the oligodendroglioma with
and without combined 1p/19q deletion was achieved with the ICAT labeling technique that
was initially described by Gygi et al14 and routinely utilized in our laboratory.15–18 To
perform the ICAT experiment, 100 μg of mitochondria-, nuclei- or cytosol-enriched proteins
from either deletion (+) or deletion (−) samples were reduced and the cysteine groups were
biotinylated with a 5-fold molar excess of either heavy (13C) (deletion positive) or light
(12C) (deletion negative) cleavable ICAT reagents. Next, the two-labeled samples were
mixed and digested with trypsin (Promega, Madison, WI) overnight at 37 °C. Then, the
digested peptide solution was passed consecutively over an ionic exchange column and a
monomeric avidin column (Applied Biosystem, Foster City, CA). The biotinylated peptides
were eluted with 0.3% trifluoroacetic acid (TFA) in 30% acetonitrile, and biotin was cleaved
from the labeled peptides with concentrated TFA. Finally, the peptides were separated and
analyzed on an LCQ DECA Plus Workstation (Thermo, Electron, San Jose, CA), using an
automated, online two-dimensional LC separation (strong cation exchange (SCX) and then
C18 column), followed by nanoelectrospray LC-MS.19 The eluted peptides from the SCX
column (10–800 mM NH4Cl) were loaded onto one of the peptide traps, while peptides on
the other trap and the PicoFrit column (5-μm BioBasic C18, 300-Å pore size, 75 μm × 10
cm, tip 15 μm, New Objective, Woburn, MA) were eluted with a 0–65% mobile phase B
gradient for 60 min and then 65–85% B for 5 min. The solvents used for the reversed-phase
column were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B)
solutions. The solvent for the sample pump was 0.1% formic acid in water (C). A flow rate
of 75 μL/min before the split and 250 nL/min after the split was used for the MS pump, and
a flow rate of 150 μL/min before splitting and 2 μL/min after splitting was used for the
sample pump. The spray voltage was 1.8 kV, the capillary temperature was 150 °C, and 35
units of collision energy were used to obtain the fragment spectra. Two MS/MS spectra of
the most intense peaks were obtained following each full-scan mass spectrum. The dynamic
exclusion feature was enabled to obtain MS/MS spectra on coeluting peptides. Proteins from
the mixture were later identified automatically using the computer program Sequest, which
searched the MS/MS spectra against the human International Protein Index (IPI, v2.33)
database.15–17,19 Search parameters for the cleavable ICAT-labeled samples used in this
study were the following: +227.13 Da for static modification on cysteine residues labeled
with cleavable ICAT, +9 Da for 13C isotopic ICAT-labeled cystein, +16 Da for oxidized
methionine, +57 Da for carbamidomethyl; mass tolerance (1.5 Da; restriction on Cys-
containing peptides. Potential peptides and proteins were further analyzed with two
computer software programs, PeptideProphet and ProteinProphet based on statistical
models.20 PeptideProphet uses various SEQUEST scores and a number of other parameters
to calculate a probability score for eachidentified peptide. The peptides were then assigned a
protein identification using the ProteinProphet software. Protein- Prophet allows filtering of
large-scale data sets with assessment of predictable sensitivity and false-positive
identification error rates. In our study, only proteins with a high probability of accuracy
(<5% error rate) were selected. Quantification of the ratio of each protein (isotopically
heavy [deletion positive] vslight [deletion negative]) was calculated using the ASAP Ratio
program.21 The algorithm utilized for calculation of ASAP Ratios of signals recorded for the
different isotopic forms of peptides of identical sequence are based on numerical and
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statistical methods, such as Savitzky-Golay smoothing filters, statistics for weighted
samples, and Dixon's test for outliers, to evaluate protein abundance ratios and their
associated errors. Information about these software tools and the software tools themselves
can be found online at http://tools.proteomecenter.org/software.php and downloaded freely.

It should be emphasized that ICAT analysis was performed with pooled samples, with the
following rationale: The sampling reproducibility is about 30% for LCQ instrument. This is
largely because LCQ (or even a more advanced LTQ mass spectrometer) only captures a
small fraction of the peptides detected by the first stage of MS analysis. Thus, it is expected
that multiple runs with pooled samples can increase proteome coverage while decreasing
interindividual variability. It cannot be stressed enough, however, despite the fact that the
protein profile in each ICAT experiment may vary when complex protein mixtures are
analyzed multiple times due to the reasons outlined above, that quantitative information is
valid when the same peptide is detected simultaneously in paired samples.15,19 This is
because MS looks for the corresponding peptide (e.g., light if heavy is captured) and does so
with very high sensitivity.

6. Bioinformatics of Proteomics Data
Bioconductor package topGO22,23 was used to determine enhanced GO categories. This
approach uses gene/protein lists and identifies GO categories by evidence of over-
representation of significant genes/proteins.

7. Confirmation by Western Blot
The following antibodies were tested with the pooled samples first: Actin alpha (Sigma
monoclonal, 1:1000), AP2M1 (GeneTex-GTX13992, 1:2000), Apolipoprotein (Chemicon-
AB820, 1:2000), BEHAB (gift of Dr. Russell Matthews, SUNY Upstate; B6 1:25 000),
Clathrin (Santa Cruz- sc-6579, 1:1000), GFAP (Sigma mouse monoclonal 1:2000 and
DAKO polyclonal 1:50 000), NABC1 (BD Transduction- 611332, 1:500), SM22 alpha
(Novocastra-NCL-L-SM22a, 1:1000), and transferrin (GeneTex-GTX72750, 1:5000). Of
those, only BEHAB, Clathrin and transferrin demonstrated unique bands at the correct
molecular sizes, which were followed by analysis in individual cases. For Western blot,
typically, 10–20 μg of protein from mitochondria-, nuclei- or cytosol-enriched fractions
from deletion-positive vs deletion-negative samples were subjected to 8–16% SDS-PAGE
and transferred to PVDF, blocked, and probed overnight at 4 °C with primary antibodies
described above, followed by peroxidase-conjugated secondary (1:20 000) and developed
with enhanced chemiluminescence. Bands of interest were selected and analyzed by
densitometry using Image J software. Grouped data was expressed as mean (SE. Changes
between groups were analyzed by Student t test using GraphPad Prism 3.0 (San Diego, CA).
All measurements were repeated at least 3 times in all experiments. P <0.05 was accepted as
significant.

RESULTS
1. Quantitative Analysis of Protein Profiles in Three Cellular Fractions

One of the essential steps in proteomics is fractionation of a complex sample to achieve a
better identification of proteins of low abundance.15,24,25 Though not without significant
caveats when fractionating human frozen tissue, this approach also increases the likelihood
of identifying proteins with changes in specific subcellular compartments while their total
cellular levels remain the same during a disease process. In this study, cytosol-,
mitochondria- and nucleienriched fractions were prepared from the pooled homogenate of
five cases of oligodendroglioma with vs without 1p/19q deletion, using a technique well
established in our lab.15,25,26 For every comparison, each of the two groups was labeled with
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a specific ICAT reagent and the samples were then mixed for relative quantifications. A
total of 333 and 109 nonredundant proteins (a total of 442) were identified by more than two
peptides and a single peptide only, respectively, from the combined fractions. Among them
(some of which were overlapped among different fractions), 210, 191, and 329 proteins
were identified in the cytosol-, mitochondria-, nuclei-enriched fraction, respectively.
Notably, proteins identified by a single peptide should be considered provisional according
to the guidelines of most proteomics experts.27 A full list of proteins identified in human
oligodendroglioma is shown in Appendix I (Supporting Information). Among the total
proteins identified, 163 nonredundant proteins displayed significant changes in relative
abundance in at least one of the three fractions between oligodendroglioma with and without
1p/19q deletion; 102 of them were identified by two or more peptides. A complete list of
these proteins identified by more than two peptides can be found in Appendix II (Supporting
Information). This investigation represents the first extensive characterization of the
“proteome” of oligodendroglioma. With so many proteins or possible proteins involved,
interpretation of the results at this early stage is difficult. One of the approaches in the
proteomic field to reduce the data set is Gene Ontology (GO) analysis,25,28–30 which
typically demonstrates molecular functions, cellular locations and involved biological
processes of the identified proteins. Since cancer malignancy and treatment responsiveness
are related to tumor cell invasion/migration, cell survival/death, proliferation, DNA repair,
metabolism, and (evasion of) immune response, we hypothesized that proteins involved in
these processes would be relevant to the distinct phenotypes of 1p/19q genotypes in
oligodendroglioma. We therefore quantified the representation of differentially expressed
proteins in each of these selected categories. As seen in Figure 2, approximately half of all
differentially expressed proteins belonged to one of these categories. Furthermore, of the
proteins belonging to one of these categories, approximately 70% were related to
metabolism or invasion/ migration. We then mapped the genes corresponding to each
protein to its chromosome location (Appendix II, Supporting Information) to determine
whether we could identify potential candidate deleted genes. Of all proteins, two mapped to
the 1p arm and 3 mapped to the 19q arm (Appendix III, Supporting Information). Of these,
all had greater expression in nondeleted tumors indicating that they are unlikely to represent
candidate deleted genes. For the proteins with changes, further GO analysis was preformed
to identify over-represented categories using the cumulative hypergeometric distribution
method.23 In this analysis, protein folding, fatty acid catabolic process/betaoxidation,
glucose catabolic process/glycolysis, generation of precursor metabolites and energy,
vesicle-mediated transport, synaptic vesicle transport/endocytosis, protein polymerization,
ferric iron transport and positive regulation of myelination were identified as the top-ranked
GO biological process categories or most statistically over-represented biological functions.
Furthermore, hyaluronic acid binding/sugar binding, actin binding/(unfolded) protein
binding, (peptidyl-prolyl cis-trans) isomerase activity, enoyl-CoA hydratase activity/3-
hydroxyacyl- CoA dehydrogenase activity, GTPase activity, purine ribonucleotide binding,
lipid transporter activity and ferric iron transmembrane transporter activity were identified
as the top-ranked GO molecular function categories (summarized in Table 2). A more
detailed list of top-ranked proteins is shown in Table 3, which contains proteins from the
top-ranked GO categories that were identified with high confidence, that is, identified by
more than two peptides.

2. Validation of Candidate Proteins with Western Blot Analysis
It cannot be emphasized enough that candidate proteins identified by proteomics need to be
confirmed/ validated before their biological functions are investigated extensively. This is
because the identification of proteins by all mass spectrometric analysis is inferred from a
theoretical database (human proteome in this case) that is currently incomplete, meaning that
the identification of any given protein could be incorrect.24,31 As the first step in evaluating
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the significance of candidate proteins for their roles in 1p/19q deletion, we focused on a
subset of the proteins listed in Table 3 that have already been implicated in the pathogenesis
of various cancers, including gliomas. Another critical determining factor in selecting
protein candidates is whether antibodies are available. The proteins selected as our first
panel of candidates for confirmation included brevican core protein precursor/ brain-
enriched hyaluronan-binding protein (BCAN), clathrin heavy chain 1 (CLTC),
serotransferrin (TF), AP-2 complex subunit mu-1 (AP2M1), apolipoprotein A-II precursor
(APOA2), glial fibrillary acidic protein (GFAP) and breast carcinoma amplified sequence 1/
Novel amplified in breast cancer 1 (BCAS1). Of these, only BCAN, CLTC and TF
demonstrated unique bands at the correct molecular size. Representative Western blot data
for each of the pooled samples of cellularfractionated proteins for BCAN, CLTC and TF are
shown in Figure 3. This was followed by analysis of protein expression by Western blot
using whole cell lysates from each individual case. The comparison of mean expression
ratios (1p/19q undeleted versus 1p/19q deleted) as calculated by ASAP analysis or
densitometry of bands from Western blot analysis of whole cell lysates extracted from
individual cases is summarized in Table 4. Representative Western blot and densitometry
data for BCAN from individual samples is shown in Figure 4. Full-length BCAN (~150–160
kDa) is cleaved into two smaller fragments (~50–60 kDa and ~90–100 kDa) of which the
full-length and cleaved 90–100 kDa form are recognized by the B6 antibody used here.32,33

Semiquantitative analysis of BCAN band intensity in Western blots indicated that the
expression level of both uncleaved BCAN (data not shown) and cleaved BCAN was
significantly decreased by about 3-fold in oligodendrogliomas without 1p/19q deletion
versus those with deletions, that is, largely consistent with our proteomic findings (ASAP
ratios). Ratios of TF expression in undeleted versus deleted samples detected by ASAP and
Western blot were also concordant (2.56 versus 2.2, respectively). The small sample size
and incomplete or short follow-up periods prevented correlations being drawn between the
relative expression levels for BCAN or TF in individual samples and clinical course.
Detection of CLTC was decreased in nondeleted samples based on ASAP analysis (ratio 0.6
undeleted to deleted; Table 4) and Western blot analysis of cellular fractions pooled from all
samples (Figure 3). However, the undeleted-to-deleted ratio (0.9) in detection of CLTC in
individual samples by Western blot was not significant.

DISCUSSION
The present study is the most extensive characterization of the proteome of
oligodendroglioma to date and demonstrated that analysis of unbiased quantification of
differential protein expression can identify candidate molecular motifs and potential
biomarkers for clinically distinct subgroups. Analysis of differentially expressed proteins
using biased and unbiased bioinformatic techniques identified motifs such as metabolism
and invasion/migration that suggested fundamental differences between the two tumor types.
Among differentially expressed individual proteins, several, including BCAN, an
extracellular matrix protein implicated in glioma invasiveness and tumor progression, were
validated as upregulated in the biologically more aggressive undeleted grade II
oligodendrogliomas. While the identities of specific gene products responsible for the
phenotype of 1p/19q-deleted oligodendrogliomas remain elusive, proteomic techniques
employed here markedly increase the repertoire of differentially expressed proteins that can
be identified. This supports the potential of this approach to complement gene mapping and
genomics approaches to identify molecular mechanisms underlying the unique clinical
phenotype of 1p/19q codeleted oligodendrogliomas.

Of the 333 identified proteins (by more than two peptides), 102 displayed significant
differences in expression between the undeleted and deleted tumors. By comparison, the
only other proteomic analysis of oligodendroglioma has identified 19 proteins.34 In this
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study, proteins were selected based on levels of detection in two-dimensional gel
electrophoresis and identification by liquid chromatography/mass spectrometry.34 In our
study, the use of multiple dimensional chromatographies, that is, biochemical fractionation
that produced cytosol-, mitochondria- and nuclei-enriched fractions, followed by strong
cation exchange as well as reverse phase separation of proteins before MS analysis are
major differences that allowed for more robust and specific identification of proteins. Of
interest, 7 of the 19 proteins reported by Okamoto et al (2007)34 were also identified in our
study, but of these 7, only 4 demonstrated significant changes and only one, glyoxalase I,
had concordant changes in expression relative to 1p19q status as reported by Okamoto et al,
2007.34 The disparities between the two studies can be attributed to many factors, including
differences in patient populations, technology and databases utilized in proteomics profiling.
One important issue in the 2-D gel-based approach is comigration of multiple proteins at the
same spot, particularly when the samples are unfractionated, making it exceedingly difficult
to determine which one is changing in relative abundance.

Gene expression array studies used to profile oligodendrogliomas consistently identify a
neuronal or proneural gene expression signature in 1p/19q codeleted oligodendroglio-
mas.35–37 Similarly, we found over-representation of proteins in the GO biological process
category of “synaptic vesicle transport/endocytosis” in the present study. Specific proteins
with increased expression in codeleted tumors included synaptophysin and synapsin 2. In
addition, a robust gene marker of codeletion, the neuronal intermediate filament protein
alpha-internexin (INA),38 was identified here as a differentially expressed protein. Therefore
it appears that the codeletion of 1p/19q is associated with neuronal gene and protein
expression signatures in oligodendroglioma. These findings support the relevance of our
data and solidify the concept that global expression analysis can be employed to identify
biomarker panels relevant to differential malignancy. The mechanistic importance of a
neuronal signature for increased treatment responsiveness warrants further study.

The current analysis identified 163 nonredundant differentially expressed proteins. This
large number of identified proteins presents a significant challenge to synthesize the data
into meaningful output. We used two separate but complementary approaches for data
analysis. First, we analyzed the distribution of proteins within arbitrarily selected GO
categories known to reflect malignancy and treatment responsiveness (invasion/migration,
cell survival/death, proliferation, DNA repair, metabolism, and evasion of immune
response). We found that approximately 50% of differentially expressed proteins belonged
to one (or more) of these oncologically relevant GO categories with approximately 25% of
the differentially expressed proteins linked to metabolic processes. We also performed
unbiased analysis to identify over-represented GO biological process (BP) and molecular
function (MF) categories and identified GO categories of “glucose catabolic process/
glycolysis” and “generation of precursor metabolites and energy” as significantly over-
represented. The robust representation of metabolic and glycolytic proteins is in keeping
with the known importance of “metabolic reprogramming” to malignant phenotype through
functions that include promoting evasion of apoptosis and resistance to chemotherapy.39

Following metabolism, our analysis demonstrated that proteins linked to invasion/migration
comprised the second most frequently represented biological process among those arbitrarily
picked to represent hallmark malignant properties. We pursued this finding by selecting the
brain-specific lectican BCAN for further analysis. Full-length BCAN is cleaved by
ADAMTS-5 to form a pro-invasive isoform that enhances glioma cell motility and
invasion.32,33,40–42 We detected increased full-length and cleaved BCAN in undeleted tumor
samples, the latter indicating that the differential expression of processed BCAN could
contribute to 1p19q differential oligodendroglial malignancy based on enhanced tumor
invasiveness. Of additional interest, fascin 1 (FSCN1), an actinbinding protein implicated in
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human glioma invasion, higher tumor grade and poor prognosis,43–45 was also upregulated
in undeleted oligodendrogliomas. Glioma invasiveness is associated with activation of cell
survival mechanisms that abrogate therapeutic responses in glioma cells46 and therefore the
increased expression of BCAN cleavage products and FCSN1 in nondeleted
oligodendrogliomas indicates that differential invasiveness may contribute to the 1p/19q-
dependent clinical phenotypes of oligodendrogliomas.

Additional differentially expressed proteins including serotransferrin (TF) and clathrin
heavy chain proteins (CLTC) were selected from the highest ranked GO categories for
validation in Western blot analysis of individual tumor samples. The quantitative proteomics
result for TF (ASAP ratio for undeleted:deleted of 2.56) was validated in Western blot
where the ratio of mean expression values for undeleted:deleted individual tumors samples
was 2.20. TF delivers iron to cells taken up through TF receptor-mediated endocytosis.
Consistent with its role as a potential contributor to the more malignant phenotype of
undeleted oligodendrogliomas, increased iron uptake increases growth of experimental
gliomas47 and TF receptor expression levels correlate with increased glioma grade.48 The
validation of differential expression of selected proteins that function to promote glioma
malignancy in undeleted tumors supports the potential of the current proteomic approach to
define biomarkers and mechanisms relevant to the 1p19q phenotype. However, as was the
case for CLTC, differential expression of proteins identified in ASAP proteomic analysis are
not always be validated by other techniques such as Western blot. This disparity may reflect
the semiquantitative nature of Western blot analysis. Alternatively, proteins quantified by
mass spectrometry are based on peptides, which are subject to post-translational
modifications, leading to changes in one or more peptides quantitatively when determined
by mass spectrometer, whereas proteins assessed by Western blot are based on antibodies
that typically do not differentiate proteins with or without post-translational modifications.
Finally, because the human database is currently incomplete, one could argue that the
protein identified by mass spectrometry might not be the same protein assessed by Western
blot, pointing out, again, the importance of validation of individual proteins identified by
proteomic analysis.

Conclusions
This study demonstrated the feasibility of applying quantitative proteomic approaches to
indentify biomarkers and address the underlying mechanisms that define the distinct clinical
phenotypes of human oligodendrogliomas stratified by 1p/19q status. Our data suggested
that in addition to the neuronal motifs noted in gene expression array studies, metabolic
reprogramming and differential invasiveness are potential consequences of the 1p/19q
deletion that contribute to their differential clinical phenotypes. The validation of BCAN and
TF as differentially expressed potential biomarkers for the 1p/ 19q phenotype provides
important rationale to extend this analysis to a larger sample size. These future studies can
generate more robust biomarker panels and interrogate the functional importance of specific
mechanisms preliminarily identified here that may contribute to 1p/19q-related prognosis
and treatment responsiveness. Finally, these studies are expected to provide complementary
information that will assist in the identification of the deleted gene products that drive the
clinical phenotype.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H&E histology and FISH of 1p19q nondeleted or codeleted WHO grade II
oligodendrogliomas
Representative H&E photomicrographs and FISH analysis for 1p/19q nondeleted (A, C, E)
and 1p/19q codeleted (B, D, F) are shown. The H&E sections (A, B) demonstrate typical
morphologic features of WHO grade II oligodendrogliomas for both genotypes which are
indistinguishable on histologic grounds. However, FISH analysis discriminates between
these tumors based on the ratio of centromeric (green probes) and subtelomeric 1p (C, D)
and 19q (E, F) specific probes (red signal), which is 2:2 in the nondeleted tumor (C, E) and
2:1 in the codeleted tumor (D, F). Representative cell nucleus is shown with long and short
arrows, respectively. Scale bar 50 μM.
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Figure 2. Differentially expressed proteins are members of Gene Ontology groups related to
malignancy
Differentially expressed proteins identified in proteomic analysis were annotated as being
involved in tumor cell invasion/migration, cell survival/death, proliferation, DNA repair,
metabolism and immune response according to their Gene Ontology classifications. On the
basis of these annotations, we quantified the representation of differentially expressed
proteins in each of these selected categories. Approximately half of all differentially
expressed proteins belonged to one of these categories, and of these, approximately 70%
were related to metabolism or invasion/migration.
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Figure 3. Expression of selected proteins in different fractions of pooled undeleted and deleted
WHO grade II oligodendrogliomas
Proteins isolated from cytosolic (C), mitochondrial (M) and nuclear (N) fractions were
pooled from individual tumors according to their 1p/19q status and equivalent amounts for
each sample (30 μg) were run on Western blots. Blots were probed with antibodies to
proteins identified in proteomic analysis as being significantly upregulated (BCAN and
transferrin) or downregulated (clathrin) in nondeleted samples. The level of protein detected
by Western blot was consistent with differences in protein expression based on proteomic
analysis.
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Figure 4. BCAN is upregulated in 1p/19q nondeleted versus 1p/ 19q codeleted WHO grade II
oligodendrogliomas
Equivalent amounts of proteins derived from individual whole cell lysates of each of the 1p/
19q undeleted and 1p/19q codeleted WHO grade II oligodendrogliomas used for proteomic
analysis were run on Western blots. The blots were probed with antibodies to BCAN (B6)
and beta actin as a loading control. B6 antibody identifies both the full length isoforms
(upper bands; ~150–160 kDa) and cleaved products (lower bands; ~90–100 kDa) of
BCAN.32 Representative Western blots are shown with beta actin controls (lower panel).
Quantification of signal intensities of cleaved BCAN normalized to beta actin using
densitometry demonstrated significantly increased mean signal intensities in nondeleted
versus deleted grade II oligodendrogliomas (p < 0.05).
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Table 2

Gene ontology categories over-represented in proteomic analysis

Biological process Molecular function

protein folding hyaluronic acid binding/sugar binding

fatty acid catabolic process/beta-oxidation actin binding/(unfolded) protein binding

generation of precursor metabolites and energy (peptidyl-prolyl cis-trans) isomerase activity

vesicle-mediated transport enoyl-CoA hydratase activity/3-hydroxyacyl-CoA dehydrogenase activity

synaptic vesicle transport/endocytosis GTPase activity

protein polymerization purine ribonucleotide binding

ferric iron transport lipid transporter activity

positive regulation of myelination ferric iron transmembrane transporter activity
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Table 4

Validation of selected proteinsa

Protein name Protein description WB ASAP

BEHAB (BCAN) Clathrin Splice isoform 1 of Brevican core protein precursor 1.9454 2.81

Clathrin Clathrin Heavy Chain 1 0.9072 0.6

Transferrin Serotransferrin 2.203 2.56

a
WB: ratio of mean densitometry values of undeleted:deleted samples from Western blot, ASAP: automated statistical analysis of protein

abundance ratios.
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