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Simple Summary: The biological processes responsible for the high infiltration and recurrence rate
of glioblastoma multiforme, the most frequent and aggressive primary brain tumor (GBM), are still
under investigation. By the original analysis of cavitating ultrasound aspirator fluid as the biological
specimen, the present study aimed to preliminarily explore and compare the protein profiles of the
tumor core and tumor periphery, as defined by 5-aminolevulinic acid fluorescence, in newly diag-
nosed and recurrent glioblastoma sampled pools. The results showed distinguished protein elements
in the different tumor and peritumoral zones, as well as in the two tumor states (newly diagnosed vs
recurrent), and suggested the presence of pathological aspects in the fluorescent negative periphery,
possibly contributing to the comprehension of the molecular mechanisms underlying this tumor’s
onset and development, opening to potential clinical applications.

Abstract: The present investigation aimed to characterize the protein profile of cavitating ultrasound
aspirator fluid of newly diagnosed and recurrent glioblastoma comparing diverse zones of collection,
i.e., tumor core and tumor periphery, with the aid of 5-aminolevulinic acid fluorescence. The sam-
ples were pooled and analyzed in triplicate by LC-MS following the shotgun proteomic approach.
The identified proteins were then grouped to disclose elements exclusive and common to the tumor
state or tumor zones and submitted to gene ontology classification and pathway overrepresentation
analysis. The proteins common to the distinct zones were further investigated by relative quantitation,
following a label free approach, to disclose possible differences of expression. Nine proteins, i.e.,
tubulin 2B chain, CD59, far upstream element-binding, CD44, histone H1.4, caldesmon, osteopontin,
tropomyosin chain and metallothionein-2, marked the core of newly diagnosed glioblastoma with
respect to tumor periphery. Considering the tumor zone, including the core and the fluorescence posi-
tive periphery, the serine glycine biosynthesis, pentose phosphate, 5-hydroxytryptamine degredation,
de novo purine biosynthesis and huntington disease pathways resulted statistically significantly
overrepresented with respect to the human genome of reference. The fluorescence negative zone
shared several protein elements with the tumor zone, possibly indicating the presence of pathological
aspects of glioblastoma rather than of normal brain parenchyma. On the other hand, its exclusive pro-
tein elements were considered to represent the healthy zone and, accordingly, exhibiting no pathways
overrepresentation. On the contrary to newly diagnosed glioblastoma, pathway overrepresentation
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was recognized only in the healthy zone of recurrent glioblastoma. The TGFβ signaling pathway,
exclusively classified in the fluorescence negative periphery in newly diagnosed glioblastoma, was in-
stead the exclusive pathway classified in the tumor core of recurrent glioblastoma. These results,
preliminary obtained on sample pools, demonstrated the potential of cavitron ultrasonic surgical
aspirate fluid for proteomic profiling of glioblastoma able to distinguish molecular features specific
of the diverse tumor zones and tumor states, possibly contributing to the understanding of the highly
infiltrative capability and recurrent rate of this aggressive brain tumor and opening to potential
clinical applications to be further investigated.

Keywords: brain tumor; glioblastoma multiforme; CUSA fluid; proteomics

1. Introduction

Glioblastoma multiforme (GBM) is the most frequent and aggressive primary brain
tumor. Despite the extensive surgical resection and radio-chemotherapy, it tends to recur
with poor prognosis for the patient. The understanding of the biological processes that
lead to the onset and recurrence of this disease through its molecular characterization,
could allow the discovery of potential diagnostic and prognostic biomarkers and/or tar-
gets for biomolecular therapies, still unavailable for GBM. One of the possible analytical
approaches to this purpose is proteomics. Proteomics aims at the identification of pro-
teins expressed by a cell, a tissue or a biological fluid, revealing to be an essential tool,
together with genomics, for the definition of the molecular features of a biological matrix.
The protein phenotype of a cell does not strictly correlate with its genome expression
profile, in fact, differently from the genome, the proteome changes. Protein alterations or
post-translational modifications (PTMs) can occur under diverse environmental conditions
and pathological states, or following epigenetic modulations, modifying their structure,
biological function, and interactions. As a matter of fact, the processes involved in cellular
transformation are often not directly correlated to the gene expression products but rather
to their post-translational modified forms.

Proteomics has already given consistent results in GBM research, both in evaluation of
resistance to chemotherapy [1] and in the identification of potential biomarkers [2]. Recent
reviews summarize the state of art of proteomic advances in GBM research [3–5] and the re-
sults from the characterization of extracellular vesicles (EVs) in its microenvironment [6,7].
However, to the best of our knowledge, no proteomics investigations on cavitating ul-
trasound aspirator (CUSA) fluid have been reported in GBM with the exception of the
characterization of EVs [8–10]. In these papers the proteomic profile of EVs isolated in the
aspirate fluid was investigated as a novel source of potential biomarkers.

A cavitating ultrasound aspirator (CUSA) allows tumor removal through ultrasonic
tissue fragmentation under irrigation [11]. The fluid collected in the CUSA canister is
composed of the saline solution used for irrigation, tumor tissue fragments and blood.
This fluid is normally discarded while it has been conversely demonstrated to be an
abundant and viable source of biological material, including dissociated tumor cells and
fragments of tissue, useable for brain cancer research and overcoming the often poor
availability of quantitative and good quality solid tumor material [12].

Apart from studies on CUSA EVs and on its derived cellular and solid tissue ma-
terial, the proteomic profile of the soluble liquid fraction of CUSA fluid has never been
investigated as far as we know in GBM or other brain tumors.

In the present work we originally investigate CUSA fluid, after removal of cells and
solid material, as an innovative biological matrix for a comparative proteomic study of
GBM from diverse zones of resection, i.e., tumor core and peritumoral zones, by liquid
chromatography-mass spectrometry (LC-MS) analysis in shot-gun approach. The use
of CUSA fluid, representing the soluble fraction of the ultrasonic dissected tissue ho-
mogenates, could have interesting applications in the discovery of biomarkers by sim-
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plified procedures of sample pretreatment and direct application in the clinic, such as in
intra-operative mass spectrometry tumor diagnosis.

Many proteomic studies have been carried out on solid tumor tissue, however, one of
the limitations of these studies is the overall poor availability of control samples of healthy
tissue or the difficulty to differentiate tumor tissue from healthy peripheral zone. The present
investigation, preliminarily performed on pooled samples of newly diagnosed (ND) and
recurrent (R) GBMs, tried to overcome these main limitations by exploring the proteome of
the CUSA fluid collected in three different zones, i.e., the core of the tumor, its periphery,
and the surrounding macroscopically “healthy” as resulting from the aid of intraoperative
5-aminolevulinic acid (5-ALA) fluorescence, with the purpose to contribute either to the
comprehension of the molecular mechanisms possibly implicated in the high infiltration and
recurrence rate of this tumor, or to the discovery of new tools for tumor diagnosis.

2. Results

During the period of October 2018 and March 2019, seven patients were enrolled in the
study and CUSA samples were collected during surgery. For each patient, three separate
specimens were collected based on the diverse zones defined by 5-ALA fluorescence.
Samples were then pooled into two main groups, newly diagnosed (ND) or recurrent (R)
GBM, resulting in pooled samples in each group based on the different zones of collection,
i.e., tumor core, 5-ALA positive and 5-ALA negative peritumoral zones, before LC-MS
proteomic analysis. The analysis of pooled samples allowed to reduce the inter-individual
variability and to provide a central proteomic profile for each group to be preliminarily
investigated and compared, to provide a base for future individual sample investigations
and validation.

Before treatment, CUSA fluid was centrifuged to allow cells and solid material precip-
itation. Proteomic analysis was therefore applied to the resulting supernatant selectively
containing the soluble fraction of CUSA proteome. This on one hand could have limited
the characterization of less polar proteins and peptides, and of membrane proteins, but on
the other hand, advantageously allowed proteomic characterization to be performed with
reduced matrix interferences, suitable for the application of different analytical approaches
and potential future applications such as intra-operative mass spectrometry tumor diagno-
sis and monitoring of the margins of resection.

The lists of the proteins and peptides identified in each of the three tumor zones pools of
ND and R GBMs, as resulting from the multireport data elaboration of the analytical replicates
by Proteome Discoverer software, are reported in Tables S1 and S2, respectively. These data
have been filtered after elaboration, as specified in details in the materials and methods section,
to ensure high confidence identification of proteins and peptides in the tumor zones and
GBM states to be then analyzed and compared for functional interactions and gene ontology
(GO) classification by bioinformatics tools. Figure 1 reports the Venn diagram grouping of
the proteins identified in ND (panel A) and R (panel B) GBM groups in the relative diverse
zone of collection. These groups of proteins were further submitted to bioinformatic data
elaboration and comparison in order to disclose and discuss the differences between the GBM
state and zones of sampling by studying their gene ontology (GO) classification, pathway
categories, and overrepresentation analysis, either considering the common or the exclusive
protein elements identified. The obtained results for each tumor group are described below in
separate paragraphs and therefore compared and discussed.
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Figure 1. Identified proteins Venn diagram sample grouping in ND (panel A) and R (panel B) GBM pools.

2.1. Newly Diagnosed (ND) GBM

As resulting from the ND GBM grouping of the proteins characterized in the diverse
zones, out of the overall number of 463 unique elements identified with high confidence,
125 proteins were classified common to all tumor zones while 9, 176, and 40 elements were
exclusive of CUSA CORE, CUSA A+, and CUSA A-, respectively (Figure 1A) (complete
data are provided in Table S4). In addition, proteins shared by two different areas have
been also observed and identified. Particularly CUSA CORE shared eight and 11 proteins
with CUSA A+ and CUSA A-, respectively, while CUSA A+ and A- shared 94 proteins
(Figure 1A).

Focusing the attention on the ND GBMs Venn diagram (Figure 1A), different proteins
relationships can be defined: proteins which may be considered definitely associated to the
“tumor zone” and proteins associated to what may be considered the “healthy zone”, i.e.,
the proteins exclusively characterized in the 5-ALA negative periphery.

In order to define the tumor zone of the ND GBM, we considered the 9 proteins
exclusive of CUSA CORE, the 176 proteins exclusive of CUSA A+ and the 8 proteins
commonly identified in CUSA CORE and CUSA A+, for a total of 193 protein elements.
Table S1 reports the Uniprot accession, the name and the zone of identification of the 193
proteins of the tumor zone. The proteins common between CUSA CORE and CUSA A-
(11 elements) and between CUSA A+ and CUSA A- (94 elements) and the 125 proteins in
common with all three zones (Figure 1A), were not included in the tumor zone as being in
common with CUSA A-.

The list of 193 protein elements characterizing the tumor zone was investigated for
molecular pathways overrepresentation analysis by different bioinformatic tools providing
complementary information, using the Homo sapiens dataset as reference.

The gene-ontology overrepresentation analysis by PANTHER tool resulted in five path-
ways overrepresented (p value < 0.05), namely, in decreasing order of fold enrichment, ser-
ine glycine biosynthesis (P02776), pentose phosphate pathway (P02762), 5-hydroxytryptamine
degredation (P04372), de novo purine biosynthesis (P02738), and huntington disease
(P00029) (Figure 2).
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Figure 2. Pathway overrepresentation analysis of the protein elements characterizing the ND GBM
tumor zone.

The Reactome hierarchical pathway overrepresentation analysis in reference to Homo
sapiens database found 168 identifiers over the 193 of the input list of the tumor zone
and outlined the 25 most relevant pathways listed in Table 1, following a binomial test to
calculate the result probability and by correcting the p-values for the multiple testing.

Table 1. Result of the 25 most relevant Reactome pathways overrepresented in ND GBM tumor zone in p-value decreasing order.

Pathway Name Entities
Found

Entities
Total

Entities
Ratio

Entities
p-Value Entities FDR Reactions

Found
Reactions

Total
Reactions

Ratio

Innate Immune System 51 1187 0.103940455 5.27 × 10−10 5.64 × 10−7 131 662 0.052414885
Neutrophil degranulation 30 480 0.042031524 1.13 × 10−9 6.06 × 10−7 10 10 7.92 × 10−4

Platelet degranulation 14 128 0.011208406 6.47 × 10−8 2.30 × 10−5 6 11 8.71 × 10−4

Response to elevated platelet cytosolic
Ca2+ 14 133 0.011646235 1.03 × 10−7 2.74 × 10−5 6 14 0.001108472

Detoxification of Reactive Oxygen
Species 8 39 0.003415061 4.89 × 10−7 1.05 × 10−4 11 32 0.00253365

Cellular responses to external stimuli 27 579 0.050700525 2.63 × 10−6 4.69 × 10−4 50 255 0.020190024
Cellular responses to stress 26 565 0.049474606 5.20 × 10−6 7.90 × 10−4 47 224 0.01773555

Immune System 68 2398 0.209982487 6.58 × 10−6 8.75 × 10−4 254 1598 0.126524149
Platelet activation, signaling and

aggregation 16 265 0.023204904 1.66 × 10−5 0.001955007 9 115 0.009105305

Hemostasis 28 726 0.06357268 5.36 × 10−5 0.005219396 27 332 0.026286619
Pyruvate metabolism and Citric Acid

(TCA) cycle 7 55 0.004816112 5.38 × 10−5 0.005219396 9 36 0.002850356

Smooth Muscle Contraction 6 39 0.003415061 6.65 × 10−5 0.005915444 5 11 8.71 × 10−4

Formation of tubulin folding
intermediates by CCT/TriC 5 26 0.002276708 9.76 × 10−5 0.008006187 2 2 1.58 × 10−4

Prefoldin mediated transfer of substrate
to CCT/TriC 5 28 0.002451839 1.38 × 10−4 0.010455726 2 2 1.58 × 10−4

Metabolism 58 2142 0.187565674 1.63 × 10−4 0.011603817 89 2001 0.158432304
The citric acid (TCA) cycle and
respiratory electron transport 11 176 0.015411559 2.66 × 10−4 0.017547815 11 64 0.0050673

Cooperation of Prefoldin and TriC/CCT
in actin and tubulin folding 5 33 0.002889667 2.92 × 10−4 0.018103534 6 6 4.75 × 10−4

Interleukin-12 family signaling 6 56 0.004903678 4.58 × 10−4 0.027046947 12 114 0.009026128
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Table 1. Cont.

Pathway Name Entities
Found

Entities
Total

Entities
Ratio

Entities
p-Value Entities FDR Reactions

Found
Reactions

Total
Reactions

Ratio

Protein ubiquitination 7 80 0.007005254 5.18 × 10−4 0.029024722 30 32 0.00253365
Selective autophagy 7 82 0.007180385 5.99 × 10−4 0.030593862 23 48 0.003800475

Citric acid cycle (TCA cycle) 4 22 0.001926445 6.12 × 10−4 0.030593862 5 17 0.001346002

Folding of actin by CCT/TriC 3 10 8.76 ×
10−4 7.31 × 10−4 0.035103663 2 2 1.58 × 10−4

RHO GTPases activate PKNs 6 63 0.005516637 8.42 × 10−4 0.038746044 12 20 0.001583531
TP53 Regulates Metabolic Genes 7 88 0.007705779 9.01 × 10−4 0.039649516 5 34 0.002692003

Aggrephagy 5 44 0.00385289 0.001057731 0.044424721 13 15 0.001187648

2.2. Recurrent (R) GBM

As it can be observed in the Venn diagram of R GBM (Figure 1B), the overall number
of unique protein elements identified was higher than ND GBM, corresponding to 524 total.
With respect to ND GBMs, a different distribution of the number of the protein elements
exclusive of the different zones was also observed. Particularly, CUSA A- showed the high-
est number of exclusive protein elements (66), followed by CUSA CORE (63), and CUSA
A+ (43) (Figure 1B) (complete data are available in Table S4). The most relevant differences
with ND GBMs have been observed for CUSA CORE and CUSA A+, respectively showing
a largely higher and lower number of exclusive proteins.

These numbers allowed to interestingly compare their relative gene ontology classifi-
cation and pathways overrepresentation analysis.

Differently from ND GBM pool, no statistically significant (p value >0.5) overrep-
resented pathways have been evidenced by PANTHER tool analysis in R GBM tumor
zone. Differences between ND and R GBM pools were also recognized in the hierarchical
pathways overrepresentation analysis by Reactome. Table 2 lists the 25 most relevant
pathways overrepresented in R GBM tumor zone.

Table 2. List of the 25 most relevant Reactome pathways overrepresented in R GBM tumor zone, in p-value decreasing order.

Pathway Name Entities
Found

Entities
Total

Entities
Ratio

Entities
p-Value Entities FDR Reactions

Found
Reactions

Total
Reactions

Ratio

Cellular responses to external stimuli 26 579 0.051 9.22 × 10−10 8.19 × 10−7 50 255 0.020190024
Cellular responses to stress 25 565 0.049 2.76 × 10−9 1.23 × 10−6 47 224 0.01773555

Eukaryotic Translation Elongation 8 95 0.008 1.21 × 10−5 0.003568961 6 9 7.13 × 10−4

L13a-mediated translational silencing
of Ceruloplasmin expression 8 112 0.01 3.85 × 10−5 0.006094382 2 3 2.38 × 10−4

GTP hydrolysis and joining of the 60S
ribosomal subunit 8 113 0.01 4.10 × 10−5 0.006094382 3 3 2.38 × 10−4

HSP90 chaperone cycle for steroid
hormone receptors (SHR) 6 57 0.005 4.57 × 10−5 0.006094382 7 12 9.50 × 10−4

Metabolism of RNA 20 675 0.059 5.23 × 10−5 0.006094382 40 187 0.014806017
Cap-dependent Translation Initiation 8 120 0.011 6.22 × 10−5 0.006094382 17 18 0.001425178

Eukaryotic Translation Initiation 8 120 0.011 6.22 × 10−5 0.006094382 19 21 0.001662708
Regulation of Complement cascade 8 135 0.012 1.39 × 10−4 0.011833692 7 42 0.003325416

Response of EIF2AK4 (GCN2) to
amino acid deficiency 7 102 0.009 1.52 × 10−4 0.011833692 6 16 0.001266825

Signaling by the B Cell Receptor (BCR) 9 176 0.015 1.60 × 10−4 0.011833692 18 43 0.003404592
Complement cascade 8 146 0.013 2.36 × 10−4 0.016016904 16 71 0.005621536

COPI-independent Golgi-to-ER
retrograde traffic 5 53 0.005 3.30 × 10−4 0.019025205 2 7 5.54 × 10−4

Nonsense-Mediated Decay (NMD) 7 117 0.01 3.46 × 10−4 0.019025205 6 6 4.75 × 10−4

Nonsense Mediated Decay (NMD)
enhanced by the Exon Junction

Complex (EJC)
7 117 0.01 3.46 × 10−4 0.019025205 5 5 3.96 × 10−4

Hemostasis 19 726 0.064 3.98 × 10−4 0.019131188 13 332 0.026286619
Advanced glycosylation endproduct

receptor signaling 3 13 0.001 4.32 × 10−4 0.019131188 3 4 3.17 × 10−4

Apoptosis induced DNA
fragmentation 3 13 0.001 4.32 × 10−4 0.019131188 5 12 9.50 × 10−4

Translation 11 294 0.026 4.42 × 10−4 0.019131188 34 99 0.00783848
Innate Immune System 26 1187 0.104 5.06 × 10−4 0.019131188 125 662 0.052414885
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Table 2. Cont.

Pathway Name Entities
Found

Entities
Total

Entities
Ratio

Entities
p-Value Entities FDR Reactions

Found
Reactions

Total
Reactions

Ratio

Peptide chain elongation 6 90 0.008 5.27 × 10−4 0.019131188 4 5 3.96 × 10−4

Translation initiation complex
formation 5 59 0.005 5.35 × 10−4 0.019131188 2 2 1.58 × 10−4

Ribosomal scanning and start
codon recognition 5 59 0.005 5.35 × 10−4 0.019131188 2 2 1.58 × 10−4

Activation of the mRNA upon binding
of the cap-binding complex and eIFs,

and subsequent binding to 43S
5 60 0.005 5.77 × 10−4 0.019131188 5 6 4.75 × 10−4

3. Discussion

GBM is the most frequent and malignant primary brain tumor and, despite the
multidisciplinary management, it highly relapses. The mechanisms underlying the high
recurrence rate of GBM and therefore its aggressive behavior is still far from being fully
understood. The new central nervous system (CNS) WHO 2016 classification divides CNS
tumors on the basis of histological data integrated with molecular biology and genomic
data that correlate with prognosis. The new nomenclature is formed by the histopatho-
logical name of the tumor followed by the genetic characteristics [13–15]. In this new
classification, GBMs are divided in glioblastoma IDH-wildtype, 90% of cases, correspond-
ing with what is defined as primary or de-novo glioblastoma, which predominates in
patients over 55 years of age, glioblastoma IDH-mutant, about 10% of cases, which are
closely related to the so-called secondary glioblastomas as are those with a history of prior
lower grade diffuse gliomas preferentially occur in younger patient and glioblastoma NOS
in tumors for which full IDH evaluation cannot be performed. In the present study the
protein profile of the tumor core with its periphery, either positive or negative to 5-ALA
fluorescence, was compared by pioneering investigating the soluble fraction of CUSA fluid,
to discover potential differences and similarities. The main focus of the investigation was
to discover distinct profiles for ND and R GBMs by analyzing CUSA fluid pools from IDH1
wild type GBMs, with special focus to the core region. In addition, within each GBM state,
the presence of protein elements able to discriminate the tumor zone from the normal
tissue was additionally investigated, together with the exploration of eventual pathological
molecular profiles of the 5-ALA fluorescence negative tumor periphery, since the high infil-
tration capability of GBM. Although preliminary, this investigation originally performed
on pooled samples, could contribute to the comprehension of the molecular mechanisms
involved in GBM development and in its high infiltration capability in the surrounding
zones, establishing new hints to be further investigated for potential in-surgery clinical
applications. The obtained data are subsequently discussed by analyzing separately the
results obtained from each GBM sample group and then compared.

3.1. Newly Diagnosed GBM
3.1.1. “Tumor Zone”

The gene ontology overrepresentation analysis of the ND GBMs “tumor zone” by
PANTHER tool evidenced the overrepresentation of serine glycine biosynthesis, pentose
phosphate pathway, 5-hydroxytryptamine degredation, de novo purine biosynthesis and
huntington disease pathways. The role of the serine glycine biosynthesis pathway in cancer
was recently described [16]. Although not specific for GBM, this pathway demonstrates
to be involved in cancer growth and proliferation through its involvement in purine and
pyrimidine nucleotides biosynthesis. The pentose phosphatase pathway (PPP) is also
important, through its ribose-5-phosphate and NADPH products, for anabolic process
and nucleic acid biosynthesis. This pathway undergoes a reciprocal metabolic switch with
glycolysis, which is in association to cell proliferation and migration in glioma stem-like
cells [17]. A recent study [18] demonstrated that self-renewing brain tumor initiating
cells (BTICs) had elevated levels of metabolites of the de novo purine synthesis pathway,
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demonstrating the necessity of cell-promoting metabolism but also suggesting that BTICs
may be sensitive to inhibition of the pathway.

The recognized overrepresentation of the 5-hydroxytryptamine degredation pathway
could be consistent with literature data [19,20]. Studies in vitro on glioma cell lines inter-
estingly showed enhanced cell proliferation following serotonin (5-hydroxytryptamine,
5HT) administration, exhibiting an invasion-promoting effect [19]. The administration of
5-HT receptor agonists resulted in a high inhibition of glioma stem cell proliferation and
very recently serotonin receptors inhibitor drugs have been listed among the candidates
for GBM therapies [20]. A review by Plun-Favreau et al. [21] discusses the various gene
mutations that were found to be present and possibly link various neurodegenerative
diseases, such as Huntington’s, with CNS tumors. Hence, it may be a possibility that GBM
and Huntington’s disease have common pathways.

The Voronoi diagram visualization of the pathways overrepresentation analysis by
Reactome shows that the 25 most relevant pathways of Table 1 lie inside the hierarchical
signaling of metabolism, hemostasis, protein metabolism, gene expression, cellular re-
sponses to external stimuli, programmed cell death, cell cycle and immune system, muscle
contraction, autophagy, transport of small molecules and vesicle-mediated transport main
pathways (Figure 3).

It is moreover relevant to focus on the nine proteins exclusively identified in ND
GBM CUSA CORE, namely, tubulin 2B chain (Q9BVA1), CD59 glycoprotein (P13987),
Far upstream element-binding (Q92945), CD44 antigen (P16070), histone H1.4 (P10412),
caldesmon (Q05682), osteopontin (P10451), tropomyosin chain (P07951), and metallothi
onein-2 (P02795), and on the eight elements common to ND CUSA CORE and ND CUSA
A+, and to outline their main molecular functions.

CD44 is a cell membrane glycoprotein involved in cell motility, proliferation, angio-
genesis, and apoptosis [22]. CD44 was reported to take part in GBM playing a role in cell
invasion and proliferation, tumor growth and inhibition of apoptosis [22]. CD44 was in
fact hypothesized to be a marker of GBM cancer stem cells [22–24]. It was also shown to in-
crease GBM resistance to radiation therapy [25]. A recent study demonstrated that a soluble
CD44 protein secreted by the GBM cells is the link between GBM and neurodegenerative
disorders, as it induces neuronal degeneration through the activation of tau pathology in
the brain, which is known to be the underlying mechanism of some neurodegenerative
disorders such as Alzheimer’s disease [26].

Osteopontin (OPN) is an intra- and extra-cellular glycophosphoprotein expressed in
various cell types including macrophages, epithelial cells, smooth muscle cells, osteoblasts,
cancer and immune cells, and plays a role in immune response [27]. In glioma perivascular
niche, osteopontin was demonstrated to promote stem cell-like properties, as well as
radiation resistance in adjacent tumor cells via the activation of CD44 signaling [24].
Furthermore, it is reported as one of the chemoattractants for GBM-associated microglia and
macrophages [28]. This role is also reported by Wei et al. [27], discussing all the pathological
roles of osteopontin upregulation in GBM, which includes promotion of angiogenesis
through modulation of COX-2 expression, myeloid-derived suppressor cell expansion
through the activation of STAT3 pathway and suppression of antitumor immunity by
promoting extramedullary myelopoiesis [27].

CD59 has been found to be overexpressed in tumor cells as well as in immune
cells involved in the microenvironment of the tumor. It is not specific of GBM, how-
ever possible targeted therapies inhibiting CD59 are currently under investigation for other
types of cancers [29].
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Figure 3. Voronoi diagram representation of the hierarchical pathways overrepresentation analysis by Reactome of the protein elements identified in ND GBM the
tumor zone.
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Caldesmon is a cytoskeleton-associated protein. Selected missplicing of exons of
the gene are exclusively found in glioma microvessels leading to the upregulation of the
protein level with proportional downregulation of tight junction proteins and effects on
the permeability of GBM microvasculature [30]. This is a possible physiopathological
mechanism for the edema present in GBM.

Tubulin 2B chain is overexpressed and specific to gliomas, as both its RNA and protein
expression is highly represented in GBM [31–33].

Metallothionein-2 (MT2A) belong to the family of metallothioneins (MTs), cysteine
rich low molecular weight proteins. The MT genes were recently reported to exhibit
increased expression levels according to astrocytoma tumor grade. They resulted highly
expressed in high grade astrocytomas and associated with shorter patient survival [34].
A recent review paper outlined the role of metallothioneins in cancer, discussing their
involvement in tumor growth and proliferation processes, immune surveillance escape
and drug resistance and evidencing their potential targeting for cancer therapy [35].

Relatively to the eight elements in common between CUSA CORE and CUSA A+,
it was interesting to investigate potential statistically significant differences in their lev-
els in the two zones by label-free quantitation and t-test evaluation. Figure 4 shows the
relative quantitative data of the average protein area values of the three analytical repli-
cates. Immunoglobulin lambda 2 constant (P0DOY2) protein, namely, is the much highly
represented in both tumor zones compared to the other seven proteins.

Figure 4. Bar chart representing the mean area with their corresponding standard deviations of
leucine-rich alpha-2 glycoprotein (P02750), keratin, type II cytoskeletal 1 (P04264), 60s acidic riboso-
mal protein P1 (P05386), immunoglobulin lambda constant 2 (P0DOY2), keratin, type I cytoskeletal
10 (P13645), ezrin (P15311), tenascin (P24821) and zyxin (Q15942) proteins common to CUSA core
and CUSA A+., The proteins with statistically significant differences of the mean area values in the
two zones are marked. (*, p value < 0.05).

Out of the eight proteins, four of them showed statistically significant (p-value < 0.05)
different levels in the two tumor zones, namely: leucine-rich alpha-2 glycoprotein (P02750),
60s acidic ribosomal protein P1 (P05386), immunoglobulin lambda constant 2 (P0DOY2),
and ezrin (P15311), all exhibiting higher levels in CUSA A+ compared to CUSA CORE.
The 17 proteins including the nine exclusive of CUSA CORE and eight common to CUSA
CORE and CUSA A+, were further investigated for protein-protein interaction networks
functional enrichment analysis by STRING tool (Figure 5).
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Figure 5. Protein-protein functional interaction network (medium confidence) of the 9 + 8 proteins discriminatory of the
CORE tumor zone. The higher the thickness, the higher the confidence of the interaction. On the left the co-expression of
the proteins in Homo sapiens is reported.

The network revealed three main clusters of interaction, the most relevant involving
tenascin-C(TNC), osteopontin (SPP1), CD44, metallothionein 2 (MET2A), and ezrin (EZR).
It is noteworthy that the proteins involved in this cluster are mostly represented for the
main part by exclusive proteins of the CUSA CORE (osteopontin, CD44, and MET2) and
only one, ezrin, is in common, with statistically different level, with CUSA A+. In addition,
inside the total group, co-expression in Homo sapiens is depicted (Figure 5). Various studies
demonstrate that these proteins are involved in oncogenesis and/or GBM pathogenesis.
Tenascin-C (TNC) has been demonstrated to have an angiogenic role in GBM [36]; ezrin to
inhibit NF2 tumor-suppressor in GBM [37]. Zyxin has been demonstrated to play a role
in cell migration and proliferation in various malignancies [38]. The role of zyxin in the
invasive growth of GBM was recently demonstrated and its high expression was found to
correlate with a worse prognosis [39].

The 176 exclusive protein elements of CUSA A+ strongly influenced the molecular
profile of the tumor zone because of the high number with respect to the exclusive proteins
of CUSA CORE and their shared elements. Their gene ontology classification and overrep-
resentation of biological process, cellular component, molecular function and molecular
pathways is shown in Figure 6 where the relative bar charts of the statistically significant
(p-value of <0.05) results by PANTHER tool are shown. For each classification, the relative
fold enrichment (in red) is reported with respect to Homo sapiens data of reference (in blue).
In terms of biological process, cellular component, molecular function and protein class,
either over- or under-representation were observed, both distinguishing, although in the
opposite direction, the GBM pathological state from the normal condition. According to
their high number of elements over the total identified in the tumor zone, the molecular
pathway overrepresentation analysis of the proteins exclusive of CUSA A+ in Figure 6
showed very similar results to those obtained for the entire tumor zone, above discussed.
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Figure 6. Bar charts of the gene ontology overrepresentation analyses carried out by PANTHER tool between the 176 exclusive proteins of ND GBM CUSA A+ and the
Homo sapiens data of reference.
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3.1.2. “Healthy Zone”

The other elements of interest in ND GBM when looking at Figure 2 were the 40 pro-
teins exclusively identified in what is considered the “healthy zone”, i.e., the CUSA A-.
Interestingly, their overrepresentation analysis by PANTHER showed no pathways over-
representation compared to human database of reference (p value < 0.05), suggesting a
normal molecular profile and therefore a peritumoral 5-ALA negative area in general
compatible with normal tissue. However, it is necessary to underline that these 40 proteins
were only a small part out of the total 270 proteins that make up with confidence the CUSA
A- proteomic profile, as the majority resulted in common with both tumor core and 5- ALA
+ tumor zones. These overlapping areas were therefore of great interest to investigate.

3.1.3. Overlapping A- and CUSA CORE Zones

11 proteins were shared between CUSA CORE and CUSA A- zone (Table 3). Quan-
titative analysis was performed on this set of proteins in order to determine whether the
relative mean areas were statistically different between one zone in comparison to the other
by two-tailed t-test. The proteins in bold showed statistically different levels in the two
zones, and specifically, the ones with higher amounts in CUSA A- are additionally marked.

Table 3. Protein elements shared between CUSA CORE and CUSA A-.

Uniprot Accession Protein Name

P02656 Apolipoprotein CIII
P16949 Stathmin
O75347 Tubulin-specific Chaperone A
P23527 Histone H2B type 1-O
O14979 Heterogeneous nuclear ribonucleoprotein Dlike
P25713 Metallothionein-3 *
Q16799 Reticulon-1
P68363 Tubulin -1B chain
P68032 Actin, α cardiac muscle 1 *

P0DOY3 Immunoglobulin Lambda Constant 3 *
Q13526 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 *

The proteins in bold showed statistically significantly different mean levels between the two zones (p-value < 0.05).
* proteins presenting statistically significant higher mean levels in CUSA A- compared to CUSA core.

It is important to address the various perspectives of interpretation regarding these
data. First of all, the meaning behind the proteins being either statistically or non-
statistically different in representation poses a question of how to interpret it, whether
those statistically significant represent a distinction in pathology or non-pathology in one
area compared to the other, or if the non-statistically significant depict equal representation
of pathology or non-pathology. Unfortunately, it is not possible to be able to address
these hypotheses with certainty, as it represents a blindspot in GBM literary investiga-
tions provided thus far. One way to possibly try and gain a general idea of which way
of interpretation may be more correct, is to briefly investigate in further detail some of
these proteins. Metallothionein-3 (MT3, uniprot accession P25713) is one of those pro-
teins calculated to be statistically higher in CUSA A- zone, and the MT3 gene has been
reported to be highly expressed in GBM compared to lower grade astrocytomas, and to
correlate with lower prognosis of survival (p value < 0.05) [34], hence its characterization in
CUSA A- would be consistent with a pathological index for GBM. Heterogeneous nuclear
ribonucleoprotein D-like (hnRNPDL) (O14979) is, on the other hand, statistically higher
in CUSA CORE compared to CUSA A-, and it was identified as over-expressed in GBM
as reported in the pathology section of The Human Protein Atlas [31,32,40]. Investigat-
ing on the non-statistically different proteins, apolipoprotein CIII (P02656) and stathmin
(P16949) are classified as cancer-related genes [31,41], the latter additionally identified as a
poor prognostic factor for liver cancer [31,32,42]. The peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1, overexpressed in CUSA A- was also classified as a cancer related
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protein [31,41]. At this point, it is safe to induce that several of these proteins are indices of
pathology irrespective of their quantitative significance in one zone or the other, and possi-
bly indicating the presence in CUSA A- of pathological aspects of GBM rather than normal
brain parenchyma.

3.1.4. Overlapping A- and A+ Zones

Ninety four (94) proteins are in common between CUSA A+ and CUSA A- zone
(Figure 2). 58 out of them resulted quantitatively statistically different in mean area
(p-value < 0.05). Generally, these proteins showed higher levels in CUSA A+ with the
exception of 6 proteins that are statistically higher in CUSA A-, which are also listed in
Table 4.

Table 4. List of the six proteins with statistically higher mean levels in CUSA A- with respect to
CUSA A+ (p-value < 0.05).

Uniprot Accession Protein Name

P00367 Glutamate dehydrogenase1, mytochondrial
P05164 Myeloperoxidase
P22177 Proliferating cell nuclear antigen
P17600 Synapsin-1
P60880 Synaptosomal-associated protein 25
Q16143 Beta-synuclein

By investigating the six proteins statistically higher in CUSA A-, some of these have
demonstrated to be a favorable prognostic marker in GBM such as Glutamate dehydro-
genase 1 [31,32,43], while others, when over-expressed, have been associated with unfa-
vorable prognosis in GBM such as Proliferating cell nuclear antigen [44] and synapsin-
1 [31,32,45]. Synapsin-1, synaptosomal-associated protein 25 and β-synuclein are neuro-
physiological proteins [46–48] but, according to Human Protein Atlas Pathology, their over-
expression is associated with glioma [31,32,45,49]. Hence, there is a statistically higher
presence of these proteins in CUSA A- compared to CUSA A+ zones, but whether this
quantity is higher than a normal brain parenchyma is not possible to deduce, since the
lack of normal brain parenchyma data of control. On a similar note, Glutamate dehy-
drogenase 1, when highly expressed, has been a favorable prognostic factor [31,32,43],
while Proliferating cell nuclear antigen, playing a crucial role in DNA replication and cell
cycle regulation [50,51], is correlated with increasing tumor grade and decreasing patient
survival rates when overexpressed [44].

The sharing of protein elements between the healthy zone and the tumor zone makes
difficult to establish the A- zone as cancer free. It is furthermore noteworthy to underline
that 5 out of the 40 exclusive proteins characterized in CUSA A- are enclosed in the
Protein Atlas list of cancer related proteins, namely the macrophage migration inhibitory
factor (P14174), protein S100-A8 (P05109), complement component C6 (P13671), calpastatin
(P20810) and Tropomyosin alpha-1 chain (P09493). Possibly considering their exclusion,
the 40 exclusive elements of the A- zone could disclose potential biomarkers to distinguish
normal from pathological tissue, however, it seems clear that other parameters should be
taken into consideration and applied in a panel, such as the peak area ratio of the proteins
in common with the tumor periphery, i.e., the A+ zone, significantly differently expressed
in the two zones.

3.1.5. ND GBM Gene Ontology Classification

Apart from pathways overrepresentation analysis, the gene ontology classification of
the molecular pathways was very different in number for each complete zone, namely, 32 in
CUSA CORE, 89 in CUSA A+ and 75 in CUSA A-. Their Venn diagram elaboration found
an overall number of 90 unique elements classified in the diverse zones under investigation
(Figure 7, data in Table S5).
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Figure 7. Venn diagram of molecular pathways from the three complete zones.

The 32 molecular pathways classified considering the CUSA CORE proteins, were all
shared by CUSA A+ and CUSA A- pathways classification, hence, CUSA CORE did not
exhibit exclusive pathways. Table 5 lists the molecular pathways exclusively classified in
CUSA A+ and CUSA A-.

Table 5. Molecular pathways exclusively classified in CUSA A- and CUSA A+. The pathways in bold
were found over-represented by Panther tool following the gene ontology analysis of 193 proteins
grouped as “tumor zone”.

Pathways CUSA
A- Exclusive

Pathways CUSA A+
Exclusive

TGFβ signaling pathway Adenine and hypoxanthine salvage pathway
5-Hydroxytryptamine degredation

Vitamin B6 metabolism
Toll receptor signaling pathway

p53 pathway by glucose deprivation
Heme biosynthesis

Axon guidance mediated by Slit/Robo
Gamma-aminobutyric acid synthesis

Xanthine and guanine salvage pathway
Serine glycine biosynthesis

Pyridoxal-5-phosphate biosynthesis
Axon guidance mediated by netrin

Aminobutyrate degradation
p53 pathway feedback loops 2

Ras Pathway

It is not surprising that the pathways in bold in Table 5, i.e., the serine glycine biosyn-
thesis and the 5-HT degradation pathways, which have been demonstrated involved in cell
proliferation and migration, were included in the 5 over-represented molecular pathways
of the “tumor zone”.

What drew the attention was the single exclusive CUSA A- pathway, namely the
transforming growth factor beta (TGFβ) signaling pathway, and its role in the pathogen-
esis of GBM. In fact, the GBM-associated microglial cells and macrophages (GAMMs),
were reported to show not only classical macrophage activation aspects, but also typical
hints of an alternative macrophage activation, the latter possibly involving inhibition of
inflammation via production of TGFβ1, arginase 1 and interleukin 10, shaping the tumor
micro-environment through vascular endothelial growth factor (VEGF) and matrix met-
alloproteases (MP). To date, it is well known that an abundance of GAMMs positively
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correlates with GBM invasiveness, immunosuppression, and the poor prognosis of the
disease, calling for targeted immunotherapeutic strategies [28].

The gene ontology classification of molecular functions and protein class obtained for
the protein elements exclusive of each zone was then performed and compared in Figures
8 and 9, respectively. Looking at the molecular function (Figure 8) it is possible to state
that the binding activity constitutes more than 60% of the functions for both CUSA CORE
and CUSA A-, while CUSA A+ showed a higher number of proteins involved in catalytic
activity that constitutes almost half of its functions. Apart from the classification of binding
and catalytic activities, CUSA A- showed a molecular function classification more similar
to CUSA A+, including molecular function regulator and transporter activity. One function
that CUSA A- has exclusively is translation regulator activity, while one function shared
among CUSA CORE and CUSA A+ is structural molecule activity.

Figure 8. GO molecular function classification of the exclusive protein elements of each zone.

The protein class categorization was very different among the three zones. CUSA CORE
exclusive proteins consist in only four protein classes, also according to their low number,
i.e., nine protein elements. One interesting finding is that in CUSA A- there is a higher
representation of defense/immunity proteins, supporting the idea that the overall consid-
ered negative zone contains functions necessary to avoid pathological invasion. Another
consideration is concerning hydrolase being present in CUSA A+ (18%), while only 4%
present in CUSA A-.
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Figure 9. GO analysis of protein classes in each exclusive zone.

3.2. Recurrent GBM
3.2.1. “Tumor Zone”

Likewise and in comparison to ND GBM, the attention was at first focused on the
protein elements characterizing the tumor zone of recurrent GBMs (R GBM), therefore
considering the 124 total elements identified in the CUSA CORE, CUSA A+ as exclusive
and in both zones, and on their molecular pathways overrepresentation analysis by PAN-
THER and Reactome tools. By comparing these results with those obtained for ND GBM,
they were different, the first tool not evidencing pathways overrepresentation and the top
25 overrepresented pathways by Reactome resulting differently.

Figure 10 shows the Voronoi diagram representation of the results obtained by the hi-
erarchical Reactome pathways overrepresentation analysis of R GBM tumor zone. This rep-
resentation evidences different overrepresented pathways inside the main hierarchical
pathways of metabolism, immune system, protein metabolism. Furthermore, differently
from ND GBMs, in R GBMs tumor zone the overrepresentation of pathways involved in
RNA metabolism have been exclusively recognized.
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Figure 10. Voronoi diagram representation of the hierarchical pathways overrepresentation analysis by Reactome of the protein elements identified in the R GBM
tumor zone.
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3.2.2. “Healthy Zone”

The pathway overrepresentation analysis relative to the exclusive protein elements of
CUSA A-, identifying the R GBM “healthy zone”, exhibited the statistically significant (p value
< 0.05) overrepresentation of the xanthine and guanine salvage pathway, pentose phosphate
pathway and TCA cycle, in decreasing order of fold enrichment. This result was different
from ND GBM, where the “healthy zone” did not show pathways overrepresentation.

PANTHER tool overrepresentation analysis of the “tumor” and the “healthy” zones
therefore exhibited opposite results in ND and R GBM pools, particularly showing path-
ways overrepresentation in the tumor CORE and A+ zone in ND GBM and, on the contrary,
only in the A- zone in R GBM. There was no over-representation of molecular pathways in
R GBM “tumor zone”, drawing a more relevant attention of the R GBM tumor periphery
and outlining the need of a deeper investigation on single specimen analysis. These re-
sults could be consistent with the high infiltration capability and the high diffusion and
recurrence rate of GBM.

3.2.3. R GBM Gene Ontology Classification

Following the pathways overrepresentation analysis overview of the “tumor” and
the “healthy” zones, the classification in molecular pathways within each complete group
including the common proteins, have been furthermore evaluated and compared, as per-
formed for ND GBMs.

A total of 95 molecular pathways were classified for CUSA A-, 85 for CUSA A+, and 75
for CUSA Core (complete data in file Table S5) by PANTHER tool. The relative grouping by
Venn diagram is reported in Figure 11 and found an overall number of 97 unique elements.
The molecular pathways exclusively classified in each zone are reported in Table 6.

Figure 11. Venn diagram representation of pathways classified in the CORE, A+, and A- zones of R GBMs.
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Table 6. List of the molecular pathways exclusively classified in R GBM CUSA CORE, CUSA A+,
and CUSA A-.

CUSA CORE Exclusive
Pathway

CUSA A+ Exclusive
Pathway

CUSA A- Exclusive
Pathways

TGFβ signaling pathway Mannose metabolism Pyridoxal phosphate salvage pathway
Insulin/IGF pathway-protein kinase B

signaling cascade
Interleukin signaling Pathway

Gamma-aminobutyric acid synthesis
Endothelin signaling pathway

PDGF signaling pathway
Aminobutyrate degradation

It is very interesting to underline that the majority of pathways (n = 74) were commonly
classified in all analyzed zones and that the CUSA CORE and CUSA A+ distinguished
for only one exclusive pathway each, i.e., the TGFβ signaling pathway and the pathway
of mannose metabolism, respectively. CUSA A- showed the highest number of exclusive
pathways (n = 7). The most eye-catching information is the TGFβ signaling pathway as
the unique exclusive molecular pathway classified in CUSA CORE, that, on the contrary,
was the only exclusive molecular pathway of CUSA A- in ND GBM, thus again confirming
an opposite result of ND and R GBM pools analysis.

From what has been discussed thus far, TGFβ signaling pathways is involved and
dysregulated in GBM by inducing glioma invasion and migration, cell proliferation, an-
giogenesis and tumor-induced immunosuppression. Its classification in R GBM CORE
and ND GBM A- zone, correlated to no pathway overrepresentation in these zones, is of
controversial interpretation on the role of TGFβ signaling pathway in the progression and
recurrence of GBM to be deeply investigated in future studies on individual samples.

The only exclusive pathway for CUSA A+ was the mannose metabolism. A crucial
enzyme in mannose metabolism is mannose phosphate isomerase, which catalyzes an
interconversion of fructose-6-phosphate and mannose-6-phosphate necessary to maintain
levels of mannose in order to either enter the glycolytic pathway or form glycoproteins
and polysaccharides, respectively. According to the Human Protein Atlas this enzyme is
highly expressed in gliomas as well as is an unfavorable prognostic marker in head and
neck cancers [31,32,52].

The seven pathways resulting exclusively in CUSA A- are interesting as are majorly
involved in pathological progression. Two of the most relevant pathways are the endothe-
lin signaling pathway and the PDGF signaling pathway. Endothelin signaling pathway
leads to the production of nitric oxide (NO) and prostacyclins (PGI2) necessary for mito-
genesis and differentiation primarily affecting endothelial and vascular smooth muscle
cells, hence its presence is necessary for angiogenesis [53,54]. PDGF signaling pathway
is actually very important as it recruits adaptor molecules via SH2 domains, leading to
phosphorylation of other cellular proteins, hence plays a critical role in cellular proliferation
and development [53,55], and has been implicated in GBM, thus many specific therapeutic
target trials are currently under investigation [56]. Hence, it is again supposed that 5-ALA
negative zone in R GBM seems to have pathological characteristics.

3.3. Newly Diagnosed versus Recurrent GBM

Following the separate discussion of the proteomic results obtained for ND and R
GBMs, the relationships of the characterized proteins from each zone between the two GBM
groups were additionally investigated. The main interest was drawn to the comparison of
the full list of proteins characterizing the two core zones each including both the exclusive
and the shared elements with the other analyzed zones and corresponding to 153 and
325 proteins in ND and R COREs, respectively.

As depicted in the Venn diagram of Figure 12, the majority of the protein elements
resulted in common between the ND Core and R Core, and nine proteins were exclusive
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of ND core, the same number of exclusive proteins that distinguished the CORE from the
other zones inside the ND GBM group.

Figure 12. Venn diagram between the 153 ND Core proteins and 325 R Core proteins.

Table 7 reports the Uniprot accession numbers and the names of the nine proteins
distinguishing the ND GBM CORE from the R GBM CORE (column A), in comparison to
the nine proteins differently distinguishing the ND GBM CORE from the ND other zones
(column B).

Table 7. Lists in comparison of the nine proteins exclusive of ND GBM CORE with regards to R GBM
CORE (column A) and of the nine proteins exclusive of ND GBM CORE with regards to ND GBM
CUSA A+ and CUSA A- (column B).

(A) Exclusive CORE Proteins (ND vs. R, Figure 12) (B) Exclusive CORE Proteins
(ND CORE vs ND A+ vs. ND A-) (from Table S1)

Q9BVA1: Tubulin beta 2B chain Q9BVA1: Tubulin beta 2B chain
P13987: CD59 glycoprotein P13987: CD59 glycoprotein

P10451: Osteopontin P10451:Osteopontin
P07951:Tropomyosin beta chain P07951:Tropomyosin beta chain

Q14315: Filamin-C P10412:Histone H1.4
P04264: Keratin, type II cytoskeletal 1 Q05682:Caldesmon

P0DOY2: Immunoglobulin lambda constant 2 P16070:CD44 antigen
P13645: Keratin, type I cytoskeletal 10 Q92945:Far upstream element-binding protein 2

P59665: Neutrophil defensin 1 P02795:Metallothionein-2

The name and the Uniprot accession number of each characterized protein is reported. Proteins in
bold are those shared between the two lists of proteins.

As can be seen in Table 7 the two lists share four proteins (in bold), which could
be possibly capable to either distinguish ND CORE from the R CORE or ND CORE
from its tumor periphery, namely ND A+ and ND A- zones. Differently, the other five
proteins, that are instead exclusive only in their respective comparative scenarios, must be
further investigated as potential specific markers distinguishing the cores of ND and R
GBMs or the core of ND from the other ND zones. This finding could have a relevant
diagnostic value, particularly if the data can be obtained from other biological samples of
low invasiveness collection (i.e., blood or saliva) in evaluating an early relapse of GBM,
for which to date MRI images are unable to fully distinguish an actual GBM relapse from
pseudoprogression. In addition, from a surgical point of view, the so called “healthy”
zone could be the limit of our surgery. It leads us to hypothesize that an intraoperative
mass spectrometry, together with current tools (i.e., intraoperative MRI, contrast enhanced
ultrasound, and neuronavigation) could drive surgery to a maximal safe resection.

4. Materials and Methods
4.1. Patients Enrolment

Seven consecutive patients (median age 57.7 ± 12.7 years) with clinical and radio-
logical data compatible with high grade glioma were included, under written consent,
in the present study which is part of a study aiming to identify potential biomarkers
of GBM. All the investigated GBMs were IDH1 wild type. Patient data are reported in
Table 8. The study was approved by Ethical Committee of Catholic University of Rome
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with number 13891/18 ID 2015. According to our internal protocol, clinical and radiolog-
ical data from every patient were collected. The CUSA fluid specimens were collected
from newly diagnosed (ND, median age 64.5 ± 11.7 years) and recurrent (R, median age
48.7 ± 8.1 years) GBM patients (Table 8) and pooled accordingly to both GBM state and
tumor zone of sampling as following specified.

Table 8. Patient data and GBM tumor location and state specifications under study.

Patient Age Location of Tumor State of GBM
Newly Diagnosed (ND) Recurrent (R)

PP1 57 Left parieto-occipital ND
PP2 74 Left parietal ND
PP3 52 Left parietal ND
PP4 50 Left temporal R
PP5 56 Right parietal R
PP6 40 Right frontal R
PP7 75 Right parieto-occipital ND

4.2. Chemicals

5-aminolevulinic acid (5-ALA) was from Medac (Wedel, Germany). Iodoacetamide
(IAA), D,L-dithiothreitol (DTT), Ammonium bicarbonate (AMBIC), bovine serum albumin
and acetone were from Sigma-Aldrich (St. Louis, MO, USA). Water, acetonitrile (ACN),
formic acid (FA) were from Merck (Darmstadt, Germany). All organic solvents were of
LC-MS grade. Trypsin enzyme (Gold MS Grade) was from Promega (Madison, WI, USA).

4.3. Surgical Procedure and CUSA Aspirate Fluid Sampling

In our hospital we currently use the following set while doing brain surgery: (1) navi-
gated contrast enhanced intraoperative ultrasound which, because of broken BBB, enhances
the same region of 5 ALA+. (2) neuronavigation that allows to constant and better define
the region in which we are performing surgery [57,58]. We are of course aware of the
brainshift that can alter our images, but intraoperative reconstruction with ultrasound
helps us to reduce the brainshift effect on our neuronavigation system. Following the
standard protocol applied for patients with suspected GBM, 5-ALA in conventional dose
of 20 mg/kg was administered approximately 6 h before the estimated time of having the
tumor exposed [59–61]. After craniotomy and dural opening, the operating microscope
(M530 OHX, Leica, Wetzlar, Germany) was used for tumor removal, switching from white
light to fluorescence-enhanced vision just to gain the maximal safe resection. The samples
were collected from the core of the tumor (CUSA CORE), the 5-ALA positive (CUSA A+)
and the 5-ALA negative (CUSA A-) periphery. We used 5ALA, together with intraoperative
contrast enhanced ultrasound and neuronavigation that matches the criteria of central
part of the tumor (CORE), periphery with still uptake of 5ALA (5ALA+) and periphery
without uptake of 5ALA but still suspicious for pathology or border territory (5ALA-).
With the aid of neuronavigation and 5-ALA fluorescence, three areas of sampling were
defined: the core of the tumor (CUSA CORE), the 5-ALA positive (CUSA A+) and the
5-ALA negative (CUSA A-) periphery [62]. During tumor resection, CUSA was configured
with the following standard setting: 50% amplitude, 50% aspiration, and 3mL/min of
irrigation with normal saline solution. CUSA (Integra: Tullamore, County Offaly, Ireland)
was used for tissue resection from each of the three zones in a continuous manner for about
30 s. The fluid collected in the aspirator bag (Integra) was then extracted in a sterile manner
and stored at −80

◦
C until LC-MS proteomic analysis. A new bag was used for each zone

of CUSA collection.

4.4. CUSA Fluid Sample Treatment

The samples were thawed at room temperature and subsequently centrifuged at
1200 rpm, 4 ◦C, for 5 min to allow the precipitation of cells and solid material. The result-
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ing CUSA supernatant fluids were recovered and subsequently pooled based on tumor
diagnosis, ND or R, and tumor zone of collection, i.e., core, 5-ALA positive, and 5-ALA
negative peritumoral zones, by sampling identical volume aliquots. CUSA pools un-
derwent UV-Visible (8453 UV-Vis Supplies, Agilent Technologies, Waldbronn, Germany)
spectrophotometric analysis by Bradford Assay (Bio-Rad Laboratories, Hercules, CA, USA)
to determine the total protein content using bovine serum albumin as standard of reference
for calculation.

A sample volume of each CUSA fluid pool corresponding to 50 µg of total protein
content underwent the protocol treatment for shot-gun proteomic analysis. The sample was
added 1:1 (v/v) of 200 mM DTT in AMBIC 100 mM and incubated at 100 ◦C for 5 min, and then
at 50 ◦C for 15 min in thermomixer. The sample was following added 1:1 (v/v) of 200 mM IAA
in 100 mM AMBIC and incubated at room temperature for 1h in the dark. Then 200 mM DTT
in 100 mM AMBIC was added 1:1 (v/v) with respect to the IAA solution volume added in
the step before. Protein digestion was allowed by addition of trypsin stock solution 1 µg/µL
1:50 (w/w) with respect to the total protein content of the sample volume treated. The sample
was incubated for digestion at 37 ◦C for18 h. A volume of 1 µL of concentrated FA (100%)
was added in order to stop protein digestion. The sample was then lyophilized, redissolved
in 0.1% aqueous FA solution. The sample was analysed by LC-MS after dilution in order to
inject 1 µg of total protein content into the chromatographic column.

4.5. LC-MS Proteomic Analysis

LC-ESI-MS/MS shot-gun analyses were performed for each sample in triplicates on
UltiMate 3000 RSLCnano System coupled to Orbitrap Elite MS detector with EASY-Spray
nanoESI source (Thermo Fisher Scientific, Waltham, MA, USA) and Thermo Xcalibur
2.2 computer program (Thermo Fisher Scientific) for instrumental operation and data
acquisition. EASY-Spray columns 15 cm in length × 50 µm of internal diameter (ID) were
used, and PepMap C18 (2 µm particles, 100 Å pore size) (Thermo Fisher Scientific) was
used for shot-gun analyses hyphenated with Acclaim PepMap100 nano-trap cartridge (C18,
5 µm, 100 Å, 300 µm i.d. × 5 mm) (Thermo Fisher Scientific) operating pre-separation
peptide trapping and concentration. Chromatographic separations were performed at
40 ◦C in gradient elution using 0.1% FA as eluent A and an ACN/FA solution (99.9:0.1, v/v)
as eluent B as following: i) 5% B (2 min), (ii) from 5% to 60% B (120 min), (iii) from 60%
B to 99% (15 min), (iv) 99% B (10 min), (v) from 99% to 5% B (2 min), (vi) 5% B (13 min).
The mobile phase flow rate was 0.3 µL/min. The injection volume was 5 µL. The Orbitrap
Elite instrument was operating in positive ionization mode at a 60,000 full scan resolution
in 350–2000 m/z acquisition range, performing MS/MS fragmentation by collision-induced
dissociation (CID, 35% normalized collision energy) of the 20 most intense signals of each
MS spectrum in Data-Dependent Scan (DDS) mode. The minimum signal was set to 500.0,
the isolation width to 2 m/z and the default charge state to +2. MS/MS spectra acquisition
was performed in the linear ion trap at normal scan rate.

4.6. Data Elaboration

LC-MS and MS/MS data were elaborated by Proteome Discoverer 1.4 software (ver-
sion 1.4.1.14, Thermo Fisher Scientific), based on SEQUEST HT cluster as search engine
against the Swiss-Prot Homo Sapiens proteome (UniProtKb, Swissprot, homo+sapiens
released in March 2018). The following parameters were set: minimum precursor mass
350 Da; maximum precursor mass 10,000 Da; total intensity threshold 0.0; minimum peak
count 1; Signal to Noise (S/N) threshold 1.5; mass tolerance 10 ppm; fragment mass
tolerance 0.5 Da; use average precursor mass False; use average fragment mass False.
Trypsin enzyme was set with a maximum of 2 missed cleavage sites. For data elaborations,
the minimum and maximum peptide length was 6 and 144 residues, respectively. Dynamic
methionine oxidation (+15.99 Da) and static carbamidomethylation of cysteine (+57.02 Da)
were also set. Protein and peptide spectra matches were validated by the calculation of
false discovery rate (FDR) using the Percolator node. The strict target FDR value was set
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at 0.01, while the relaxed value was set at 0.05. Protein identification results were further
filtered for high peptide confidence identification; peptide rank 1; 2 peptides per protein;
peptide length ≥ 9 amino acid residues, according to the Human Proteome Project Mass
Spectrometry Data Interpretation Guidelines [63].

Sample data grouping analysis was performed by Venn diagram tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/). Gene Ontology (GO) classification, and pathways over-
representation analysis of the identified proteins were performed by Protein ANalysis THrough
Evolutionary Relationships (PANTHER, http://www.pantherdb.org) Classification System (ver-
sion 11.0) [53] using Fisher’s Exact test type and correction of false discovery rate (FDR) and
Reactome [64]. Protein-protein functional interaction networks have been investigated through
STRING database [65]. In order to determine the quantification of protein presence in the dif-
ferent zones and hence to determine their statistically significant difference, the mean protein
area values calculated by Proteome Discoverer software have been submitted to T-test statistical
analysis, considering a p value < 0.05 as statistically significant.

5. Conclusions

CUSA fluid is an innovative biological matrix that can be successfully applied for
molecular characterization studies. The shotgun proteomic analysis of CUSA fluid, origi-
nally presented in this investigation, allowed to disclose distinguished molecular profiles
associated either to the tumor state, i.e., newly diagnosed or recurrent glioblastoma, or to
the diverse zones, namely the tumor core and the 5-ALA positive and negative tumor
periphery. The share of protein elements and molecular pathways associated to glioblas-
toma between the healthy and the tumor zones could make possible the hypothesis of the
presence of pathology in the fluorescence free detected zones, that it could be consistent
with the high infiltration and recurrent rate of this aggressive brain cancer. Newly di-
agnosed and recurrent glioblastoma seemed to exhibit distinct molecular features of the
CORE and A- zones. In light of this, CUSA fluid could be a novel source of potential
biomarkers. Although preliminary, these results, overall obtained on CUSA pools, pro-
vided a first overview of the proteomic characterization of CUSA fluid and of the profiles
associated to the diverse sample groups by reducing the inter-individual variability of the
biological specimens. Further investigations are however necessary in order to confirm
these data by screening individual specimens to allow an appropriate validation and to
explore the application of CUSA fluid for clinical purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/1/30/s1, Table S1: Uniprot accession, name and zone of identification data of the 193 proteins
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proteins and peptides identification in CORE, A+ and A- zones of ND GBM pools, as resulting from
the multireport data elaboration of the analytical replicate; Table S3: exported excel data file of the
Proteome Discoverer software proteins and peptides identification in CORE, A+ and A- zones of R
GBM pools, as resulting from the multireport data elaboration of the analytical replicate. Table S4:
Venn diagram sample grouping data of the protein identified in ND (S3_A) and R S3_(B) GBM pools.
Table S5: Venn diagram sample grouping data of the pathways classified in ND (S4_A) and R (S4_B)
GBM zones by PANTHER tool.
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