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Abstract: Brain tumors are the most common malignant primary intracranial tumors of the central
nervous system. They are often recognized too late for successful therapy. Minimally invasive
methods are needed to establish a diagnosis or monitor the response to treatment of CNS tumors.
Brain tumors release molecular information into the circulation. Liquid biopsies collect and analyze
tumor components in body fluids, and there is an increasing interest in the investigation of liquid
biopsies as a substitute for tumor tissue. Tumor-derived biomarkers include nucleic acids, proteins,
and tumor-derived extracellular vesicles that accumulate in blood or cerebrospinal fluid. In recent
years, circulating tumor cells have also been identified in the blood of glioblastoma patients. In
this review of the literature, the authors highlight the significance, regulation, and prevalence of
molecular biomarkers such as O6-methylguanine-DNA methyltransferase, epidermal growth factor
receptor, and isocitrate dehydrogenase. Herein, we critically review the available literature on
plasma circulating tumor cells (CTCs), cell-free tumors (ctDNAs), circulating cell-free microRNAs
(cfmiRNAs), and circulating extracellular vesicles (EVs) for the diagnosis and monitoring of brain
tumor. Currently available markers have significant limitations. While much research has been
conductedon these markers, there is still a significant amount that we do not yet understand, which
may account for some conflicting reports in the literature.

Keywords: tumor markers; brain tumor

1. Introduction

Central nervous system (CNS) tumor is one of the most malignant tumors in humans.
Itaccounts for approximately 1.35% of all malignant neoplasms and 2.95% of cancer-related
deaths [1]. The pathogenesis of brain tumors is still poorly understood. Genetic predis-
position plays an important role. In addition, risk factors include various environmental
factors such as low-frequency electromagnetic fields, chemical agents, head trauma, to-
bacco use, alcohol, and infections. It is likely that the interaction between genetic and
environmental factors, known as a gene–environment interaction, may also increase the
risk of CNS tumors [2]. Brain tumors are a diverse group of neoplasms with different types
of primary brain tumors or metastatic cancer. The most common malignant brain tumors
are glioblastomas that originate from glial cells. They are avery aggressive histological type
of cranial tumor with a 5-year survival rate of less than 5% [1]. Brain tumors are usually
diagnosed after clinical signs include headache, dizziness, vomiting, personality changes,
or focal neurological disorders. Currently, magnetic resonance imaging (MR) is the main
imaging method in patients suspected of having a brain tumor. For the final diagnosis of
tumor type and grade of malignancy, examination of the tumor tissue obtained by biopsy or
resection is required [3]. Unfortunately, once a tumor is detected under the microscope, it is
often too late for effective treatment. The prognosis in patients is correlated with the stage
of the disease at the time of detection, and therefore, it is important to find markers that
allow the early detection of the tumor. The development of a tumor is a complex process
leading to a number of biochemical and molecular changes. Diagnostic tests to detect these
changes using biomarkersshow significant potential for early detection. In the last few
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years, several diagnostic and prognostic biomarkers of malignant glioblastomas have been
described [4]. These markers significantly contributed to the accuracy of diagnosis and the
effectiveness of therapy. Minimally invasive diagnostic methods are valuable in a clinical
approach to establishing the diagnosis and monitoring treatment for brain tumors. Liquid
biopsy by cerebrospinal fluid or blood sampling holds promise in this regard. As a result
of the liquid biopsy method, the tumor components in the body fluids are collected and
analyzed. The liquid biopsy method is gaining more and more interest as a substitute for
neoplastic tissue [5]. In this review, we provide an overview of molecularblood biomarkers
for brain tumor detection.

Tumor markers can be categorized into several groups: molecular biomarkers, circu-
lating tumor cells (CTCs), circulating free DNA (cfDNA), circulating cell-free microRNAs
(cfmiRNAs), and circulating extracellular vesicles (EVs) (Figure 1, Table 1) [6].
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Table 1. Diagnostic performance of liquid biopsy in brain tumors.

Group/Markers Significance Study

Molecular biomarkers
O-6 methylguanine-DNA methyltransferase Prognostic and predictive biomarker [7,8]

Epidermal growth factor receptor Prognostic biomarker [9,10]
Isocitrate dehydrogenase Prognostic biomarker [11,12]

Glial fibrillary acidic protein Prognostic biomarker [13,14]
Telomerase reverse transcriptase (TERT) Prognostic biomarker [15,16]

Loss of heterozygosity (LOH) Prognostic and predictive biomarker [17,18]
Tumor protein 53 (TP53) Prognostic biomarker [19,20]

Circulating tumor cells Prognostic biomarker [21,22]

Circulating free DNA Diagnosis and monitoring response to treatment [19,23]

Circulating cell-free microRNAs Diagnosis and monitoring response to treatment [24,25]

Circulating extracellular vesicles Predictive and monitoring response to treatment [26,27]

Circulating proteins Diagnosis and monitoring response to treatment
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2. Molecular Biomarkers

Although molecular markers are widely used to differentiate particular types of cancer,
very few provide reliable and reproducible predictive markers. Due to editorial limitations,
we only discuss some of the more well-known molecular markers of brain tumors.

The gene encoding O-6 methylguanine-DNA methyltransferase (MGMT) is located on
the chromosome at position 10q26. O-6 methylguanine-DNA methyltransferase is involved
in DNA repair by reversing DNA alkylation and removing the guanine-alkyl group, which
prevents apoptosis [28]. Expression of this protein is strongly modulated by different
transcription factors such as specificity protein 1 or nuclear factor kappa B, which activate
O-6 methylguanine-DNA methyltransferase promoter to induce the expression of more
MGMT [7]. Promoter methylation of MGMT occurs in approximately 40% of glioblastoma.
MGMT promoter methylation is found more frequently (approximately 75%) in secondary
glioblastoma because it correlates strongly with the TP53 mutation (92%) in secondary GBM
and is only in 36% of primary tumors [29]. O-6 methylguanine-DNA methyltransferase
expression is associated with DNA-resistant alkylating agents such as temozolomide, the
major chemotherapeutic agent used in glioblastoma. Low levels of this protein correlate
with slightly longer survival and response to temozolomide. Hegi and coworkers showed
that MGMT promoter methylation gives better results in patients receiving TMZ. Median
overall survival in cases with current methylation was 18.2 months and 12.2 months in
cases without methylation [30]. Becausetemozolomide is toxic, detecting the methylation
status of the MGMT promoter can help determine the best TMZ therapy.

The most common method of detecting methylation MGMT in glioblastoma is a
polymerase chain reaction (PCR) method or combinatorial PCR with MS technology, SYBR
Green, or pyrosequencing in glioblastoma patients [8].

The epidermal growth factor receptor (EGFR) is a major activator of various signaling
pathways and physiological responses, including migration, proliferation, survival, and
tumor formation. EGFR is a potential glioblastoma biomarker. In healthy cells, it is involved
in growth factor signaling, while cancer-related oncogenic changes (variant expression,
mutations) often confer ligand-independent oncogenic activity. EGFR is amplified in
approximately 40% of glioblastoma patients and is often associated with high-grade tumors.
There can be several dozen additional copies of EGFR in tumors [9]. EGFR is encoded
by a gene of the same name that encodes a tyrosine kinase receptor specific for certain
growth factors. In a brain tumor, one of the most commonly studied changes in EGFR is
EGFR transcript variant III (EGFRvIII), This mutation is due to a histone modification on
its enhancer gene on chromosome 7p12 [10]. Overexpression of EGFRvIII in the presence of
epidermal growth factor receptor amplification has been proposed as the strongest indicator
of poor prognosis and survival [10]. However, other researchers suggest that EGFRvIII may
be a positive prognostic marker and indicate the long-term survival of EGFRvIII patients
treated with surgery/chemotherapy/radiotherapy [31,32]. This molecular marker may
also be considered a predictor of response to receptor tyrosine kinase (RTK) inhibitors.
Although EGFR-amplified tumors initially respond to RTK inhibition, data suggest that
they are often refractory to this treatment [28]. EGFR mutation and amplification were
classified as prognostic biomarkers because they are abundant in glioblastoma cells. Due
to the proliferative nature of the tumor, controlled mainly by key growth factors and their
receptors, EGFR can activate pathways necessary for the development of GBM cancer
cells [33].

Isocitrate dehydrogenase (IDH) is a protein enzyme encoded by genes on chromo-
some 2, whose main function is to catalyze oxidative decarboxylation in the Krebs cycle.
IDH has been grouped into two classes (IDH 1 and IDH 2). These isoenzymes catalyze
the reversible oxidation of isocitrate to form α-ketoglutarate while reducing NADP + to
NADPH. NADPH provides cell-free protection against intracellular oxidative injury [34].
The most common IDH 1 or 2 mutation is a single-residue change that replaces histidine
instead of arginine, thereby converting alpha-ketoglutarate (a-KG), a normal product, to
D-2-hydroxy-glutarate (D-2HG), which is an oncometabolite. How this promotes tumorige-
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nesis is currently unknown, but it is probably related to the effects of D-2-hydroxy-glutarate
on DNA demethylases, which promotes DNA and histone methylation. D-2HG has also
been used as a biomarker of response to treatment [35]. Mutations in isocitrate dehydro-
genase are found in 73–85% of secondary GBM, whereas it is rarely present in primary
GBM [11]. Tao et al. showed that IDH1-mutant cells are more sensitive to radiotherapy than
wild-type cells and gliomas with a secondary IDH1 mutation show increased chemosen-
sitivity [36]. Therefore, IDH mutations are considered a positive prognostic marker of
survival in stage II to IV glioblastomas [12]. Detection of this biomarker is possible using
immunohistochemistry or spectroscopy. The main limitation of the use of this biomarker is
the determination of the fate of the IDH mutation in the progression of a tumor. Isocitrate
dehydrogenase mutations can also be detected by techniques such as pyrosequencing or
droplet-type digital polymerase chain reaction (ddPCR) [37].

Glial fibrillary acidic protein (GFAP) is an intermediate fiber protein produced by
astrocytes and other cells of the central nervous system. It is detected at a much higher
level in tumor tissue compared to normal brain cells [13]. However, GFAP in the blood
cannot be used as a specific diagnostic marker for a brain tumor because it exhibits a
so-called "sensitivity gap" due to the heterogeneous/low expression of GFAP on some
tumors, which leads to undetectable amounts of GFAP released into the bloodstream.
Elevated concentrations of GFAP in the blood correlate with tumor volume, intratumor
GFAP expression, and the degree of necrosis [14]. Moreover, serum GFAP concentration
is associated with isocitrate dehydrogenase mutational status [38]. Glial fibrillary acidic
protein is presently the most prevalent marker for the identification of circulating tumor
cells, and expression is frequently maintained in brain tumors, despite its heterogeneity.

Telomerase reverse transcriptase (TERT) is an enzyme of the ribonucleoproteinase
family involved in replication telomeres at the end of the chromosomes, which contain
repetitive DNA sequences. They gradually shorten during successive cell divisions, ulti-
mately leading to a permanent proliferative arrest. Telomerase is the primary enzyme that
prevents telomere shortening through cell division and only expressed in stem cells. It is
also crucial for cell transformation and immortalization during cancer development [15].
Two specific point mutations in the promoter of telomerase (pTERT), C228T and C250T,
have been reported in cancer cells and are proposed to activate telomerase [15]. pTERT
mutations have been found in a variety of cancers, including brain tumors, although they
have not been found in normal cells. A high percentage of brain tumor samples have
pTERT mutations correlated with increased levels of the TERT gene protein [16]. Due to
the high frequency of occurrence, pTERT mutations detected in liquid biopsy may be a
prognostic factor for brain tumors, and detection could contribute to future diagnostic
tests [39].

Loss of heterozygosity (LOH) is the loss of genetic material from one of the two alleles
of certain genes. LOH is common in malignant neoplastic cells, which mainly affects tumor
suppressor genes and then leads to reduced protection of the body’s systems against tumor
formation [17]. It is a common genetic event in brain tumors. LOH 10q is present in 60–80%
of primary and secondary brain tumors. The three commonly deleted loci on chromosome
10 are 10q23-24 (PTEN), 10q14-p15, and 10q25-pter. The most important of these three is
the loss of the tumor suppressor gene PTEN along with genes including MXI1, DMBT1,
LGI1, FGFR2, and WDRI1. The PTEN protein is a phosphatase that plays an important role
in inhibiting the PI3K/AKT/mTOR pathway. PTEN mutations or loss of favored tumor
development and loss of the PTEN loci 10q25-pter is associated with the progression of
low-grade brain tumors to high-grade glioblastomas [18]. LOH on chromosome 22 has also
been found in brain tumors. The most common loss is chromosome 22q, which is present
in 41% of the primary tumor and 82% of the secondary tumor. Deletion of the 22q12.3 locus
leads to the loss of the tumor suppressor gene TIMP-3, which encodes the tissue inhibitor of
metalloproteinases-3 (TIMP-3). TIMP-3 inhibits tumor cell growth and cancer progression
and induces apoptosis [40]. Within brain tumors, many chromosomes are affected with
LOH, namely 1p, 9p, 17p, and 19q [41]. Chromosome 19q LOH is more often detected in
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the secondary brain tumor than in the primary one. LOH on chromosome 1 is a rare genetic
event in primary (12%) and secondary brain tumors (15%) but is associated with longer
survival [42]. LOH analysis in brain tumor patients is performed using microsatellites and
PCR to amplify gene products.

The TP53 gene encodes the well-known tumor suppressor protein p53. It is considered
the guardian of the genome, and p53 has various roles in inhibiting tumor formation. TP53
point mutations were found much more often in secondary (90%) compared to primary
brain tumors (30%), and in some cases, they were not found at all in primary lesions [19].
One of the proposed mechanisms of TP53 mutation in supporting the progression of brain
tumors is via the mevalonate (MVA) pathway regulation. Based on qRT-PCR methods,
it was verified that the TP53 mutation is upregulated and correlated with activation of
the MVA pathway due to upregulation of enzymes known to promote tumor formation,
namely MVA kinases and 3’-hydroxy-3’-methylglutaryl-coenzyme A reductase [20]. The
use of inhibitors of mouse double minute 2 homolog is efficacious in patients harboring
TP53 mutations [23].

3. Circulating Tumor Cells

Circulating tumor cells (CTCs) are cells shed from primary or metastatic tumors into
the body fluids, including blond, cerebrospinal fluid, and urine. CTC determines the
ability of epithelial tumor cells to metastasize. It has not been decided whether CTCs
are just central tumor subpopulations or rather randomly selected representing the entire
primary tumor. CTCs have been shown to play an important role in the development of
metastasis; however, the processes by which CTCs leave the tumor, enter the bloodstream,
and attack target organs for metastatic colonization are very complex and have not been
fully elucidated [43]. The results of many studies have shown that CTCs are an effective
biomarker for predicting the prognosis in various cancers, e.g., melanoma, lung cancer, and
pheochromocytoma [44]. Additionally, in patients with glioblastoma, circulating tumor
cells are similarly detected, which can lead to disease spread and metastasis. CTCs can
also serve in themonitoring of glioblastoma patients. Interestingly, their levels detected
after chemotherapy are significantly lower compared to the levels before treatment, which
may provide invaluable insight in differentiating tumor progression from radiation necro-
sis [21]. The importance of CTC in CNS tumors has been fully confirmed in many studies.
CTC provides good and minimally invasive samples for tumor detection. Specific CTC
genotypes may reflect the progression of the primary tumor and the change in specific
genetic information during the relapse process. Circulating tumor cells have been reported
to be prevalent in glioblastoma, up to about 75% [45]. It is worth noting that CTCscan
be a surrogateof tumor tissue andanalyzed for the presence of molecular biomarkers [46].
Although CTCs show great potential for their application in the diagnosis of glioblastoma,
their implementation into the clinical environment is associated with many challenges.
Detection of CTCs from GBM patients seems to be limited by low CTC flow and method
complexity [21]. The most commonly used CTC monitoringmethods rely on the presence
the epithelial cell adhesion molecules (EpCAMs), which are expressed on the surface of
most cancer cells but not glioblastoma cells. Therefore, other strategies have been em-
ployed to detect GBM CTCs. Easily accessible from body fluids such as blood samples and
analyzed by telomerase tests or EGFR amplification [22]. The frequency of CTC release
into the peripheral blood from brain tumors has not yet been finalized and may not be a
ubiquitous biomarker with treatment.

4. Circulating Free DNA

Circulating tumor DNA (ctDNA)are DNA fragments released into the bloodstream
by the breakdown of cancer tissue. In patients without cancer, blood cfDNA comes
mainly from genomic DNA released during the inflammation process or cell apoptosis [47].
Genomic cfDNAs are long DNA fragments (>500 bp). In physiological conditions, the
concentration of cfDNA in the blood is low due to its removal by phagocytes. In advanced
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solid tumors, higher levels of ctDNA are found in the blood, and this has been extensively
studied. Several studies have shown that ctDNA have been detected in some patients with
primary CNS tumors, including astrocytoma and oligoastrocytoma. Glioblastoma differs
from other neoplasms in that the concentration and positive index of ctDNA in the serum
of patients are low [24].

Once extracted, detection of somatic alterations on ctDNA depends on the quantity of
ctDNA and the sensitivity of the sequencing method. The ctDNA proportion among whole
cfDNA is correlated with tumor burden in advanced solid tumors. The ctDNA dynamically
reflects tumor progression and provides the specific mechanism of primary tumor gene
mutation and drug resistance. In addition, ctDNAs show the molecular composition of
tumors in patients with CNS tumors, including data on targeted mutations and drug
resistance mechanisms in selective therapy. CtDNA analysis can detect tumor progression
and drug resistance mutations at an early stage. This information can provide more
effective data at an early stage and improve treatment effectiveness [24].

As themean half-life duration of ctDNA is short (~1.5–2 h), plasma must be quickly
separated and frozen within 3 h aftercollection [25]. Bettegowda et al. found that CSF is
better than serum as a sample for the detection of ctDNAs derived from primary brain
tumors [48]. The research of Wang et al. indicated that 74% of the samples contained
primary tumor DNA, and the degree of tumor DNA detection was related to the anatomical
location and grade of the tumor, but not to its size [49].

5. Circulating Free miRNA

MicroRNA (miRNA) areshort noncoding RNA molecules (<25 pz) that complete the
post-transcriptional level regulation of gene expression by degrading or inhibiting target
mRNA [50]. MicroRNAs play key roles in the homeostasis and intercellular communication
of both healthy and malignant tissues [51]. The role of miRNA in the development and
progression of tumor cells is based on modulating growth, apoptosis, and differentiation
processes, especially in glioblastoma [52]. Analysis of miRNA accurately identified cancer
tissue origin in a variety of cancers. In recent years, many studies have analyzed serum
miRNA signature in human glioblastoma as diagnostic or prognostic markers. Dong
et al. identified 24 miRNAs that were significantly reduced and 115 miRNAs that were
significantly elevated in the serum of GBM patients, but not healthy controls [53]. For
example, miR-21 is an important miRNA studied in cancer, and itsupregulation has been
reported in the plasma and tissueof glioblastoma patients and associated with lower
overall survival and tumor grading [54]. It is an anti-apoptotic factor in glioblastoma
cell lines thatacts through caspase inhibition. The inhibition of miR-21 subsequently
halts cell growth, increases apoptosis, and reduces proliferation of GBM cancer. It is also
hypothesized to have a role in cancer stem cell (CSC) differentiation due to its upregulation
in the glioblastoma CSC population via the Fas ligand as its main genetic target. MiR-
21 in glioblastoma has been confirmed as a specific tumor markerfor predicting overall
survival and treatment response. MiR-21 is highly expressed in other various types of
cancers (i.e., lung, cervix, ovaries) [55]. Tang et al. found significantly higher circulating
levels of miR-185 in glioblastoma patients compared to healthy controls. Interestingly, the
levels of this miRNA returned to normal levels after surgery and chemoradiotherapy [26].
On the other hand, several studies have shown that low serum levels of miRNA-125b
seem to be associated with the diagnosis of glioblastoma [27]. Additionally, Wang et al.
described three miRNAs, miR-128, miR-485-3p, and miR-342-3p, which are downregulated
in patients when compared with healthy controls. Their levels correlated with glioblastoma
grades and increased after surgery and chemoradiation, suggesting their use as biomarkers
toassess tumor grading and to monitor treatment response [56].

MiRNAs are stable in body fluids and could be detected by PCR.miRNA samples are
often taken from body fluids (e.g., blood and CSF) for glioblastoma profiling. The use of
miRNAs as biomarkers gives >90% specificity in the detection of glioblastoma. MiRNA is
a useful biomarker for cancer detection due to its minimally invasive approach, obtained
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mainly from body fluids, and also allows for the stratification of patients in terms of the
predictive and prognostic capacity of molecular biomarkers [57].

6. Circulating Extracellular Vesicles

Extracellular vesicles (EVs) are small (generally 40–100 nm in diameter) lipid-bilayer-
enclosed vesicles released by both cancer and noncancer cells into the extracellular space.
They carry various cell componentssuch as proteins, lipids, and nucleic acids (DNA,
mRNA, noncoding RNA). They are sometimes referred to as "exosomes" [58]. They mediate
intercellular communication and change the molecular activity of recipient cells through
the release of various biological factors [59]. Therefore, cancer cells release exosomes that
contain tumor-specific biomarkers and can detect primary tumor features. Extracellular
vesicles secreted by neoplastic cells can be taken up by adjacent stromal cells, leading to an
alteration of the cell program [60].

Glioblastomas have been shown to release EVs and interact with endothelial cells
to promote angiogenesis and act in an autocrine manner to stimulate tumor cell growth.
Skog et al. proved that EVs can be isolated in the serum of patients with brain tumors and
that specific genetic changes in the EGFR gene can be detected in EVs derived from the
serum of these patients [61]. Moreover, studies in the serum of patients with glioblastoma
compared to the control group showed that in the EVs of tumor patients it was possible to
detect different patterns of RNA expression compared to the control group [62]. Higher
plasma concentration of EVs patients with glioblastoma compared with healthy subjects
has been shown and associated with tumor recurrence in patients after resection. They
may be a potential biomarker to distinguish patients with glioblastoma from patients with
other brain injuries and may be helpful in the early diagnosis of the disease [63].

The most commonly studied categories of extracellular vesiclesare exosomes, which
range from 30 to100 nm in size, and microvesicles, which range from 100 to 1000 nm in
size [64]. EVs are isolated from serum by centrifugation and purificationor precipitation.
EVs can be detected using nanoparticle tracking analysis (NTA), transmission electron
microscopy (TEM), and the presence of many membrane-related proteins such as ICAM-1
or integrins identified by flow cytometry or Western blot [65].

7. Circulating Proteins

In patients with brain tumor, the secretion of proteins may lead to an increase in the
level of circulating proteins (CPs) in the blood and urine and/or CSF. Plasma-derived
protein markers such as immunosuppressive acidic protein, alpha-1 acidic glycoprotein,
and alpha-1 antitrypsin, the glycoprotein fibronectin, and the endothelial cell-derived
thrombomodulin-1 were the first proteins to be found elevated in the blood of patients
with brain tumor [66]. Then, protein markers related to angiogenesis in tumors were
detected. It was found that the level of vascular endothelial growth factor (VEGF) was
significantly higher in patients with brain tumor compared to healthy people, and even
higher in patients with metastases in the brain [67,68]. Additionally, it has been reported
that soluble VEGFR-1 (sVEGFR-1), but not sVEGFR-2, -3, and the primary fibroblast
growth factor (bFGF, alternatively known as FGF-2) increased in preoperative serum
samples from newly diagnosed patients with brain tumor [69]. Moreover, proteins involved
in tumor cell remodeling of the extracellular matrix, such as matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs), were identified as potential
diagnostic CP biomarkers. These markers help to differentiate the tumor according to
its stage [70]. However, the fact that markers such as brain-derived neurotrophic factor
(BDNF) and calcium-binding protein B S100 (S100B) can be detected in the circulation of
healthy people negatively influences the specificity of such protein markers for detecting
disease processes [71]. Potential diagnostic value has also been reported for plasma levels
of interleukin 2 (IL-2) and its receptor, tumor necrosis factor alpha (TNFa), transforming
growth factor beta (TGFb), chitinase-3-like protein 1 (CHI3L1, also known as YKL-40),
neural cell adhesion molecule (NCAM), and neuropeptide Y (NPY) [72–74].
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The prognostic CP markers can be divided into two subgroups: tumor-related markers
and related markers with endogenous systemic stress responses. The tumor-related plasma
markers YKL-40 and the extracellular domain of EGFR and osteopontin were inversely
correlated with overall survival [73,75]. In addition, many CP markers implicated in tumor
angiogenesis are associated with the survival of patients with glioma. The serum level of
plasminogen activator inhibitor-1 (PAI-1), and the CSF protein levels of hepatocyte growth
factor (HGF), were inversely associated with progression-free survival (PFS) [76]. Among
these proteins, the serum YKL-40 protein appears to be the most promising prognostic
marker of CP for brain tumor patients.

Circulating protein markers in patients with brain tumors can potentially also be
used to monitor the effectiveness of therapy. The individual biological tumor properties
and complex tissue changes induced by different cancer therapies are not adequately
assessed with current MR imaging protocols. The study included patients treated with
bevacizumab and irinotecan. It was found that decreased plasma levels of VEGF protein,
appropriately measured, 8 weeks and 15 days after starting the treatment, were associated
with an improvement in PFS and OS [77]. Unfortunately, baseline levels of VEGF were not
associated with PFS in the larger AVAglio study (n = 571). The most extensively studied
CP markers are circulating angiogenesis-related proteins. While such proteins may indeed
be useful as prognostic and monitoring biomarkers for antiangiogenic therapies, a robust
biomarker for the monitoring of bevacizumab treatment has not yet been reported.

8. Conclusions

The high incidence and mortality rate of brain tumors requires an urgent need to
develop minimally invasive methods for the diagnosis and tracking of brain tumors in
both primary and metastatic disease. Currently, diagnosis is based on imaging and tumor
tissue data; however, there are some limitations. Conventional MRI can help surgery,
but it cannot distinguish between the highly advanced tumors and can provide difficult-
to-interpret results. Tumor tissue biopsies are invasive and cannot be easily repeated.
Despite numerous studies on an effective biomarker for detecting and predicting brain
tumors, only a few have produced promising results. High hopes in the near future are
associated with the use of liquid biopsies. The liquid biopsies, such as cerebrospinal
fluid and blood, can be used as potential tissue biopsy substitutes for the diagnostic and
prognostic analysis of biomarkers in brain tumors. As technological advances allow for
the further refinement of standardization and improved signal detection, measurement
of circulating tumor biomarkers has the potential to be widely used in monitoring tumor
burden. Liquid biopsies allow for multiple sampling during treatment in a noninvasive
manner. In addition, a liquid biopsy may be able to reveal information about a tumor prior
to clinical progression. Each of the biomarkers discussed in this review, including miRNA,
ctDNA, CTC, EV, and CP, has great potential for tumor detection and prognosis. There are
also other biomarkers such as neudesin, aldehyde dehydrogenase 1, and platelet-derived
growth factor alpha receptor (PDGFRA), which, due to editorial restrictions, have not
been described in this paper. Because each biomarker has advantages and disadvantages,
acombination of markers might be beneficial. The best way seems to be to determine at
least two or more markers simultaneously to increase their diagnostic utility.

Although much information has been gathered about the molecular changes in brain
tumor and glioblastoma stem cells, including the availability of multiple molecular markers,
caution should be taken in drawing broad sweeping conclusions regarding their clinical
utility. Therefore, further research is needed into new biomarkers for the early detection of
brain tumors.

Author Contributions: Writing—original draft preparation, W.J.; writing—review and editing, W.J.;
supervision, B.M.; project administration, B.M. and W.J. Both authors have read and agreed to the
published version of the manuscript.

Funding: This research and APC was funded by University of Białystok.



Int. J. Mol. Sci. 2021, 22, 7039 9 of 11

Acknowledgments: W.J. has received consultation honoraria from Wiener Lab and Abbott. B.M. has re-
ceived consultation and/or lecture honoraria from Wiener Lab, Roche, Cormay, Abbott, and Biameditek.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
2. Chandana, S.R.; Morva, S.; Arora, M.; Singh, T. Primary brain tumor in adults. Am. Fan Physician 2008, 77, 1423–1430.
3. Stupp, R.; Brada, M.; van den Bent, M.J.; Tonn, J.C.; Pentheroudakis, G. ESMO Guidelines Working Group. High-grade glioma:

ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2014, 25 (Suppl. 3), 93–101. [CrossRef]
4. Müller Bark, J.; Arutha Kulasinghe, A.; Chua, B.; Day, B.W.; Chamindie Punyadeera, C. Circulating biomarkers in patients with

glioblastoma. BJC 2020, 122, 295–305. [CrossRef]
5. Boire, A.; Brandsma, D.; Brastianos, P.K.; Le Rhun, E.; Manmeet Ahluwalia, M.; Junck, L.; Michael Glantz, M.; Groves, M.D.; Lee,

E.Q.; Lin, N.; et al. Liquid biopsy in central nervous system metastases: A RANO review and proposals for clinical applications.
Neuro-Oncology 2019, 21, 571–583. [CrossRef]

6. Best, M.G.; Sol, N.; Zijl, S.; Reijneveld, J.C.; Wesseling, P.; Wurdinger, T. Liquid biopsies in patients with diffuse glioma. Acta
Neuropathol. 2015, 129, 849–865. [CrossRef] [PubMed]

7. Cabrini, G.; Fabbri, E.; Lo Nigro, C.; Dechecchi, M.C.; Gambari, R. Regulation of expression of O6-methylguanine-DNA
methyltransferase andthe treatment of glioblastoma. Int. J. Oncol. 2015, 47, 417–428. [CrossRef]

8. Thon, N.; Kreth, S.; Kreth, F.W. Personalized treatment strategies in glioblastoma: MGMT promoter methylation status. Onco
Targets Ther. 2013, 6, 1363–1372. [CrossRef] [PubMed]

9. Yip, S.; Iafrate, A.J.; Louis, D.N. Molecular diagnostic testing in malignant gliomas: A practical update on predictive markers. J.
Neuropathol. Exp. Neurol. 2008, 67, 1–15. [CrossRef]

10. Shinojima, N.; Tada, K.; Shiraishi, S.; Kamiryo, T.; Kochi, M.; Nakamura, H.; Makino, K.; Saya, H.; Hirano, H.; Kuratsu, J.
Prognostic value of epidermal growth factor receptor in patients with glioblastoma multiforme. Cancer Res. 2003, 63, 6962–6970.
[PubMed]

11. Szopa, W.; Burley, T.A.; Kramer-Marek, G.; Kaspera, W. Diagnostic and Therapeutic Biomarkers in Glioblastoma: Current Status
and Future Perspectives. BioMed. Res. Int. 2017, 2017, 13. [CrossRef]

12. Sanson, M.; Marie, Y.; Paris, S.; Idbaih, A.; La_aire, J.; Ducray, F.; El Hallani, S.; Boisselier, B.; Mokhtari, K.; Hoang-Xuan, K.;
et al. Isocitrate dehydrogenase 1 codon 132 mutation is an important prognostic biomarker in gliomas. J. Clin. Oncol. 2009, 27,
4150–4154. [CrossRef]

13. Jung, C.; Foerch, C.; Schänzer, A.; Heck, A.; Plate, K.; Seifert, V.; Steinmetz, H.; Raabe, A.; Sitzer, M. Serum GFAP is a diagnostic
marker for glioblastoma multiforme. Brain 2007, 130, 3336–3341. [CrossRef]

14. Tichy, J.; Spechtmeyer, S.; Mittelbronn, M.; Hattingen, E.; Rieger, J.; Senft, C.; Foerch, C. Prospective evaluation of serum glial
fibrillary acidic protein (GFAP) as a diagnostic marker for glioblastoma. J. Neuro-Oncol. 2016, 126, 361–369. [CrossRef]

15. Kim, N.W.; Piatyszek, M.A.; Prowse, K.R.; Harley, C.B.; West, M.D.; Ho, P.L.; Coviello, G.M.; Wright, W.E.; Weinrich, S.L.; Shay,
J.W. Specific association of human telomerase activity with immortal cells and cancer. Science 1994, 266, 2011–2015. [CrossRef]

16. Horn, S.; Figl, A.; Rachakonda, P.S.; Fischer, C.; Sucker, A.; Gast, A.; Kadel, S.; Moll, I.; Nagore, E.; Hemminki, K. TERT promoter
mutations in familial and sporadic melanoma. Science 2013, 339, 959–961. [CrossRef] [PubMed]

17. Ryland, G.L.; Doyle, M.A.; Goode, D.; Boyle, S.E.; Choong, D.Y.; Rowley, S.M.; Li, J.; Australian Ovarian Cancer Study Group;
Bowtell, D.D.; Tothill, R.W.; et al. Loss of heterozygosity: What is it good for? BMC Med. Genom. 2015, 8, 45. [CrossRef]

18. Fujisawa, H.; Kurrer, M.; Reis, R.M.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Acquisition of the glioblastoma phenotype during
astrocytoma progression is associated with loss of heterozygosity on 10q25-qter. Am. J. Pathol. 1999, 155, 387–394. [CrossRef]

19. Ohgaki, H.; Kleihues, P. Population-based studies on incidence, survival rates, and genetic alterations in astrocytic and oligoden-
droglial gliomas. J. Neuropathol. Exp. Neurol. 2005, 64, 479–489. [CrossRef] [PubMed]

20. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.; Louis, D.N.; Brennan, C.;
et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment. Genes Dev. 2007, 21, 2683–2710. [CrossRef]

21. Gao, F.; Cui, Y.; Jiang, H.; Sui, D.; Wang, Y.; Jiang, Z.; Zhao, J.; Lin, S. Circulating tumor cell is a common property of brain glioma
and promotes the monitoring system. Oncotarget 2016, 7, 71330–71340. [CrossRef]

22. Touat, M.; Duran-Pena, A.; Alentorn, A.; Lacroix, L.; Massard, C.; Idbaih, A. Emerging circulating biomarkers in glioblastoma:
Promises and challenges. Expert Rev. Mol. Diagn. 2015, 15, 1311–1323. [CrossRef] [PubMed]

23. Verreault, M.; Schmitt, C.; Goldwirt, L.; Pelton, K.; Haidar, S.; Levasseur, C.; Guehennec, J.; Knoff, D.; Labussière, M.; Marie, Y.;
et al. Preclinical efficacy of the MDM2 inhibitor RG7112 in MDM2-amplified and TP53 wild-type glioblastomas. Clin. Cancer Res.
2016, 22, 1185–1196. [CrossRef]

24. Aili., Y.; Maimaitiming, N.; Mahemuti, Y.; Qin, H.; Wang, Y.; Wang, Z. Liquid biopsy in central nervous system tumors: The
potential roles of circulating miRNA and exosomes. Am. J. Cancer Res. 2020, 10, 4134–4150.

25. Wang, J.; Bettegowda, C. Applications of DNA-based liquid biopsy for central nervous system neoplasms. J. Mol. Diagn. 2017, 19,
24–34. [CrossRef]

26. Tang, H.; Liu, Q.; Liu, X.; Ye, F.; Xie, X.; Xie, X.; Wu, M. Plasma miR-185 as a predictive biomarker for prognosis of malignant
glioma. J. Cancer Res. Ther. 2015, 11, 630–634.

http://doi.org/10.3322/caac.21551
http://doi.org/10.1093/annonc/mdu050
http://doi.org/10.1038/s41416-019-0603-6
http://doi.org/10.1093/neuonc/noz012
http://doi.org/10.1007/s00401-015-1399-y
http://www.ncbi.nlm.nih.gov/pubmed/25720744
http://doi.org/10.3892/ijo.2015.3026
http://doi.org/10.2147/OTT.S50208
http://www.ncbi.nlm.nih.gov/pubmed/24109190
http://doi.org/10.1097/nen.0b013e31815f65fb
http://www.ncbi.nlm.nih.gov/pubmed/14583498
http://doi.org/10.1155/2017/8013575
http://doi.org/10.1200/JCO.2009.21.9832
http://doi.org/10.1093/brain/awm263
http://doi.org/10.1007/s11060-015-1978-8
http://doi.org/10.1126/science.7605428
http://doi.org/10.1126/science.1230062
http://www.ncbi.nlm.nih.gov/pubmed/23348503
http://doi.org/10.1186/s12920-015-0123-z
http://doi.org/10.1016/S0002-9440(10)65135-8
http://doi.org/10.1093/jnen/64.6.479
http://www.ncbi.nlm.nih.gov/pubmed/15977639
http://doi.org/10.1101/gad.1596707
http://doi.org/10.18632/oncotarget.11114
http://doi.org/10.1586/14737159.2015.1087315
http://www.ncbi.nlm.nih.gov/pubmed/26394701
http://doi.org/10.1158/1078-0432.CCR-15-1015
http://doi.org/10.1016/j.jmoldx.2016.08.007


Int. J. Mol. Sci. 2021, 22, 7039 10 of 11

27. Wei, X.; Chen, D.; Lv, T.; Li, G.; Qu, S. Serum MicroRNA-125b as a potential biomarker for glioma diagnosis. Mol. Neurobiol. 2016,
53, 163–170. [CrossRef]

28. Patel, M.; Vogelbaum, M.A.; Barnett, G.H.; Jalali, R.; Ahluwalia, M.S. Molecular targeted therapy in recurrent glioblastoma:
Current challenges and future directions. Expert Opin. Investig. Drugs 2012, 21, 1247–1266. [CrossRef] [PubMed]

29. Nakamura, M.; Watanabe, T.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Promoter hypermethylation of the DNA repair gene MGMT
in astrocytomas is frequently associated with G:C 3 A:T mutations of the TP53 tumor suppressor gene. Carcinogenesis 2001, 22,
1715–1719. [CrossRef]

30. Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.F.; Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Warren, M.; Mariani, L.;
et al. MGMT gene silencing andbenefit from temozolomide in glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. [CrossRef]
[PubMed]

31. Heimberger, A.B.; Suki, D.; Yang, D.; Shi, W.; Aldape, K. The natural history of EGFR and EGFRvIII in glioblastoma patients. J.
Transl. Med. 2005, 3, 38. [CrossRef]

32. Montano, N.; Cenci, T.; Martini, M.; D’Alessandris, Q.G.; Pelacchi, F.; Ricci-Vitiani, L.; Maira, G.; Maria, R.D.; Larocca, L.M.;
Pallini, R. Expression of EGFRvIII in Glioblastoma: Prognostic Significance Revisited. Neoplasia 2011, 13, 1113-IN6. [CrossRef]

33. Liu, F.; Hon, G.C.; Villa, G.R.; Turner, K.M.; Ikegami, S.; Yang, H.; Ye, Z.; Li, B.; Kuan, S.; Lee, A.Y.; et al. EGFR mutation promotes
glioblastoma through epigenome and transcription factor network remodeling. Mol. Cell 2015, 60, 307–318. [CrossRef]

34. Lee, S.M.; Koh, H.J.; Park, D.C.; Song, B.J.; Huh, T.L.; Park, J.W. Cytosolic NADP(+)-dependent isocitrate dehydrogenase status
modulates oxidative damage to cells. Free Radic. Biol. Med. 2002, 32, 1185–1196. [CrossRef]

35. Balss, J.; Meyer, J.; Mueller, W.; Korshunov, A.; Hartmann, C.; von Deimling, A. Analysis of the IDH1 codon 132 mutation in brain
tumors. Acta Neuropathol. 2008, 116, 597–602. [CrossRef]

36. SongTao, Q.; Lei, Y.; Si, G.; YanQing, D.; HuiXia, H.; XueLin, Z.; LanXiao, W.; Fei, Y. IDH mutations predict longer survival and
response to temozolomide in secondary glioblastoma. Cancer Sci. 2012, 103, 269–273. [CrossRef]

37. Turcan, S.; Rohle, D.; Goenka, A.; Walsh, L.A.; Fang, F.; Yilmaz, E.; Campos, C.; Fabius, A.W.; Lu, C.; Ward, P.S.; et al. IDH1
mutation is sufficient to establish the glioma hypermethylator phenotype. Nature 2012, 483, 479–483. [CrossRef]

38. Kiviniemi, A.; Gardberg, M.; Frantzen, J.; Parkkola, R.; Vuorinen, V.; Pesola, M.; Minn, H. Serum levels of GFAP and EGFR in
primary and recurrent high-grade gliomas: Correlation to tumor volume, molecular markers, and progression-free survival. J.
Neuro-Oncol. 2015, 124, 237–245. [CrossRef]

39. Corless, B.C.; Chang, G.A.; Cooper, S.; Syeda, M.M.; Shao, Y.; Osman, I.; Karlin-Neumann, G.; Polsky, D. Development of Novel
Mutation-Specific Droplet Digital PCR Assays Detecting TERT Promoter Mutationsin Tumor and Plasma Samples. J. Mol. Diagn.
2019, 21, 274–285. [CrossRef]

40. Nakamura, M.; Ishida, E.; Shimada, K.; Kishi, M.; Nakase, H.; Sakaki, T.; Konishi, N. Frequent LOH on 22q12.3 and TIMP-3
inactivation occur in the progression to secondary glioblastomas. Lab. Investig. 2004, 85, 165. [CrossRef]

41. Zhao, J.; Ma, W.; Zhao, H. Loss of heterozygosity 1p/19q and survival in glioma: A meta-analysis. Neuro Oncol. 2014, 16, 103–112.
[CrossRef]

42. Franceschi, S.; Fukushima, T.; Homma, T.; Ohgaki, H.; Vaccarella, S.; Yonekawa, Y.; Di Patre, P.L. Correlation among pathology,
genotype, and patient outcomes in glioblastoma. J. Neuropathol. Exp. Neurol. 2006, 65, 846–854.

43. Massagué, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298–306. [CrossRef]
44. Keup, C.; Mach, P.; Aktas, B.; Tewes, M.; Kolberg, H.C.; Hauch, S.; Sprenger-Haussels, M.; Kimmig, R.; Kasimir-Bauer, S. RNA

profiles of circulating tumor cells and extracellular vesicles for therapy stratification of metastatic breast cancer patients. Clin.
Chem. 2018, 64, 1054–1062. [CrossRef] [PubMed]

45. Muller, C.; Holtschmidt, J.; Auer, M.; Heitzer, E.; Lamszus, K.; Schulte, A. Hematogenous dissemination of glioblastoma
multiforme. Sci. Transl. Med. 2014, 6, 247ra101. [CrossRef] [PubMed]

46. Becker, T.M.; Caixeiro, N.J.; Lim, S.H.; Tognela, A.; Kienzle, N.; Scott, K.F.; Spring, K.J.; Souza, P. New frontiersin circulating tumor
cell analysis: A reference guide for biomolecular profiling toward translational clinicaluse. Int. J. Cancer 2014, 134, 2523–2533.
[CrossRef]

47. Stroun, M.; Lyautey, J.; Lederrey, C.; Olson-Sand, A.; Anker, P. About the possible origin and mechanism of circulating DNA
apoptosis and active DNA release. Clin. Chim. Acta 2001, 313, 139–142. [CrossRef]

48. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

49. Wang, Y.; Springer, S.; Zhang, M.; McMahon, K.W.; Kinde, I.; Dobbyn, L.; Ptak, J.; Brem, H.; Chaichana, K.; Gallia, G.L.; et al.
Detection of tumor-derived DNA in cerebrospinal fluid of patients with primary tumors of the brain and spinal cord. Proc. Natl.
Acad. Sci. USA 2015, 112, 9704–9709. [CrossRef]

50. Kawahara, Y.; Megraw, M.; Kreider, E.; Iizasa, H.; Valente, L.; Hatzigeorgiou, A.G.; Nishikura, K. Frequency and fate of microRNA
editing in hu man brain. Nucleic Acids Res. 2008, 36, 5270–5280. [CrossRef]

51. Hannafon, B.; Ding, W.-Q. Intercellular communication by exosome-derived microRNAs in cancer. Int. J. Mol. Sci. 2013, 14,
14240–14269. [CrossRef]

52. Odjélé, A.; Charest, D.; Morin, P. miRNAs as important drivers of glioblastomas: A no-brainer? Cancer Biomark. 2012, 11, 245–252.
[CrossRef]

http://doi.org/10.1007/s12035-014-8993-1
http://doi.org/10.1517/13543784.2012.703177
http://www.ncbi.nlm.nih.gov/pubmed/22731981
http://doi.org/10.1093/carcin/22.10.1715
http://doi.org/10.1056/NEJMoa043331
http://www.ncbi.nlm.nih.gov/pubmed/15758010
http://doi.org/10.1186/1479-5876-3-38
http://doi.org/10.1593/neo.111338
http://doi.org/10.1016/j.molcel.2015.09.002
http://doi.org/10.1016/S0891-5849(02)00815-8
http://doi.org/10.1007/s00401-008-0455-2
http://doi.org/10.1111/j.1349-7006.2011.02134.x
http://doi.org/10.1038/nature10866
http://doi.org/10.1007/s11060-015-1829-7
http://doi.org/10.1016/j.jmoldx.2018.09.003
http://doi.org/10.1038/labinvest.3700223
http://doi.org/10.1093/neuonc/not145
http://doi.org/10.1038/nature17038
http://doi.org/10.1373/clinchem.2017.283531
http://www.ncbi.nlm.nih.gov/pubmed/29769179
http://doi.org/10.1126/scitranslmed.3009095
http://www.ncbi.nlm.nih.gov/pubmed/25080476
http://doi.org/10.1002/ijc.28516
http://doi.org/10.1016/S0009-8981(01)00665-9
http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1073/pnas.1511694112
http://doi.org/10.1093/nar/gkn479
http://doi.org/10.3390/ijms140714240
http://doi.org/10.3233/CBM-2012-0271


Int. J. Mol. Sci. 2021, 22, 7039 11 of 11

53. Dong, L.; Li, Y.; Han, C.; Wang, X.; She, L.; Zhang, H. miRNA microarray reveals specific expression in the peripheral blood of
glioblastoma patients. Int. J. Oncol. 2014, 45, 746–756. [CrossRef]

54. Wu, L.; Li, G.; Feng, D.; Qin, H.; Gong, L.; Zhang, J.; Zhang, Z. MicroRNA-21 expression is associated with overall survival in
patients with glioma. Diagn. Pathol. 2013, 8, 200–204. [CrossRef]

55. Sekar, D.; Krishnan, R.; Panagal, M.; Sivakumar, P.; Gopinath, V.; Basam, V. Deciphering the role of microRNA 21 in cancer stem
cells (CSCs). Genes Dis. 2016, 3, 277–281. [CrossRef]

56. Wang, Q.; Li, P.; Li, A.; Jiang, W.; Wang, H.; Wang, J.; Wang, J.; Xie, K. Plasma specific miRNAs as predictive biomarkers for
diagnosis and prognosis of glioma. J. Exp. Clin. Cancer Res. 2012, 31, 97–106. [CrossRef]

57. Mishra, P.J. MicroRNAs as promising biomarkers in cancer diagnostics. Biomark. Res. 2014, 2, 19–22. [CrossRef]
58. Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brügger, B.; Simons, M. Ceramide triggers

budding of exo some vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247. [CrossRef]
59. Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F.; Schauer, K.; Hume, A.N.; Freitas, R.P.;

et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2010, 12, 19–30. [CrossRef]
60. Hoshino, A.; Costa-Silva, B.; Shen, T.L. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–335.

[CrossRef]
61. Skog, J.; Würdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T., Jr.; Carter, B.S.; Krichevsky, A.M.;

Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470–1476. [CrossRef]

62. Noerholm, M.; Balaj, L.; Limperg, T.; Salehi, A.; Zhu, L.D.; Hochberg, F.H.; Breakefield, X.O.; Carter, B.S.; Skog, J. RNA expression
patterns in serum microvesicles from patients with glioblastoma multiforme and controls. BMC Cancer 2012, 12, 22. [CrossRef]
[PubMed]

63. Osti, D.; Del Bene, M.; Rappa, G.; Santos, M.; Matafora, V.; Richichi, C.; Faletti, S.; Beznoussenko, G.V.; Mironov, A.; Bachi, A.; et al.
Clinical cignificance of Extracellular Vesicles in plasma from glioblastoma patients. Clin. Cancer Res. 2019, 25, 266–276. [CrossRef]

64. Quezada, C.; Torres, Á.; Niechi, I.; Uribe, D.; Contreras-Duarte, S.; Toledo, F.; San Martín, R.; Gutiérrez, J.; Sobrevia, L. Role of
extracellular vesicles in glioma progression. Mol. Aspects Med. 2018, 60, 38–51. [CrossRef] [PubMed]

65. Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in cancer—Implications for future
improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617–638. [CrossRef] [PubMed]

66. Kikuchi, K.; Gotoh, H.; Kowada, M. Immunosuppressive acidic protein in patients with brain tumours: A preliminary report.
Acta Neurochir. 1987, 86, 42–49. [CrossRef]

67. Rafat, N.; Beck, G.C.; Schulte, J.; Tuettenberg, J.; Vajkoczy, P. Circulating endothelial progenitor cells in malignant gliomas. J.
Neurosurg. 2010, 112, 43–49. [CrossRef]

68. Ilhan, A.; Gartner, W.; Neziri, D.; Czech, T.; Base, W.; Hörl, W.H.; Wagner, L. Angiogenic factors in plasma of brain tumour
patients. Anticancer Res. 2009, 29, 731–736.

69. Reynés, G.; Vila, V.; Martín, M.; Parada, A.; Fleitas, T.; Reganon, E.; Martínez-Sales, V. Circulating markers of angiogenesis,
inflammation, and coagulation in patients with glioblastoma. J. Neurooncol. 2011, 102, 35–41. [CrossRef]

70. Lin, Y.; Wang, J.-F.; Gao, G.-Z.; Zhang, G.-Z.; Wang, F.-L.; Wang, Y.-J. Plasma levels of tissue inhibitor of matrix metalloproteinase-1
correlate with diagnosis and prognosis of glioma patients. Chin. Med. J. Engl. 2013, 126, 4295–4300.

71. Lange, R.P.; Everett, A.; Dulloor, P.; Korley, F.K.; Bettegowda, C.; Blair, C.; Grossman, S.A.; Holdhoff, M. Evaluation of eight
plasma proteins as candidate blood-based biomarkers for malignant gliomas. Cancer Investig. 2014, 32, 423–429. [CrossRef]
[PubMed]

72. Yoshida, S.; Morii, K. Serum concentrations of solubleinterleukin-2 receptor in patients with malignant brain tumors. J. Surg.
Oncol. 2000, 75, 131–135. [CrossRef]

73. Bernardi, D.; Padoan, A.; Ballin, A.; Sartori, M.; Manara, R.; Scienza, R.; Plebani, M.; Della Puppa, A. Serum YKL-40 following
resection for cerebral glioblastoma. J. Neurooncol. 2012, 107, 299–305. [CrossRef] [PubMed]

74. Ilhan-Mutlu, A.; Wagner, L.; Widhalm, G.; Wöhrer, A.; Bartsch, S.; Czech, T.; Heinzl, H.; Leutmezer, F.; Prayer, D.; Marosi, C.; et al.
Exploratory investigation of eight circulating plasma markers in brain tumor patients. Neurosurg. Rev. 2013, 36, 45–55. [CrossRef]

75. Hormigo, A.; Gu, B.; Karimi, S.; Riedel, E.; Panageas, K.S.; Edgar, M.A.; Tanwar, M.K.; Rao, J.S.; Fleisher, M.; DeAngelis, L.M.;
et al. YKL-40 and matrix metalloproteinase-9 as potential serum biomarkers for patients with high-grade gliomas. Clin. Cancer
Res. 2006, 12, 5698–5704. [CrossRef]

76. Xu, B.J.; An, Q.A.; Srinivasa Gowda, S.; Yan, W.; Pierce, L.A.; Abel, T.W.; Rush, S.Z.; Cooper, M.K.; Ye, F.; Shyr, Y.; et al.
Identification of blood protein biomarkers that aid in the clinical assessment of patients with malignant glioma. Int. J. Oncol. 2012,
40, 1995–2003. [CrossRef]

77. Tabouret, E.; Boudouresque, F.; Barrie, M.; Matta, M.; Boucard, C.; Loundou, A.; Carpentier, A.; Sanson, M.; Metellus, P.;
Figarella-Branger, D.; et al. Association of matrix metalloproteinase 2 plasma level with response and survival in patients treated
with bevacizumab for recurrent high-grade glioma. Neuro Oncol. 2014, 16, 392–399. [CrossRef]

http://doi.org/10.3892/ijo.2014.2459
http://doi.org/10.1186/1746-1596-8-200
http://doi.org/10.1016/j.gendis.2016.05.002
http://doi.org/10.1186/1756-9966-31-97
http://doi.org/10.1186/2050-7771-2-19
http://doi.org/10.1126/science.1153124
http://doi.org/10.1038/ncb2000
http://doi.org/10.1038/nature15756
http://doi.org/10.1038/ncb1800
http://doi.org/10.1186/1471-2407-12-22
http://www.ncbi.nlm.nih.gov/pubmed/22251860
http://doi.org/10.1158/1078-0432.CCR-18-1941
http://doi.org/10.1016/j.mam.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29222067
http://doi.org/10.1038/s41571-018-0036-9
http://www.ncbi.nlm.nih.gov/pubmed/29795272
http://doi.org/10.1007/BF01419503
http://doi.org/10.3171/2009.5.JNS081074
http://doi.org/10.1007/s11060-010-0290-x
http://doi.org/10.3109/07357907.2014.933237
http://www.ncbi.nlm.nih.gov/pubmed/25019213
http://doi.org/10.1002/1096-9098(200010)75:2&lt;131::AID-JSO10&gt;3.0.CO;2-L
http://doi.org/10.1007/s11060-011-0762-7
http://www.ncbi.nlm.nih.gov/pubmed/22102082
http://doi.org/10.1007/s10143-012-0401-6
http://doi.org/10.1158/1078-0432.CCR-06-0181
http://doi.org/10.3892/ijo.2012.1355
http://doi.org/10.1093/neuonc/not226

	Introduction 
	Molecular Biomarkers 
	Circulating Tumor Cells 
	Circulating Free DNA 
	Circulating Free miRNA 
	Circulating Extracellular Vesicles 
	Circulating Proteins 
	Conclusions 
	References

