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Abstract: Glioblastoma multiforme (GBM) represents the most common and aggressive malignant
form of brain tumour in adults and is characterized by an extremely poor prognosis with dismal
survival rates. Currently, expanding concepts concerning the pathophysiology of GBM are inextrica-
bly linked with neuroinflaimmatory phenomena. On account of this fact, the identification of novel
pathomechanisms targeting neuroinflammation seems to be crucial in terms of yielding successful
individual therapeutic strategies. In recent years, the pleiotropic growth factor progranulin (PGRN)
has attracted significant attention in the neuroscience and oncological community regarding its
neuroimmunomodulatory and oncogenic functions. This review of the literature summarizes and
updates contemporary knowledge about PGRN, its associated receptors and signalling pathway
involvement in GBM pathogenesis, indicating possible cellular and molecular mechanisms with
potential diagnostic, prognostic and therapeutic targets in order to yield successful individual thera-
peutic strategies. After a review of the literature, we found that there are possible PGRN-targeted
therapeutic approaches for implementation in GBM treatment algorithms both in preclinical and
future clinical studies. Furthermore, PGRN-targeted therapies exerted their highest efficacy in com-
bination with other established chemotherapeutic agents, such as temozolomide. The results of
the analysis suggested that the possible implementation of routine determinations of PGRN and
its associated receptors in tumour tissue and biofluids could serve as a diagnostic and prognostic
biomarker of GBM. Furthermore, promising preclinical applications of PGRN-related findings should
be investigated in clinical studies in order to create new diagnostic and therapeutic algorithms for
GBM treatment.

Keywords: progranulin; glioblastoma multiforme; brain tumour; oncogenesis; drug resistance;
temozolomide
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1. Introduction

Glioblastoma multiforme (GBM) constitutes the most common and aggressive ma-
lignant form of primary brain tumour in adults that carries the poorest prognosis and
mortality rate [1]. The median overall survival after diagnosis of grade IV astrocytoma,
according to the World Health Organization (WHO) classification, amounts to ~15 months.
The median patient age at diagnosis is ~64 years, where men are significantly more often
diagnosed than women, and only ~5.5% of patients survived 5 years after diagnosis [2].
If occurrence is to be considered from a geographical point of view, in the United States
of America (USA), the incidence rate of GBM is 3.19 per 100,000 people, with a median
age of 64 years. It seems that the precise gender-dependent incidence is 1.6 times higher
in males compared to females [3]. According to these data, a higher percentage of the
Caucasian population tends to suffer from more GBM cases compared to Africans and
Afro-Americans, with a lower incidence in Asians and American Indians. This may be
the reason why European Union (EU) countries like Germany (~5.77 cases per 100,000),
France (~3.3 cases per 100,000) and Great Britain (~3.27 cases per 100,000) tend to have
more diagnosed cases per year than Asia or Latin America and the Caribbean [4]. Another
view that is supported by the American Association of Neurological Surgeons (AANS)
is based on the observation that developed countries tend to have sufficient medical in-
frastructure to diagnose more cases, hence the greater occurrence in the USA and EU [5].
Therapy places a significant cost burden on patients regarding health-related quality of life
(HRQoL) and the health system [6]. In recent decades, neuroscientists and oncologists have
explored various advances in GBM therapy. Currently, the management of GBM is based
on combined maximal safe surgical resection, radiotherapy and chemotherapy with temo-
zolomide, eventually with the addition of adjuvant anti-vascularising agents [7]. Actual
concepts of the pathophysiology of cancer pathology, contributing to carcinogenesis and
tumour progression are inextricably linked with ongoing local and systemic inflammatory
responses [8]. In this case, brain tumours and brain metastases also initiate progressive
changes and remodeling of the brain tissue microenvironment, leading to the development
of a neuroinflammatory response [9]. The main neuropathological feature of GBM is tissue
necrosis, which is connected with the inflammatory component around the tumour re-
gion [10]. In this situation, the presence of immunosuppressive inflammation is associated
with necrosis and constitutes a feature that is connected with higher resistance to therapy
and worse prognosis [11]. GBM constitutes cells that are characterized by aggressive growth
and intense vascularity, corresponding with the synthesis of large amounts of mediators,
such as cytokines, chemokines, and growth factors, which promote infiltration and the
induction of protumour cellular phenotypes [12]. The ongoing immunosuppressive and
neuroinflammatory changes enabled by the synthesis of a number of mediators are conse-
quently responsible for proliferation, migration, angiogenesis and resistance to therapy [13].
Currently, pleiotropic and multifunctional growth factor progranulin (PGRN) has attracted
significant attention in the neuroscience and oncological community because of its potent
and specific anti-inflammatory, immunomodulatory and neurotrophic features [14]. Two
studies published in 2006 suggest that haploinsufficiency and null mutations in the PGRN
gene are responsible for the development of several familiar forms of frontotemporal lobar
degeneration (FTLD) and sparked landmark studies focused on evaluating the precise role
and function of PGRN in brain physiology and pathophysiology [15,16]. Therefore, while
PGRN deficiency seems to be associated with a broad range of neurodegenerative brain
diseases, its upregulation and high expression are often associated with processes such
as tissue repair, embryonic development and tumourigenesis [17]. In this case, the role
of PGRN in tumour pathogenesis covers a wide range of molecular activities regarding
enhanced cell proliferation, migration, invasion, adhesion, and angiogenesis, as well as
the maintenance of cancer stem cells and the tumour microenvironment [18]. Based on the
general PGRN expression profile, it should be mentioned that its mRNA transcripts are
constitutively present in less differentiated and rapidly proliferative cells in contrast to com-
pletely differentiated and mitotically quiescent cells, demonstrating a low proliferation rate
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in somatic tissues [19,20]. Those findings summarize the role of PGRN as a distinct regula-
tor of cell cycle kinetics and proliferative homeostasis influencing both the S and M phases
independently from other growth factors, indirectly explaining its increased expression
in a variety of human cancers and tumour cell lines [21,22]. The overexpression of PGRN
was observed in several cancer types and cell lines, including ovarian, breast, bladder, liver,
adrenal, prostate, kidney, multiple myeloma, leiomyosarcoma and mesothelioma [17]. In
addition, the observed overexpression of PGRN could be associated with resistance to
various chemotherapeutic agents, such as tamoxifen and cisplatin [23-25]. Consequently,
the accompanying overexpression of PGRN in tumourigenesis could potentially have
diagnostic and prognostic significance. To date, the relatively high mRNA expression of
PGRN has been reported in multiple types of gliomas [26]. On the one hand, it seems that
PGRN serves as a physiological regulator of neuronal and neurothropic functions that
regulates neurite outgrowth and maintains its survival, and on the other hand, growing
knowledge about PGRN and its associated multiple pathways suggest that, in cancer,
PGRN constitutes a distinct, critical molecule associated with pathogenesis. Despite this
dual role of PGRN, its position has not been widely discussed in the context of its presence
and possible functions in the pathophysiology of GBM-related phenomena. It seems justi-
fied to describe and summarize the participation of PGRN in the course of GBM from the
available relevant literature. In order to present a comprehensive overview of the problem,
we performed a thorough analysis of the structure and functions of PGRN, presented its
role in the physiological processes related to tumourigenesis in the context of brain tissue
and discussed the possible role in the course of GBM with particular attention paid to each
stage of the pathology and consequences and also possible new therapeutic modalities.

2. Biological Functioning and Molecular Aspects of PGRN
2.1. PGRN as Unique Multifunctional Growth Factor

The multistep discovery of PGRN was the result of investigations performed by several
independent scientific groups in various context according to the chosen methodology
of the performed experiment. In 1990, Shoyab et al. first identified and isolated two
single-chain cysteine (Cys)-rich (~20%) proteins (~6 kDa) from rat kidneys and named
them epithelin (EPI) 1 (EPI-1) and epithelin 2 (EPI-2) [27]. In the same year (at the interval
of 2-3 months), Bateman et al. confirmed and described the existence of the novel protein
family, which was obtained from human peripheral leukocyte granule extracts, calling
them granulin (GRN) A (GRN-A), -B (GRN-B), -C (GRN-C) and -D (GRN-D) [28]. The
fifth related protein isolated and partially sequenced from rat bone marrow (rat granulin)
was identical to human GRN-A. The group of proteins discovered also shared similar
properties due to the highly conserved molecular structure and Cys-like activities. In this
case, EPI-1 and EPI-2 shared identity with human GRN-A and GRN-B [27,28]. In 1992, both
scientific groups (at the interval of 3-4 months) performed complementary DNA (cDNA)
analysis and cloned the gene responsible for the translation of a single large precursor
protein (prepropeptide) containing 7.5 EPI/GRN motifs [29,30]. Further investigations,
including large-scale biochemical fractionation carried out by other laboratories in the
following years, led to the isolation of this precursor protein, which was named in relation
to a broad range of different biological tissue sources, e.g., PEPI, acrogranin, PCDGF,
TGFe, GEP or GP88 [31-37]. The alternative names reflect some of the functional features
of PGRN [21]. In the human genome, the PGRN gene is composed of 12 coding exons
(E2-13) and a non-coding exon (E1), covering about 3.700 base pairs (bp) with 10 kb in
the protein-coding region and located at 1.7 Mb centromeric of microtubule-associated
protein tau (MAPT) within the long arm of chromosome 17 (17q21.31) [15,16]. According
to evolutionary dynamics, PGRN seems to be a phylogenetically ancient molecule that
evolved only once, about ~1.5 billion years ago, and traced to unicellular organisms, which
is in accordance with the distribution and structure of GRN tandem repeats [21,38]. In this
case, GRN tandem repeats are found in unicellular eukaryotes, plants, metazoan animals,
and many vertebrate lineages and other extant animalia [21,38]. PGRN is translated as a
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polypeptide chain composed of 593 amino acid (aa) residues (1-593 aa) with a molecular
weight (Mr) of approximately ~68.5 kDa, which becomes an 88 kDa form after heavy
glycosylation (mainly fucosylated oligosaccharides) [22,33]. The intact form of PGRN
includes a polypeptide chain (holoprotein) that encompasses the N-terminal signal peptide
(SP) included in 17 aa residues and 7.5 sequentially arranged multiple tandem repeats
of a highly conserved 12 Cys-rich motif (CX5_4CX5CCXgCCXgCCXDX,HCCPX4CX5_6C),
separated by short intervening spacer/linker (P1/2/3/4/5/6/7) sequences in the order
p-G-F-B-A-C-D-E (p-P1-G-P2-F-P3-B-P4-A-P5-C-P6-D-P7-E), where A-G represents full
repeats and p is a half motif (paragranulin) (Figure 1) [39]. According to the topological
superstructure revealed via nuclear magnetic resonance (NMR) spectroscopy, each 12 Cys-
rich motif forms six disulphide (S-S) bridges, adopting a 3D stereochemical compact
structure of a parallel stack of beta ((3)-hairpins stabilized through 44 disulphide bridges in
the configuration of a left-handed super-helix [40]. PGRN undergoes intra- and extracellular
proteolytic cleavage, leading to the release of several individually liberated GRNs, 56-57 aa
residues with a molecular weight of approximately ~6 kDa, which, after proteolysis, occurs
both in individual or linked combination forms (~6-25 kDa) [28,30]. The proteolytic
cleavage process is mediated by various intra- and extracellular serine (Ser) and threonine
(Thr) proteinases, including matrix metalloproteinase 9 (MMP-9), matrix metalloproteinase
12 (MMP-12), matrix metalloproteinase 14 (MMP-14), a disintegrin and metalloproteinase
with thrombospondin motifs 7 (ADAMTS-7), neutrophil elastase (ELANE) and proteinase
3 (PRTN3) where the interactions occur in both directions on the basis of a feed-forward
loop [41-45]. It is important to underline that the precise regulation of PGRN proteolysis is
restricted by binding proteins that include secretory leukocyte protease inhibitor (SLPI),
prosaposin (PSAP) and high-density lipoprotein (HDL) apolipoprotein A1 (ApoA1), which
bind to PGRN and inhibit its cleavage [46,47].
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Figure 1. The schematic representation of progranulin (PGRN) structure. Based on the ultrastructural
studies, the intact molecule protein includes seven (A-G) and a half (P) tandem repeats of a cysteine
(Cys)-rich motif situated as individual granulins (GRN) in a sequential order, which are presented as
letters in polypeptide chain.

2.2. Overview of PGRN Associated Receptors and Signalling Pathways

The identification of the first cell surface receptor for PGRN took more than 20 years
after the discovery of EPI-1 and EPI-2, representing a crucial step in understanding
the biological activities and signalling pathways associated with PGRN ligand-receptor
interactions networks and activities (Figure 2) [27]. The first discovered receptor covers
sortilin 1 (SORT1), which binds and interacts with the GRN-E part of PGRN. SORT1 is
a multiligand single-pass type I transmembrane protein of the vacuolar protein-sorting
10 (VPS10) family, localized both in the cell surface and endolysosomal compartments [48].
The various biological processes of the SORT1 mainly cover the trafficking of different
proteins from the cell surface to intracellular compartments, such as lysosomes and
endosomes, through the trans-Golgi network (TGN) in neuronal and non-neuronal cells.
In this case, after binding PGRN to SORT1, the whole ligand-receptor complex undergoes
endocytosis from the extracellular space, which is associated with the further delivery
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of PGRN to the lysosomes. The regulation within this signalling axis could be rather
regarded as an endogenous regulatory mechanism of extracellular PGRN levels and
endocytosis/exocytosis turnover. SORT1, as a multiligand receptor, also participates in
the very low-density lipoprotein (VLDL) secretion and proneurotrophin (proNT)-induced
apoptosis; likewise, it is responsible for the proper intracellular trafficking of nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotensin (NTS) [49,50].
At the interval of one year after identifying PGRN/SORT1 interaction, it was observed
that PGRN could interact with tumour necrosis factor receptor 1 (TNFR1) and 2 (TNFR2),
acting as a natural-occurring endogenous competitive antagonist of tumour necrosis factor
alpha (TNFx) [51]. This observation was, in this case, described as the most interesting and
unexpected cornerstone concept of PGRN-related signalling pathway functions and PGRN-
associated anti-inflammatory activities. According to the performed kinetic studies using
surface plasmon resonance (SPR) analysis, it was observed that PGRN binds to TNFR1
with an affinity comparable to TNFx and binds to TNFR2 with a ~600-fold higher affinity
than TNFx itself in a dose-dependent manner [51,52]. As was shown, the interaction
between PGRN and TNFR1 and TNFR2 is mediated through the F-A-C domain and their
adjacent associated spacer/linker sequences, such as P3, P4 and P5 [53]. Intracellular
TNFo-mediated the downstream activation/suppression of signals via TNFR1, and TNFR2
is associated with the competitive counteraction of PGRN exerted through numerous
different secondary messengers and transcription factors, such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-«kB), p38 mitogen-activated protein kinase
(p38/MAPK), p44/42 mitogen-activated protein kinase (p44/42MAPK), c-Jun N-terminal
kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK1/2), protein kinase B (AKT),
transcription factor jun-B (jun-B), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)
and focal adhesion kinase (FAK) [54-57]. TNFR1 signalling triggers inflammatory and
catabolic (apoptosis) pathways, whereas TNFR2 signalling is associated with the anti-
inflammatory and anabolic pathway (survival), whereas those effects are dependent on
bilateral outweigh [57]. The activation of transcription factors and MAPK-associated
factors with PGRN, TNFR1 and TNFR?2 is related to a potentially wide range of functions,
such as mRNA transcription for approximately ~2000 TNFx-inducible genes, including
cytokines, chemokines, growth factors and proteinases involved in the regulation of the
cell cycle, cytoskeletal rearrangement, migration, apoptosis, and survival [53,57]. Another
receptor that covers members of the tumour necrosis factor receptor superfamily (TNFRSF)
that interacts with PGRN is tumour necrosis factor receptor superfamily member 25
(TNFRSF25), alternatively known as death receptor 3 (DR3) [58]. Prior to the discovery of
PGRN, it was established that TNF-like ligand 1A (TL1A) was considered the TNFRSF25
ligand [59]. TL1A is a type II transmembrane protein that can occur in a soluble form via
alternative splicing or proteolytic cleavage [60]. The TL1A /TNFRSF25 signalling axis is
involved in the pathophysiology of various autoimmune and inflammatory diseases [61].
PGRN could presumably abolish the binding of TL1A to TNFRSF25, as demonstrated
in vitro and in vivo [58]. Next, the functional signalling receptor for PGRN covers the
ephrin type-A receptor 2 (EPHAZ2) [62]. It was observed that the binding affinity between
PGRN and EPHAZ2 is closely related to the interaction of PGRN and SORT1 in both solid
phase and solution. A particularly high level of expression of EPHA?2 is present at the
neroanatomical structures, maintaining multiple aspects of synaptic and higher brain
functions [63,64]. EPHAZ2 has also been implicated in promoting many types of cancer,
such as breast, prostate, urinary bladder, skin, lung, ovary, and brain cancer [65]. It
was suggested that prolonged PGRN/EPHA2 interaction is responsible for downstream
signalling by MAPK and AKT, resulting in the stimulation of capillary morphogenesis [66].
This phenomenon could be potentially associated with PGRN overexpression across a
broad spectrum of cancers. Recently, PGRN was found to be an essential secreted cofactor
that activates and potentiates Toll-like receptor 9 (TLR9)-driven responses [67]. TLR9 is an
innate immune receptor responsible for the recognition of the unmethylated CpG-DNA
of bacterial, viral, and parasitic origin, as well as self-DNA in immune complexes [68].
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Other ligands of TLRY cover B/K-type and A/D-type of CpG oligodeoxynucleotides
(CpG-ODN), which are responsible for T and B cell stimulation and dendritic cell (DC)
maturation [69].
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Figure 2. The schematic representation of biological activities and signalling pathways associated
with progranulin (PGRN). This representational diagram depicts the biomolecular interactions of
PGRN inside and outside the cell.

3. Neurobiology and Executive Functional Aspects of PGRN

Human and preclinical transgenic rodent studies performed postmortem using a com-
plex set of proteomic, transcriptomic and immunofluorescence methods yielded insight
into the relevant pattern of PGRN gene expression and its consecutive protein product
induction on the sub- and cellular levels within neural components [19,20]. Thus, during
ontomorphogenesis, PGRN is widespread and spatiotemporally expressed throughout
embryonic, postnatal and adulthood counterparts at multiple and various levels within
the cells of the nervous system and its progenitors in a rostral to caudal direction [19,20].
The evaluation of mature specific neuronal subsets indicates that PGRN is constitutively
expressed and detected within neurons (NeuN+) and resting microglia (Iba-1+), whereas
immunohybridization signals are less present within astrocytes (GFAP+), oligodendrocytes
(OLIG2+) and ependymal cells [70]. Furthermore, PGRN gene products are commonly
present throughout the brains of mice (C57BL/6) at embryonic day 13.5 (E13.5), gradu-
ally increasing by late embryogenesis (E15.5-E18.5) and into early postnatal development
(P0-P7), and peaking overall in mature individuals [70]. In the adult brain, PGRN is
prominently expressed within all six layers of the neocortex, remaining prominent in
the V/VI layers comprising pyramidal and multiform neurons [20,70]. Medium PGRN
immunoreactivity is observed within the telencephalon, including the olfactory bulbs
(rhinencephalon), striatum, amygdala, and hippocampal formation, demonstrating the
highest concentration in CA1, CA2, subiculum and denate gyrus [20,70,71]. An analogous
immunoreactivity level is detected in diencephalon, including thalamus, hypothalamus
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and pituitary gland, mesencephalon, including the reticular nucleus, superior colliculus,
and substantia nigra; metencephalon, including the cerebellum, with expression limited to
the Purkinje cell layer, as well as myelencephalon [20,70,71]. Differences in the expression
of PGRN mRNA and its protein products are also correlated with age, where its immunore-
activity is significantly decreased between 7-week, 20-week and 50-week-old rodents when
considering brain parenchyma [72]. In addition, the qualitative ultrastructural analyses of
intrinsic and extrinsic nerve elements indicated that PGRN is localized within the secretory
pathway, including the endoplasmic reticulum, Golgi apparatus and dense core vesicles,
where it is co-transported with BDNF in both antero- and retrograde directions along
axons and dendrites [73]. PGRN spatiotemporal secretion and trafficking to intra- and
extrasynaptic sites is regulated in a neuronal activity-dependent manner and in response to
cellular stressors [73,74]. PGRN has distinct roles that likely contribute to neuronal survival
and function, synapse formation, lysosomal and autophagy function, as well as astrogliosis,
neurodegeneration and neuroinflammation. Emerging from these studies is the notion
that PGRN interacts with multiple receptors to carry out these activities, but a precise
description of the mechanisms of action and signalling cascades still remains a research
and scientific challenge.

4. Role and Function of PGRN in Oncogenesis and Cancer Development

To date, the role of PGRN in the pathogenesis of cancer has been the subject of a
number of different studies and has been well established [75]. Nevertheless, the pre-
cise delineation of the molecular and cellular mechanisms of PGRN still poses a research
challenge. Cancer cells are mainly characterized by rapid proliferation that is inextrica-
bly linked with tumour invasion and migration [76]. Regarding the current evidence,
the PGRN-mediated regulation of cancer cell proliferation is mediated through several
signalling pathways, such as PI3K/AKT, protein kinase C (PKC), c-Myc, ERK1/2 and
another MAPK, where some data support the view that PGRN modulates the activity
of cyclin-dependent kinase 4 (CKD4) and levels of cyclin B and cyclin D1 [77-79]. Re-
cently, it was observed that PGRN levels could modulate transforming growth factor beta
(TGF-p) activity through the AKT/mammalian target of the rapamycin kinase (mTOR)
pathway, potentially affecting cell proliferation [80]. Another mechanism regarding the
actions of PGRN covers the formation of protein tyrosine kinase 2 (PTK2) and paxillin
(PXN) complex through ERK1/2 activation that promotes cell invasion and migration,
as observed in bladder cancer and mesothelioma [56,81]. In these models, PGRN seems
to act with drebrin, constituting an F-acting-binding protein promoting the previously
described phenomenon of migration and invasion [82]. Collectively, the role of PGRN in
promoting cancer cell proliferation seems to be significant and worthy of further study.
Another pathomechanism that involves PGRN action constitutes the resistance to apoptosis
as well as the maintenance of cancer stem cells and the tumour microenvironment. It was
observed that anti-PGRN antibodies can induce ovarian cancer cell apoptosis through the
regulation of cleaved caspase-3 (CASP3), nuclear condensation, DNA fragmentation and
poly (ADP-ribose) polymerase (PARP) cleavage [83]. Additional observations suggest that
the knockdown of PGRN promotes apoptosis by increasing the ratio of B-cell lymphoma 2
(BCL-2) proteins in cholangiocarcinoma [77]. Cancer stem cells constitute a stem-like cell
subpopulation capable of forming tumours in vivo that determine disease recurrence [84].
According to these phenomena, it was observed that PGRN could promote cancer stem
cell proliferation in a SORT1-dependent manner in breast cancer [85]. The tumour microen-
vironment is characterized by breaking away from the original location by crossing the
surrounding extracellular matrix (ECM), invading other tissues and organs of the body via
direct extension or through the blood or lymphatic system [86]. The breakdown of the ECM
and then migration and invasion is often possible via the synthesis of matrix-degrading
enzymes like matrix metalloproteinases (MMP) [87]. It was observed that overexpression
of PGRN is associated with the increased expression of several MMPs [88]. It was also
noticed that PGRN could increase capacity in terms of the invasiveness and metastasis
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of breast and ovarian cancer via the upregulation of MMP-9 and the activation of matrix
metalloproteinase 2 (MMP-2) [36,89]. Vasculo- and angiogenesis constitute the transient
processes that occur physiologically in several conditions at times, where these prolonged
phenomena are observed during tumourigenesis [90]. In this case, angiogenesis is an
essential feature in terms of tumour progression and is consistently related to adverse
prognosis. PGRN is observed to be constitutively expressed at low levels in endothelial
cells in a quiescent state, whereas it is upregulated regarding the activation of endothelial
cells involved with physiological tissue repair, wound healing, the invasion of trophoblasts
and placentation [91]. PGRN overexpression was associated with elevated levels of vas-
cular endothelial growth factor (VEGF) through AKT and ERK1/2, contributing to the
proliferation of colorectal cancer, breast cancer and oesophageal squamous cell carcinoma
cells [92,93]. Other preclinical studies have also indicated that recombinant PGRN increased
the expression of VEGF in human umbilical vein endothelial cells (HUVEC) [94]. In this
case, PGRN levels correlate with VEGF levels, the size of blood vessels and microvessel
density in various cancer models [95]. Recently, PGRN was linked to lymphangiogenesis
through the co-expression of VEGF in oesophageal cancer [96]. Other phenomena regarding
the role of PGRN in cancer pathogenesis are associated with host immune surveillance,
where its expressions seem to be associated with rendering cancer cells less immunogenic
and contributing to tumour immune evasion [97]. It was observed that the presence of
PGRN could produce cancer cells resistant to natural killer (NK) cytotoxicity through the
downregulation of MHC class I chain-related molecule A (MICA) as well as promotion of
human leukocyte antigen E (HLA-E), NK group 2D receptor (NKG2D) and NK group 2A
receptor (NKG2A) in hepatocellular carcinoma [98]. In the melanoma tumour model B16, it
was observed that PGRN could affect tumour proliferation through reduced NK activity
and recruitment [99]. Another mechanism observed in the pathogenesis of breast cancer
could cover the M2 polarization of macrophages that contributes to CD8+ exclusion [100].
Elevated PGRN levels in pancreatic ductal carcinoma are related to MHC class I expression
as well as the depletion of CD8+ lymphocyte infiltration [101].

5. Integrative Survey of the Role of PGRN in the Pathogenesis of GBM

The properties of PGRN and its related signalling pathways are currently stay the
focus of research on various pre- and clinical models to present its potential role in the
implementation of brain tumour therapies. Consecutively, the analysis of available data
in the relevant literature exhibits the scarcity of studies regarding the direct subject of
astroglial tumours. Regarding the described kinetics of the changes in PGRN in both
neuronal and astroglial tissue, as well as many types of cancers, it becomes obvious
that this growth factor and its associated signalling axes should be regarded as a new
promising research target in the context of GBM (Figure 3). The first insights into how the
PGRN is expressed in GBM were provided by Liau et al., which methodically covered the
isolation of tumour-specific antibodies and their evaluation in multiple different human
gliomas via cDNA microarray hybridization [26]. In this case, the analysis reported that
the highest expression of PGRN (~3-30 fold) occurred in GBM compared with a normal
brain. Additionally, the administration of synthetic PGRN to primary Fischer 344 (F344) rat
astrocytes, as well as three different early passage human GBM cultures, was associated
with increased cell proliferation in vitro, whereas the administration of PGRN antibody
was associated with the inhibition of cell growth in a dose-dependent pattern. The study
of Wang et al. covering analysis of astrocytoma samples with different WHO grades
and normal brain tissues using immunohistochemistry (IHC), semi-quantitative real-time
PCR (RT-PCR), Western blot and enzyme immunometric assay (ELISA) encompassed the
following aspects concerning the significance of GBM [102]. In this case, PGRN expression
was little detectable in the normal brain samples but increased in both astrocytoma cells
and tumour blood vessels with pathological grading. The immunoreactivity of PGRN
in GBM was mainly associated with the smaller fusiform and stellate-shaped tumour
cells as well as multi-nucleated giant cells. The blood serum in GBM patients contained
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significantly higher PGRN levels than the healthy controls. The association between patient
survival with GBM was independently associated with PGRN expression and vascular
PGRN expression in multivariate analysis. The significant associations between PGRN
expression in GBM patients and age, gender, Karnofsky score, tumour location and image
status in this population were not observed. The evaluation of the expression profile of
PGRN in various brain tumour cell lines, including glioma (H4), GBM (U87, GBM8904,
S1R1, PT3) and neuroblastoma (Daoy), was performed in a comprehensive study conducted
by Bandey et al. [103]. In this case, the relatively high expression of PGRN was observed
within all cell lines except for the PT3 cell line. Moreover, the additional examination of a
commercial GBM tissue array showed similar PGRN overexpression results. In the same
study, the role of PGRN was evaluated using sh-PGRN constructs in SIR1 cells, where the
overexpression of PGRN increased the growth of this cell line. The colony formation ability
of GBM cells could also be linked with the presence of PGRN. In this case, the analysis
in the clonogenic assay indicated that the PGRN overexpression in the S1R1 cell line is
associated with an increase in the colony formation ratio of ~20%, where PGRN knockdown
impaired this ability by ~70%. In the next part of the study, the authors analysed the cancer
stemness phenomena that cover one of the factors associated with resistance to radio-
and chemotherapy. In this case, the subpopulation SIR1 cells with the co-expression
of prominin 1 (CD133) was reduced via PGRN knockdown and increased to ~60% via
PGRN overexpression. Unquestionably, CD133 constitutes one of the most important
cellular markers that covers the glioma stemness marker. Moreover, the levels of expression
of other glioma stemness markers like ATP-binding cassette superfamily G member 2
(ABCG2) and CD44 were also increased with PGRN overexpression and decreased with
PGRN knockdown, clearly indicating the role of PGRN in regulating the stemness of GBM.
Furthermore, it was observed that PGRN affected the functioning of stem-like cells, where
PGRN knockdown attenuated the self-renewal potential of this cell population regarding
the SIR1 cell line. Additionally, the differentiation process of stem-like cells was also
regulated by the presence of PGRN. PGRN knockdown significantly lowers the percentage
of GFAP+ and MAP2+ cell subpopulations, indicating that PGRN could be potentially
involved in the regulation of neuronal and astrocytic GBM phenotypes. The complex
mechanisms for regulating the transcriptional activity of GBM cells are mediated through
activating protein 1 (AP-1), which seem to be possible culprits for GBM plasticity and
aggressive phenotype transformation. Thus, in the S1R1 cell line, PGRN overexpression
elevated, and PGRN knockdown lowered the expression of AP-1 components such as
cFos and Jun-B transcripts. Moreover, in the H4 cell line, PGRN expression was positively
associated with the expression of transcripts of FosB, Jun-B and c-Fos. Additionally, S1R1
cells with expression of PGRN, c-Fos and JunB also present the increased expression of
CD133. In the study performed by Vachher et al., the expression and prognostic values of
11 consecutive members of the adipokines family, including PGRN in low-grade gliomas
(LGGs) and GBM, were analysed using gene expression profiling interactive analysis
(GEPIA) as well as the Xena server [104]. According to this large-scale analysis, out of
11 adipokines, the mRNA levels of PGRN were significantly upregulated in both LGG and
GBM. Moreover, the expression of PGRN was associated with reduced overall survival and
disease-free survival for patients with higher mRNA expression in LGGs. In this case, the
expression of PGRN showed the worst overall survival of all 11 analysed adipokines in
GBM patients. Regarding clinicopathological analysis, PGRN expression was significantly
associated between WHO grades II and 11, as well as with the histological type in LGG
patients. In summary, the authors have proposed PGRN as a potential diagnostic and
prognostic markers in the development and progression of gliomas. Regrettably, the lack
of studies conducted so far makes it difficult to precisely determine the details of the
functional and integrative role of PGRN in the pathogenic mechanisms of GBM. However,
the available data raise the possibility of linking the PGRN as a new promising research
target in the context of GBM.
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Figure 3. The schematic representation of the physiological and pathological role of progranulin
(PGRN) and its associated signalling pathways in the pathogenesis of glioblastoma multiforme (GBM).

6. PGRN-Related Receptors and Signalling Pathways in the Context of GBM

In line with actual studies regarding the direct role of PGRN in the pathogenesis of
GBM, data concerning related receptors and signalling pathways also offer valuable and rel-
evant enrichment of the discussed insights. The analysis of the properties of PGRN-related
receptors and signalling pathways also poses promising research directions for further
implementation in the therapy of brain tumours. The available data indicated that SORT1
is also highly upregulated within the cytoplasm and nuclei of gliomas obtained intraopera-
tively, where its expression level is positively correlated with the tumour grade [105,106].
Further studies also showed that SORT1 expression indicated a significantly poor prog-
nosis, where 2-year survival rates for patients with high expression and low expression
levels of SORT1 were 27% and 76%, and the 5-year survival rates of these patients were
estimated to be 13% and 51%, respectively [107]. Additional analysis covering U87 and
A172 cell lines revealed high levels of SORT1, with a majority distribution in the cytoplasm
and a smaller expression in the membrane. In this case, the expression of SORT1 was
associated with epithelial-mesenchymal transition (EMT), migration and invasion in GBM
cell lines through the activation of the glycogen synthase kinase 3 beta (GSK-33)/3-catenin
signalling pathway. The partial reversibility of those effects was observed after the addition
of orally bioavailable small molecule AF38469, which constitutes the potent selective SORT1
inhibitor. Recently, it was observed that presenilin-1 (PS-1) could repress the migration,
invasion and EMT of GBM cells through the cleavage of the SORT1 transmembrane do-
main [108]. This cellular mechanism seems to cover the transduction of the anti-invasive
function of PS-1 through the 3-catenin signalling pathway and SORT1. The expression of
TNFR1 and TNFR?2 in a variety of GBM cell lines (e.g., LN-235, LN-319, LN-382, LN-427,
LN-443 and HUG-1/2/3), as well as its pathophysiological role, is well-known and well-
characterized [109]. It was observed that increased plasma concentrations levels of soluble
TNFR1 (sTNFR1) in patients with GBM are associated with shorter survival, independent of
age or steroid treatment. The presence of TNFR1-associated death domain (TRADD) plays,
in this case, an essential role in the intracellular activation of NF-«B, promoting survival as a
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key pathooncogenic mechanism and signalling pathway in GBM [110]. Therefore, the over-
expression of TNFR1, sTNFR1, as well as TRADD in GBM is significantly associated with a
worse prognosis and reduced sensitivity to temozolomide [111]. On the other hand, studies
with GBM did not show clear correlations between soluble TNFR2 (sTNFR2) levels and an
increased risk and prognosis of this tumour [112]. The available evidence regarding the role
of TNFRSF25 as a PGRN receptor in GBM is limited, and its precise functions remain to be
clarified. Next, the functional signalling receptor for PGRN covers EPHA?2, which is mainly
overexpressed in advanced grades of brain tumours, such as GBM [113]. Furthermore, the
high expression of EPHA?2 has been observed and confirmed within various types of GBM
cell lines (e.g., LN-229, T98G, DBTRG-05M, U251MG, BTCOE 4795 and U87-MG) [114,115].
It was observed that the overexpression of EPHA? is associated with low survival rates and
tumour recurrence [115]. At the cellular level, the deregulated expression of EPHA2 was
linked to the promotion of tumour aggressiveness, invasion, and metastasis [116]. One of
the hallmarks of tumour invasion and aggressiveness associated with GBM development
is a high level of angiogenesis [117]. The increased expression of EPHA2, along with
other pro-angiogenic molecules, such as VEGFE, was found across the microvasculature of
GBM, indicating its role in tumour neovascularisation [118]. Furthermore, EPHA?2 in GBM
seems to regulate the expression of epidermal growth factor receptor (EGFR) and vascular
endothelial growth factor receptor 2 (VEGFR-2), which constitute the initial biomarkers of
the development of endothelial cells in the neovascularisation process [119]. The significant
new properties of nucleic acid-based aptamer have also provided new insights regarding
the role of EPHA2 in the pathogenesis of GBM, where targeting EPHA2 by two aptamer
agents, such as 40L and its truncated form A40s, resulted in the inhibition of cell growth
and the migration of GBM stem-like cells [120]. To date, EPHA2-targeted therapy options
in GBM include preclinical, experimental immunotherapy with EPHA2-specific T cells and
infusion with ephrin A1 (EFNA1)-based bacterial cytotoxin targeted to EPHA2 [121,122].
Recently, it was observed that PGRN could act as a reinforcing agent for the combination
of CpG-ODN and TLR9, which heavily promotes CpG-ODN delivery to the localization
of TLR9 [123]. The expression of TLR9 was reported in human, murine and rat GBM cell
lines (U251, U87 and C6), as well as in isolated GBM stem-like cells [123-125]. TLR9 seems
to play a dual role in the pathogenesis of GBM, both as an immune factor eliminating the
tumour and as a pro-tumoural molecule [123]. It was observed that the expression level
of TLR9 constitutes an independent predictor of survival for the diagnosis of GBM, as
well as a prognostic biomarker at an advanced pathological grade [126]. The activation of
TLR9 in GBM seems to promote hypoxia-induced tumour cell invasion, probably due to
the CpG-ODN effect and the activation of MMP-2, MMP-9 and collagenase 3 (MMP-13), as
shown in U373 and U87 cell lines [127-129]. The development of GBM stem-like cells is
similarly associated with the action of CpG-ODN through Frizzled-4 (Fz-4)/janus kinase 2
(JAK2)/signal transducer and the activator of transcription 3 (STAT3) axis activation [130].
The above-mentioned actions could be abolished through the inhibition of the TLR9 sig-
nalling pathway by chloroquine [128,131]. To date, TLR9-targeted therapy options in GBM
potentially cover the administration of CpG-28, CpG-ODN-1668, CpG-ODN-107, CpG-1826,
CpG-1826 and CpG-ODN without or with various chemotherapeutic agents [123].

7. Discussion

An analysis of the literature shows that the possibility of linking PGRN with various
parameters and factors related to GBM seems particularly promising in the clinical con-
text. Temozolomide constitutes a neuropharmacological and anti-cancer drug agent that is
currently used together with radiotherapy as part of the first-line treatment of high-grade
gliomas [132]. It is an analogue of dacarbazine, where its biochemical structure leads to
a lipophilic prodrug with a molecular weight of 194.154 g/mol that functions as a potent
alkylating agent [133]. In this case, the precise pharmacodynamic effect of temozolomide
covers O®-position methylation of guanine (meG) that triggers guanine/thymine mismatch
during replication, leading to single-strand deterioration in the genomic DNA of a tumour
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cell, ultimately resulting in cell cycle arrest in the G2/M phase and apoptosis [134]. The
main advantage of this molecule relates to its high penetration capacity in nervous tissue,
where its oral bioavailability is practically ~100% [135]. In the clinical context, the use of
temozolomide provides an increase in 2-year survival rates (10-25%) as well as 4- and
5-year survival rates, with improvements in terms of progression-free survival time and
HRQoL [136,137]. In the last 10 years, the combined use of temozolomide with other
cancer drugs has been growing in clinical trials, whereas today, it has yielded survival
benefits of only a few months despite promising and encouraging results [138]. To date, the
interactions between PGRN and temozolomide were revealed as novel mechanisms that
provided insights into drug resistance in GBM therapy (Figure 4). Inherent and acquired
temozolomide resistance constitutes a substantial and meaningful obstacle that should be
overcome for the successful treatment of GBM [139]. In this case, regarding the highly het-
erogeneous and mutation-prone nature of this tumour, the resistance ratio to temozolomide
is high, covering over ~50% of all GBM patients, which ultimately do not respond to this
therapy [140,141]. Another finding highlighted in the study of Bandey et al. was associ-
ated with the role of PGRN regarding the temozolomide resistance of GBM [103]. It was
observed that PGRN overexpression in SIR1 and H4 cell lines was associated with temo-
zolomide resistance, where PGRN knockdown sensitized these cell lines to temozolomide.
Collectively, the presence of PGRN was related to increased DNA synthesis, which directly
affected cell growth and temozolomide genotoxicity. Moreover, PGRN-overexpressing
S1R1 cells showed the ability to overcome temozolomide-induced G2/M phase arrest,
where PGRN-depleted cells were unable to recover from temozolomide-induced G2/M
phase arrest, clearly indicating the role of PGRN in maintaining tumour cell cycle integrity.
Furthermore, temozolomide-exposed cells from the SIR1 line showed an impaired ability
to form a colony by ~40% and decreased its size by ~50%. In this case, concomitant PGRN
deficiency was associated with a ~90% decreased ability to form a colony and a ~75% reduc-
tion in its size. Another analysis in this study covered an examination of the continuously
cultured S1R1 cell at a high dose of temozolomide for 30 days. In this case, the isolated
subclones expressed higher levels of PGRN, as well as stemness markers, including CD133,
CD44 and ABCG2, than paternal cells. In this regard, PGRN was also denoted as a determi-
nant for GBM cell stemness properties, which could account for its activities in terms of
temozolomide resistance. Furthermore, temozolomide resistance in GBM is also associated
with the action of DNA repair mechanisms [142]. An important enzyme with a frequent
occurrence (35-50%) in GBM cells is O°>-meG DNA methyltransferase (MGMT) [143]. The
function of MGMT is crucial for genome stability via the repair of mutagenic DNA lesion
O°-meG back to guanine, preventing errors and mismatch during the replication and tran-
scription of DNA [144]. Regarding the observations in the SIR1 cell line, PGRN knockdown
was not associated with the changes in MGMT level [103]. The positive correlation between
transcripts of DNA repair genes, such as ataxia telangiectasiaOmutated kinase (ATM), X-ray
repair cross-complementing 1 (XRCC1), RAD51 homolog C (RAD51C), RAD51 homolog
D (RAD51D) and PARP was observed in the S1R1 cell line, indicating that PGRN could
influence temozolomide toxicity via an MGMT-independent process. The increased ex-
pression of this gene group was also observed with the presence of temozolomide and
also depleted in the PGRN knockdown S1R1 cell line. Supplementary, the analyses in this
study covered a series of orthotopic xenograft implantation experiments in a NOD /SCID
mouse model covering the stereotactic injection of S1R1 cells into the striatum. In this case,
the injected S1R1 cells were capable of forming tumours within mouse brains, whereas
additional temozolomide administration mildly decreased its size. Considerably different,
PGRN-depleted cells possess no ability to develop detectable tumours with or without
temozolomide treatment according to magnetic resonance imaging (MRI). Another drug
agent established as a standard of care during the treatment of GBM is dexamethasone,
which is broadly used during the entire course of the disease regarding pre- and postop-
erative management as well as chemo- and radiation therapy [145]. The main grounds
in terms of usage include reduced tumour-associated vasogenic oedema and prophylaxis
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or the treatment of increased intracranial pressure (ICP) [146]. Another pharmacological
effect of dexamethasone includes the reduced dispersal of immortalized and primary GBM
cells [147]. To date, no studies have been published regarding PGRN in the context of its
potential resistance or susceptibility to dexamethasone therapy in GBM. However, studies
focusing on the human multiple myeloma cell line (ARP-1) showed some interesting in-
sights regarding this topic [148]. In this case, the overexpression of PGRN rendered the cells
refractory to dexamethasone-mediated apoptosis, increased their ability to form colonies,
and form tumours in vivo where glucocorticoid receptor expression and function were
unchanged. These findings could also suggest that GBM cells could be potentially resistant
to dexamethasone in a PGRN-dependent pathomechanism. To date, no literature has been
published regarding the PGRN expression levels within GBM tissues that have a direct
effect on resistance to radiation therapy. However, it has been observed that microRNA-107
(miR-107) could enhance radiosensitivity by regulating PGRN in prostate cancer (PC-3)
cells [149]. Consecutively, in this study, the observed miR-107 was downregulated, and
PGRN was shown to be upregulated in response to ionizing radiation. In the opposite
situation, where miR-107 was upregulated and PGRN was downregulated, the promotion
of sensitivity of PC-3 cells to ionizing radiation was observed. Other available studies
showed that PGRN serum concentration levels in patients with oral squamous cell carcino-
mas (OSCCs) are not associated with susceptibility levels to radiation therapy [150]. These
findings could also suggest that PGRN-related pathomechanisms could be involved in
tumour resistance to radiation therapy. Despite ongoing research, GBM still poses a notable
challenge due to its multidimensional nature, the required interdisciplinary approach and
insufficient therapeutic options with practically certain recurrence [151]. Increasingly, more
scientific attention has been paid to phenomena regarding the neuroimmune response
associated with the role and activity of various inflammatory mediators, such as cytokines
and growth factors [152]. Multifunctional and pleiotropic growth factors of PGRN have
aroused substantial interest among neuroscience and oncology researchers due to their
solid and noteworthy neurotrophic and immunomodulatory potential [153]. The role of the
PGRN and its associated signalling pathways, as analysed in this paper, are well known in
the context of physiological regulation within the brain microenvironment and oncogene-
sis [154]. However, to date, the role and function of PGRN have not been widely discussed
in relation to GBM pathogenesis. Regarding the available relevant literature, the expres-
sion of PGRN and its associated regulators, receptors, as well as secondary transduction
proteins undergo active regulation at the transcriptional and post-translational levels in the
development and course of GBM. The general observed tendency of PGRN expression in
GBM tumour cell lines and samples obtained intraoperatively from patients undergoing
craniotomy or biopsy indicates its abnormal presence associated with the overexpression
profile. Furthermore, the increased expression of PGRIN seems to be associated with an
aggressive phenotype of GBM, often co-occurring with the expression of other GBM-related
markers. The expression of PGRN remains generally at constant levels in healthy adult
tissues, making it particularly attractive for diagnostic targeting. Given the undeniable
role of PGRN in the clinical course of GBM, the combined evaluation of PGRN expression
level along with typical GBM-associated biomarkers (e.g., IDH mutations, 1p19q deletion
or MGMT promoter methylation) could probably provide strong prognostic factors in
predicting the clinical outcomes of this tumour type. Recent studies have demonstrated
the importance of considering serum molecular biomarkers in the practice of neuroscience
due to their non-invasive and cost-effective collection while also offering extensive infor-
mation about the patient’s clinical condition [155]. According to the available relevant
literature, the serum PGRN levels can be measured in order to provide additional data
on the diagnosis and prognosis of GBM. In this case, we support the recommendations
that PGRN determination could constitute an auxiliary GBM marker that could result in
improving immunodiagnostic accuracy. Taken together, the described data suggest that
the increased tissue expression level of the majority of PGRN-related receptors (SORT1,
TNFR1, EPHA2 and TLR9) is strongly correlated with the aggressive capacity of GBM
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and poor prognoses for these patients. The determination of the whole PGRN-related
diagnostic panel covering the molecule itself and its related receptors could potentially
hold an advantage over standard GBM-related diagnostic algorithms. Collectively, these
data provide indirect evidence that modulation within PGRN-associated signalling axes
may constitute future potential opportunities in terms of the development of adjuvant
GBM therapies. Furthermore, drugs agents that could modulate the PGRN-associated
signalling axes might be potentially intriguing as immunological therapy for sensitising
tumour cells to chemotherapy and radiotherapy. Preclinical research is essential in the
development of potential therapeutic agents. Efforts to identify predictive molecular and
immunological GBM markers of response are needed to advance tailored therapy. There-
fore, a potential anti-PGRN therapy could cover clinical applications of curcumin or its
derivative targeting PGRN/AP-1, which may improve the efficacy of the therapy regi-
men for GBM patients [103]. The additional combination of curcumin with temozolomide
has also demonstrated better efficiency in modulating PGRN/AP-1 as a combination of
PARP inhibitor (ABT888) and temozolomide against GBM. In parallel, the use of PGRN-
neutralizing antibodies, such as AG01, was associated with the reduced proliferation and
migration of triple-negative breast cancer (TNBC) cells [78]. According to these results,
it seems that the possible addition of PGRN inhibitors to the chemotherapy regimen of
GBM patients can lead to an increased response to treatment. SORT1-targeted agents, such
as AF38469 and PS-1, remain, in this case, an attractive therapeutic target, and additional
preclinical and clinical studies are still warranted in order to evaluate the clinical activity
and benefit of these types of compounds. However, currently, SORT1-targeting agents have
recently entered a clinical trial phase regarding thyroid, breast, and ovarian cancer patient
populations, where the effects of this adjuvant therapy have been shown to enhance the
effect of existing chemotherapy, permitting the targeted entry of a peptide conjugated to
docetaxel (TH1902) [156-159]. The potential adjuvant application of TNFa-inhibitors by
afatinib and pomalidomide was observed to effectively inhibit cell growth in multiple sub-
sets of EGFR-expressing GBM, emphasising that the modulation within the PGRN/TNFR1
signalling axis constitutes a very attractive therapeutic research direction [160,161]. The
significant new therapeutic options regarding EPHA?2-targeting therapy relate to poten-
tially two aptamer agents, such as 40L and A40s, as well as experimental immunotherapy
with EPHAZ2-specific T cells [120-122]. Furthermore, until quite recently the potential
use of ephrin type-A receptor 3 (EPHA3)-targeting therapy was evaluated in relation to
GBM [162]. In this case, the evaluation covered temozolomide-conjugated gold nanopar-
ticles functionalized with an antibody against the EPHA3 (anti-EPHA3-TMZ@GNP) via
intranasal administration bypassing the blood-brain barrier (BBB) in a Sprague Dawley rat
orthotopic GBM tumour model [163]. The study results demonstrated that the intranasal
administration of anti-EPHA3-TMZ@GNP prolonged the median survival time of animals
to 42 days and raised the tumour cell apoptosis ratio. In this case, the potential construction
of an analogue molecule bearing anti-EPHA?2 could be effective in GBM therapy. Another
phase I trial covering an evaluation of EPHA2-specific therapy in GBM covered the lo-
coregional administration of interleukin 13 (IL-13) and ephrin A1 (EFNA1)-based bacterial
cytotoxins targeted to interleukin 13 receptor subunit alpha 2 (IL13RA2) and EPHA2 recep-
tors to dogs with GBM [122]. Objective tumour volume reductions of 94% were observed
in 50% of cases using 0.012-1.278 ug/mL doses of cytotoxins. The promiscuous TLR9Y-
targeted therapy options in GBM involve the administration of various CpG-ODN without
or in combination with chemotherapeutic agents [123]. These studies provide preclinical
data fundamental to the translation of potential PGRN-associated multireceptor-targeted
therapeutic approaches in GBM to clinical settings. Further studies are also needed in
order to better understand the specific pharmacobiological mechanisms of these groups
of inhibitors [164]. In particular, the “subpopulation” of GBM patients that may likely
benefit must be identified [165]. There are existing open questions about the heterogeneous
role of PGRN in the course of GBM that demand answers from the academic community
represented by neurosurgeons, oncologists and immunologists in the very near future [166].
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Firstly, it must be known whether targeting PGRN and other dependent mediators can be
involved in the optimization of diagnostic and treatment protocols for GBM patients and
predict the overall survival rate and response to therapy among this patient population.
Other concerns are related to the lack of studies evaluating the influence of PGRN and its
associated receptors and signalling pathways with resistance to radiotherapy and adjuvant
drug agents like steroids.

Temozolomide
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resistance phase transition
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Figure 4. The schematic representation of the possible mechanism of progranulin (PGRN) involve-
ment in temozolomide resistance in glioblastoma multiforme (GBM).

8. Conclusions

An increasing number of studies have shown that PGRN is an important factor in
oncogenesis. In this review, we presented some of the important biological and molecular
effects of PGRN throughout the course of GBM, as well as several associated diagnostics
and therapeutic targets. Collectively, these results provide strong molecular evidence that
PGRN constitutes a potential prognostic biomarker for GBM and is an attractive therapeutic
target for this tumour therapy. Comprehensive analysis of the role of the PGRN and its
associated signalling axes, particularly in the context of GBM and the possibility of its
modulation with drugs and immunomodulatory treatments may bring tangible benefits
associated with understanding this type of tumour and the possibility of comprehensive
influence exerted on the immune response in order to obtain superior clinical results. Future
studies are warranted to elucidate the complex role of PGRN, its associated receptors and
signalling pathways in GBM.
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