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Glioblastoma and soft tissue sarcomas are tumors characterized by poor prognosis, low overall
survival and critical hallmarks that allow such tumors to evade homeostatic controlling mechanisms.
Herein, we revised literature on connexins, the core gap junction forming proteins, and WT1, a
transcription factor involved tumor progression, to highlight the close connection between

intercellular communication deregulation and aberrant intracellular signalling. Both connexins and

Keywords:

Connexin; ~ Wilms  Tumor 1,

. . sarcomas.
intercellular communication,

glioblastoma, soft tissue sarcomas

WT1 have been widely studied during physiological conditions and development and they hold a
critical role in recapitulating such phenomena during tumorigenesis in glioblastoma and soft tissue
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1. Introduction

Physiological processes regulating ontogeny and physiological
development are finely guided by molecular mechanisms involving
multiple genes. Alteration of these processes leads to severe disfunction
and morphological aberrations and, in adult life, they may trigger
pathophysiological mechanisms resulting in the promotion of diseases
such as cancer.

Intercellular communication disfunction and Wilms Tumor 1 (WT1) are
ideal biomarkers involved in ontogenetic processes whose deregulation is
associated with tumorigenesis. Several studies have been performed to
understand their physiological and pathophysiological role, but their
correlation has not been clarified yet.

Cell-to-cell communication is essential for the maintenance of cell
homeostasis, allowing molecular exchanges between extracellular,
intracellular and intercellular networks (1). In this context, gap junctions
(GJs) exert a key role in the development and maintenance of cells
conditions, intercellular channels of

physiological by forming

communication that allow direct cellular interactions (2).

Disruption of the balance mediated by GJs allows cells to evade

homeostatic controlling mechanisms, leading to a number of
degenerations and even cancer promotion (3). Connexins (Cxs), GJs, and
hemichannels (HCs) in the central nervous system (CNS) are critical for
their roles in homeostatic glia/neuron activities and for their alteration in
of Cxs based

communication are involved in the development of neurodegenerative

different neurological disorders (4). Alterations
diseases, such as amyotrophic lateral sclerosis (ALS), a multi-system
disease, leading to motoneuronal loss (5), Alzheimer’s Disease (AD), the
most common cause of dementia, especially in women (6, 7) and
Parkinson’s Disease (PD), a progressive disorder characterized by loss of
dopaminergic neurons (8). In addition to neurogenerative diseases and
neuroinflammation, Cxs have been found deregulated in many tumors, in
which they may either promote cancer progression and metastasis or act
as tumor suppressors, in relation to Cx isoform, cancer type and
progression stage (9). Indeed, intercellular crosstalk mediated by GJs
regulates cancer development and progression in different types of
tumors, including glioblastoma (GBM), bone and soft tissue sarcomas (8).
GBM is considered the most aggressive brain tumor, with a poor
prognosis and a median overall survival of 15-18 months.
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The GJs-forming protein connexin 43 (Cx43) plays a critical roles in the
genesis, progression and proliferation of malignant gliomas, capable of
conferring chemotherapeutic resistance to GBM cells (10). GJs are also
involved in both primary and secondary bone and soft tissue sarcomas, a
rare and heterogeneous family of cancers derived from mesenchymal
lineage (11-14). Particularly, Cx43 has been related with Epithelial
Mesenchymal Transition (EMT) induction, implicated in carcinogenesis,
invasion and metastasis processes (12). Furthermore, in this context Cx43
has been identified as a tumor suppressor in osteosarcoma and Ewing
sarcoma, given its involvement in proliferation and progression of cell
cycle. Indeed, upregulation of Cx43 leads to a repression of proliferation,
cell cycle blockage in vitro and tumor growth reduction in preclinical
mouse models. Vice versa, the ablation of Cx43 is related to promotion of
proliferation in vitro (15, 16).

A number of evidences confirm that tumorigenesis recapitulates
developmental processes. On this aspect, transcription factor WT1, a zinc-
finger transcription factor, which regulates the expression of several genes
involved in cell proliferation, differentiation and apoptotic processes, has
been described during neurogenesis and foetus development and holds a
controversial role in tumor context. Embryonic progenitor and stem cells
regulate their differentiation in response to specific stimuli coordinating
the development of organs (17). Several findings identified WT1 as a key
biomarker involved in both physiological differentiation and
tumorigenesis (18).

Being correlated in hematopoietic progenitors differentiation, WTI
deregulation has been strongly connected to hematologic malignancies
including various types of leukemia (19).
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Figure 1. In physiological conditions, WT1 represents an essential
transcription factor involved in embryonic development and tissue
differentiation. In particular, WT1 plays a crucial function in skeletal
myogenesis, vasculogenesis and urogenital development. Cxs exert a
critical role in cell-to-cell and extracellular communication. Focusing
on embryogenesis, Cxs represent a key element in neurogenesis and
CNS differentiation. These performed functions are altered in a
neoplastic scenario. WT1 induces whether an increase of proliferation
or apoptosis suppression and promotes pro-neural to mesenchymal
transition in GBM. Moreover, WT1 enhances tumor progression and
angiogenesis in bone and soft tissue sarcomas. Upregulated Cxs act as
a suppressor of proliferation in sarcomas, instead promote

invasiveness and metastasis formation in GBM.

As per Cxs, also WT1 has been found highly deregulated in brain tumors,
including GBM, and in a number of sarcomas subtypes (20). The 70% of
soft tissue sarcomas are WT1 immuno-positive, which is mainly localized
in the cytoplasm.

Such a mislocalization might also have prognostic relevance in high grade
soft tissue sarcomas (21, 22). Herein we propose a systematic review of
current knowledge on Cxs and WT1 role in physiological condition and in
tumorigenesis and whether an interplay between Cxs and WTI may
represents a biological substrate for cell fate regulation and disease
progression (Figure 1).

2. Gap junctions, hemichannels and connexins

Intercellular communication is largely mediated by GJs, which are group
of intercellular channels that directly connect the cytoplasm of
neighbouring cells, coupling them electrically and/or metabolically (23).
A number of aspects ranging from cell growth to differentiation,
signalling and death, are driven by GJs-transferred molecules (24). GJs
form cell-to-cell junctions enabling the exchanges of small hydrophilic
molecules, such as glucose, glutamate, lactate, and several second
intracellular messengers including adenosine triphosphate (ATP), cyclic
adenosine monophosphate (CAMP), inositol triphosphate (IP3) and ions,
such as calcium, sodium and potassium (24-26).

GJs are composed of two docked HCs, also known as connexons,
comprise of 6 subunits of Cxs, forming an annular structure which
surrounds the aqueous central pore between adjacent cells. They typically
arranged in arrays, known as plaques, in the sites of cell-cell contact
where intercellular communication occurs (27).

Cxs structures are composed by 4 trans-membranes domains, exposing
both amino- and carboxy-terminal domains to the cytoplasm and
connecting them with two extracellular and one intracellular loops (28,
29). Cxs are encoded by 21 genes in human and named according to their
molecular weight, ranging from 26 to 56 kDa (3). The structural features
of HCs allow the discrimination between the homotypic GJs, consisting of
two HCs that contain the same type of Cxs, and the heterotypic GJs,
consisting of two HCs that have different Cxs. In contrast, heteromeric
HCs are composed by different subunits of Cxs within the same HC (30,
31). Cxs intracellular domains can interact with protein components of the
cytoskeleton (such as tubulin) and proteins involved in cell signalling
pathways (such as E-cyclin, B-catenin). Thus, Cxs can modulate cell
growth, differentiation, migration, and other cellular processes also in a
channel-independent ways via protein-to-protein interactions (32). Among
the Cx family members, the cytoplasmic tail length and amino acid
sequence are variable. In many Cxs, this domain is frequently
phosphorylated, and it is implicated in the bindings of Cxs interactome
(33).

All Cxs contain a short (< 24 amino acids) cytoplasmic N-terminal
domain, which plays a role in regulating the channel opening (34), while
the HC docking between neighbouring cells is regulated by the two
conserved disulfide-linked extracellular loops (35). The cytoplasmic loop
size differs significantly amongst Cxs subtypes and has been
demonstrated to participate in pH-sensitive gating of the channel (29). As
such, Cxs composition defines permeability and signalling properties of
GJs and HCs (3, 28).
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GJs are widely expressed in the CNS cell populations (36, 37). Cx43,
which is the most represented Cx in mammals, is also widely expressed in
glial cells in all the stages of neurogenesis and in adult brain, with a great
impact in homeostasis maintenance (38). Cx43 allows to create an
intercellular network in CNS, in fact Cx43-based GJs allows astrocytes
coupling but also mediates contact between astrocytes and microglial
cells. Reactive astrocytes express higher levels of Cx43, and it has been
observed that in acute and chronic degenerative diseases Cx43-mediated
intercellular communication is increased (24). Indeed, Cx43 altered
expression has been correlated with neurodegenerative processes (3). In
experimental models of motoneuronal depletion, it has been observed a
modified glial activity with reactive Cx43 expression (39, 40);
motoneuronal loss and alterations of glial cells are critical hallmarks of
ALS, underlining the important role of Cxs either in neurodegenerative
diseases or in compensatory mechanism (5). In the spinal cord, Cx43
expression is related to inflammation and apoptotic signalling, indeed it
has been found to be increased in acute and chronic injuries. In particular,
Cx43-based channels inhibition reduces secondary damages in acute and
chronic disorders, whether Cx43 upregulation in spinal cord astrocytes
supports the late-phase neuropathic pain (41). Several areas of the CNS
highly express Cx43, including the deep mesencephalic nucleus,
interpeduncular nucleus, central gray dorsal nuclei, and pontine nuclei
(42), particularly in the pontine nuclei basilar and in the reticular nucleus
tegmenti pontis, which are at the origin of the afferent input to the mossy
fiber to the cerebellum (43, 44). Besides its role in the formation and
development of the cerebellum (45), Cx43 is also highly expressed in
Bergmann glial cells (BGCs), but Cx43-mediated GJs are not needed for
the neuron-glia connections involved in cerebellum-dependent motor
coordination and motor learning (46). In adults, Cx57 is also highly
expressed in the cerebellum, particularly in Purkinje cells and cerebellar
nuclei, but also in pre-cerebellar nuclei, such as the lateral olivary and
reticular nuclei, including the lateral reticular nucleus, that is one of the
main pre-cerebellar nuclei (47, 48). Cx36-formed GJs are typical of
neuronal coupling and have not been observed between glial cells. Other
Cxs have also been reported in neurons, such as Cx45 and Cx62, but they
have lower levels and less importance as compared to Cx36 (49, 50).

3. Gap junctions, hemichannels and connexins in

glioblastoma

Cxs, in addition to brain disorders and neurodegenerative diseases, have
been also linked to tumorigenesis with context-dependent roles. Indeed, it
has been shown that Cxs are able to suppress the growth of tumors, but
they can also increase tumorigenicity by stimulating the growth, migration
and invasiveness of tumoral cells (9, 51).

Recent studies demonstrated that the expression of Cxs promotes
malignancy of tumors in specific conditions. Some Cxs could promote
invasion and metastasis of cancers in advanced stages. Indeed, Cxs in
tumors can be involved in the alteration of intracellular communication,
modifying signalling pathways or modulating cells via autocrine and
paracrine mechanisms (52).

Moreover, it has been showed that metastatic brain tumor cells form GJs
with astrocytes, promoting tumor growth and resistance to chemotherapy
(53).

Given the importance of GJs-mediated intercellular communication in
homeostasis maintenance, inherited or acquired alterations in Cxs-based
channels has been linked to tumorigenesis and cancer progression,
including GBM (41, 54).

GBM is the most aggressive and common brain cancer, primarily
affecting the adult population, and classified as a grade IV glioma
according to the World and Health Organization (WHO) (55). GBM
accounts for about 15% of all brain tumors, with 17°000 new diagnoses
every year, and a higher prevalence in men than in women. A higher
incidence of GBM has been reported in Asia, followed by European
population (56). Despite recent advances in prognostic and predictive
biomarkers, GBM survival remains low: few patients survive for 2.5
years, and less than 5% survive for 5 years after diagnosis (56, 57).
Although genetic and environmental factors have been studied, the
aetiology of GBM is not completely clear (58). According to the WHO
classification, GBM can be distinguished in relation to the status of
isocitrate dehydrogenase gene (IDH) in GBM, IDH-wild type
(approximately 90% of all cases) and GBM, IDH-mutant (59).

Necrotic areas with surrounding cellular pseudopalisades and
microvascular hyperplasia are pathological features of GBM that are
thought to play a major role in the rapid growth and invasion of GBM.
Low tumor oxygenation, also known as hypoxia, is a major issue for
GBM patients promoting tumor cell invasion into healthy brain tissue to
escape this hostile environment (59, 60).

Despite recent evidence expanding the current knowledge of GBM, the
therapeutic approaches for newly diagnosed cases remain limited to
surgical resection followed by standard protocols of chemotherapy (i.e.,
temozolomide, TMZ), and radiotherapy (61). However, severe side effects
highlight the need to develop new adjuvant treatments aiming at reducing
off-target damages.

Intercellular communication in GBM represents an active research field:
healthy and cancerous cells need to communicate with each other in order
to proliferate and drive tumor growth.

Controlling Cxs expression and activity means induce changes in
microenvironment composition and intercellular signalling, which are
responsible for stress resistance and tumor progression. Some evidence
suggests that reduced expression of Cxs, which has been hypothesized to
play a regulatory role in GBM development, may facilitate the acquisition
of a malignant GBM phenotype (62). Cxs profile, glioma subtype, cancer
stem cells, differentiation and tumor malignancy are all factors that
influence Cxs activity in glial cells during neoplastic disease (63). The
role of Cx43, the most abundant astrocytic GJ protein, in GBM is
controversial, making difficult the development of Cx43-based therapies.
Cx43 could prevent glioma formation and, therefore, it could be
considered a tumor suppressor.

Cx43 was discovered to have a tumor suppressive function in a rat C6
malignant glioma model, where over-expression of Cx43 in C6 cells
enhanced GJs function and significantly suppressed cell growth and tumor
formation in rats (64, 65).

Indeed, the reduction of GJ-mediated intercellular communication
represents a hallmark of cancer (66). However, Cx43 can increase the
migration of some tumors depending on the cell type, instead of blocking
their proliferation (67).

Cx43 overexpression has been shown to promote migration in malignant
gliomas in a channel-dependent manner, particularly in the presence of
normal stromal cells such as astrocytes.
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Indeed, it has recently been demonstrated that Cx43 forms a channel
between tumor cells and astrocytes that allows the exchange of
microRNAs (miRNAs), small, non-coding RNA molecules that frequently
regulate multiple protein targets, reprogramming normal stromal cells.
Indeed, miR-5096 can increase the invasiveness of malignant glioma cells
in a Cx43-dependent manner by reprogramming astrocytes to alter the
tumor microenvironment.

According to recent research, astrocytic Cx43 may also contribute to TMZ
resistance, enhancing GBM cell proliferation and migration (10, 68).
There are numerous controversial theories regarding the role of Cxs and
Cx43 in cancer. More in-depth and large-scale studies are needed to
overcome these contradictions. In any case, it is critical to determine
whether Cxs targeting could be used to treat cancer, and thus GBM (69).

4. Gap junctions, hemichannels and connexins in soft
tissue sarcoma

Sarcomas are mesenchymal-derived tumors, accounting for less than 1%
of adult malignant tumors (70). Sarcomas are ranked into more than 100
different malignant subtypes, with many histopathological differences
(71). The heterogeneous characteristics of sarcomas are due to the
undefined origin of the disease. Indeed, sarcomas develop from tissue of
mesenchymal lineage, including muscle, blood vessels, nervous and
connective tissue, such as bone, adipose and cartilage tissues (11, 13, 14).
The onset age is also very different among the various subtypes.
Chondrosarcoma, characterized by hyaline cartilaginous neoplastic tissue,
shows a predominance in adults, while the rhabdomyosarcoma, a muscle
derived sarcoma, is typical of pediatric age (72, 73). The
rhabdomyosarcoma represents approximately the 7% of the pediatric
sarcomas and shows a marked aggressivity, invasiveness and a prominent
inclination to form metastasis (74-76). Instead, Ewing sarcoma, a bone-
derived tumor presents important chromosomal translocations, leading to
the formation of fused oncogenes and aberrant epigenetic regulation (14,
71). Osteosarcoma is the most common primary bone tumor, whose onset
is related to p53 and Rb1 mutations in osteoblasts (77-79).

The gold standard for the treatment of localized soft tissue sarcomas
includes surgical resection associated with radio and chemotherapy (72,
80). The chemotherapy approach has improved the outcome of sarcomas,
increasing the five-year survival rate to 60-80%, against the 20-40% of the
past (81).

In the recent years, some studies have been carried out to improve the
current available therapies. Among them, promising results were found in
osteosarcoma cell line treated with Bortezomib, a proteasome inhibitor
molecule emerged for the treatment of multiple myeloma (77, 82, 83).
However, Bortezomib showed minimal activity in the treatment of
metastatic sarcomas (77).

On the contrary, better results have achieved with Ixazomib, a second-
generation proteasome inhibitor, that has been investigated for its
suppressor  ability and promotion of osteoclastogenesis and
osteoblastogenesis, respectively. Ixazomib, already accepted for the
multiple myeloma treatment, reports an enhanced penetration in
osteosarcoma cells in vitro, compared to Bortezomib (77, 84). Although
more studies are necessary to improve the in vivo data, Ixazomib shows a
marked anticancer activity also in osteosarcoma metastases (77).

Investigating the genesis of metastases, Gjs emerge for their important
role in EMT.

Indeed, EMT consists in molecular and cellular alterations, including the
reduction of intercellular junction constituents, which results in loss of
cell-to-cell communication (12). The implication in cell-cell interactions
make Gjs alterations relevant for many other processes. In co-coltures of
bone marrow-derived cells, it has been observed the involvement of Cx43
in osteoclasting-supporting activity of osteoblasts. Indeed, the Cx43
ablation shows an increase of osteoclastogenesis, led by prostaglandin E2
(PGE2) (85). In particular, in a Cx43-null mouse model, Cx43 plays a
crucial role in signalling transmission among osteoblasts and osteocytes,
regulating the modelling, remodelling, development and differentiation of
the tissue (16, 86). Moreover, the involvement of Cx43 in pre-osteoblasts
terminal differentiation into mature osteoblasts makes the Cx43 a
potential prognostic biomarker in different bone sarcomas (16, 86).
Several studies have been carried out to examine the connection between
Cx43 and carcinogenesis in bone and soft tissues sarcomas. As reported
by Fukuda et al., GJs play an essential role in primary and secondary bone
tumors growth and soft tissue sarcomas (12, 16), where GJs signalling is
implicated in cell proliferation and apoptosis in chemo resistance (87).
Regarding primary bone tumors, Cx43 plays a tumor suppressor function
in Osteosarcoma and Ewing Sarcoma, two of the most frequent sarcomas
studied in children and young adults (16, 78). In Osteosarcoma, Cx43
expression is involved in the regulation of proliferation; in human U20S
cell lines, upregulation of Cx43 shows a repression in cell proliferation,
by means of a lower rate of G1/S transition of the cell cycle. On the
contrary, following the ablation of Cx43, the activation of Wnt/b-catenin
signalling pathway was observed, resulting in the promotion of
proliferation and inhibition of apoptosis in U20S cell line (16).

Even in Ewing sarcoma studies the tumor suppressor role of Cx43 was
investigated. In preclinical mouse model of Ewing sarcoma, Cx43 over
expression showed a relevant tumor growth reduction, resulting in a
significant gain of animal survival. Moreover, high levels of Cx43 are
correlated to the increase of p27 level and a marked dwindle of Rb
phosphorylation, following by the blockade of the cell cycle in GO/G1
phase. Besides, over expression of Cx43 in Ewing Sarcoma cells modifies
the connection between tumor cells and osteoclasts (15, 16).

Recently, innovative studies have investigated the role of Cx43 also in
other sarcomas, including Kaposi sarcoma, derived from vascular
mesenchymal cells. However, more studies are necessary to improve the
knowledge about the involvement of Cxs in these tumors (88).

5. WT1 functions and role in physiological conditions

The physiological embryogenic processes require the involvement of
several genes and molecular mechanisms that regulate the normal
functions for organs development (89). Among them, WT1 can be
considered a master regulator gene for human tissues and organs
ontogenesis (90). As suggested by its name, WT1 gene was originally
discovered by Max Wilms in 1899, in a young patient, as responsible for
the generation of nephroblastoma (91). From that time, the knowledge of
the role of WT1 in development processes has steadily increased. Indeed,
it has been included in several studies aimed at identifying its genome and
cellular localization related with several physiological functions (92).
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From genetic evaluation, WT1 has been recognized as a tumor suppressor
gene located at chromosome 11p13 and encoding for a zinc finger
transcription factor with different post-transcriptional modifications
associated to alternative splicing that produces more than 30 isoforms
(93).

The transcriptional regulatory function of WT1 is associated with the N-
terminal domain whereas the C-terminal domain allows DNA, RNA and
protein interactions (94). Genes involved in cellular growth, extracellular
matrix components, growth factors and other transcription factors are the
main targeted under WT1 regulation (95). WT1 knock-out mice have
revealed the critical role of WT1 in kidney development and embryonic
death associated to defects in kidneys, gonads and mesothelial tissues
development (96). The involvement of WT1 in kidneys organogenesis is
linked to a primary stage regarding the epithelial transition of metanephric
mesenchyme which condensates around the ureteric bud tips; at later
stages of renal development, the role of WT1 is addressed to the
formation of S-shaped bodies, inhibiting mesenchymal cell proliferation
and leading to the mature nephrons derived from S-shaped bodies
elongation and connection to the branching collecting duct tree (97).
Moreover, the physiological function of kidney is regulated by expression
of WT1 at the glomerular podocytes, where it activates the transcription of
podocalyxin gene and additional signalling pathways (98). However,
although its nuclear localization has been confirmed in the urogenital
system developments, many efforts have been made to detect its temporal
and spatial distribution in other developing human tissues. Cytoplasmatic
WT1 occurrence has been detected in developing skeletal, cardiac muscle
cells and endothelial cells from epithelial and mesenchymal developing
human tissues, examined between 7 and 24 gestational weeks (75).
Moreover, a common neural crest-derived cell precursor has been
discovered for ganglion and chromaffin cells differentiation mediated by
cytoplasmatic WT1 expression, that is maintained during the morphologic
differentiation of sympathetic neurablasts but lacked in both ganglion and
chromaffin cells from weeks 8 to 28 gestational age (99). The role WT1
during embryogenic development has been elucidated thanks to several
mouse models, which also represent some main related syndromes, such
as Wilms' tumor, aniridia, genitourinary anomalies, and mental retardation
(WAGR), Denys—-Drash Syndrome (DDS) and Frasier Syndrome (100).
Embryonic neurogenesis mediated by WT1 has been demonstrated in
Wt1K° mice, which exhibit depressive-like behaviours (101). Synaptic
plasticity regulation is also linked to WT1 expression that induces long-
term potentiation and long-term memory in hippocampal CA1 neurons. In
particular, WT1 induces IGF-2 receptor activation for de novo protein
synthesis due to lysosomal degradation, determining structural changes,
involved in cellular plasticity, and leading to learning improvement as
downstream effects (102).

More recently, systems for permanent WT1 lineage tracing, such as
Cre/loxP system within the embryo/tissue context, make possible Wt1-
expressing cell lineage analysis and the spatiotemporal expression pattern
of WT1 for studying its function during the developmental fate in many
organs (103). Indeed, WT1-based Cre alleles has been reported to be
useful for genetic lineage tracing of epicardial cells and mesothelium of
other organs (104). WT1 expression is also detected for heart
embryogenesis and development since it has been involved in promoting
the proliferation of cardiac myocytes (97).

In addition, fat loss in WT1 knockout mice demonstrates the role of WT1
in the stromal vascular fraction of preadipocytes, but not in mature
adipocytes for development and maintenance of visceral fat depots (105).
Moreover, it has been demonstrated that WT1 represses brown adipose
tissue signatures in visceral white adipose tissue, preventing a
thermogenic gene expression program (106). Summarizing, WT1 has a
pivotal role during foetal development and regulating adult tissue
homeostasis; further studies for spatial and temporal expression during
development will help to clarify better ontogenesis processes with
fundamental implications in several related fields.

6. WT1 in glioblastoma

Initiation, progression and maintenance of pathophysiological process lies
in the occurrence of accumulated alterations on genes that are normally
involved in the human tissues and organs developments (107). WT1 is an
ideal candidate to link the loss of physiological functions and genes
(oncogenes or oncosuppressors) deregulation (108). The oncogenic role of
WT1 is indicated in both hematologic malignancies and solid tumors,
such as leukemia, breast cancer, ovarian cancer, brain tumors and soft
tissue sarcoma (109). Mechanisms of altered WT1 expression in tumors
have been associated with both overexpression and loss of expression;
while there is controversy in defining the significance of WT1
overexpression, somatic deletion and point mutation are mainly accepted
to explain WT1 downregulation (110). Proliferation, apoptosis and cell
cycle regulation are the main biological processes that are controlled by
WT1 target genes, including E-cyclin, p21 and bcl-2 (110). Interestingly,
changes on expression levels of WT1 have been associated with different
grades and types of gliomas, distinguishing signature profiles in
ependymomas, medulloblastoma, grade 11/111 astrocytoma and high-grade
gliomas (111, 112). GBM tumorigenesis from genetic mutations of stem
cells like remains an unsolved topic, although recent studies have revealed
the involvement of genes linked to growth factors, growth factor receptors
and signalling proteins, including second messengers as key factors for
the malignant transformation of a normal tissue stem cell (113). A deeper
understanding of biomarkers that initiates tumors could allow the
promotion of efficient therapeutic druggable targets for such an aggressive
disease. However, the knowledge that GBM stem cells (GSCs) mimic the
ontogenesis processes of healthy stem cells, displaying regenerative
potential and the capacity to self-renew, it makes appropriate the
investigation of specific genes, such as WT1, which are physiological
involved in organogenesis (114). The role of WT1 in GBM proliferation
and apoptosis has been demonstrated in both in vitro and in xenograft
mouse models with WT1 shRNA transfected GBM cells (111). WT1
expression has been found upregulated in mesenchymal GSCs, showing
higher proliferation, radioresistance and worse prognosis than pro-neural
GSCs (115). Recently, it has been reported that in GSCs CD133+ the
inhibition activity of the WT1 by WT1-associating protein (WTAP) is
reversed by the low expression of miR-29a, which allows the promotion
of Quaking gene isoform 6 (QKI-6), leading to the pro-survival target
genes transcription, such as EGFR and PI3K pathway (116).
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WT1 expression is also involved in pro-neural-mesenchymal transition of
GSCs, in response to stress mechanisms such as by CDKA4/6 inhibition
and miR-17~92 cluster expression, that regulates WT1 levels in
mesenchymal GSCs (117). Moreover, gene expression analysis from
microarray explains that GBM invasion is associated to CD97
upregulation by WT1 expression (118). In addition, WT1 has been linked
with epigenetic processes in brain tumors, being involved in enzymatic
oxidation of 5-methylcytosine (5mC) catalysed by Ten-Eleven
Translocase (TET) proteins interaction (119). The strong involvement of
WT1 in the pathogenesis of GBM has contributed to the therapeutic
approach’s promotion aimed at its targeting. Immunotherapy, including
the vaccines, chimeric antigen receptor T (CAR T) cells, oncolytic viruses
and immune checkpoint inhibitors, represent a promising strategy for the
treatment of GBM (120). Predictive biomarkers in GBM patients have
been investigated and it has been demonstrated that Syndecan-4 (SDC-4)
mRNA expression levels from peripheral blood mononuclear cells
distinguish between the long- and short-term survivors in WT1 peptide
vaccinated patients. Indeed SDC-4, negatively correlates with overall
survival of recurrent or conventional therapy-resistant GBM treated with
WT1 peptide vaccine. The predictive role of SDC-4 is associated not only
to proliferation and differentiation but also to regulation of responses
mediated by immune cells system (121). WT1 peptide vaccine has also
been tested in combination with cell death-1 (anti-PD-1) antibody in
preclinical model of GBM, revealing that the synergistic treatment is
better than each monotherapy, driving a larger immunocompetent
infiltration and reducing the immunosuppression mechanisms (122). WT1
immune therapies for GBM have been subsequently evaluated in the
clinical phase, and it has been observed the increase of IgG antibody
levels against the WT1 in association with a better prognostic marker for
long-term overall survival (123).

7. WT1 in soft tissue sarcoma

WT1 plays an essential role in many stages of development, in which,
depending on the tissue and context, may have whether anti- or pro-
functions (124). In this scenario, these controversial and opposite
functions of WT1 are reflected in their critical role in
proliferation/apoptosis and also in tumor suppressor/oncogene activity,
explaining the multiple WT1 protein facets. Moreover, the extremely
variability of WT1 is attested also by tissue-specific expression profile at
nuclear, cytoplasmic or concurrently nucleo-cytoplasmic level, that are
potentially related to the dual role in cancer as a tumour suppressor or
potential oncogene in others (125).

High WT1 protein expression is observed in the developing skeletal
muscle tissue: in the early phases of human skeletal myogenesis, WT1
represents a key cytoplasmatic regulatory protein that mediates
transcriptional and translational patterns involved. A really abundant and
diffuse WT1 cytoplasmic expression is found in foetal myotubes, while it
decreases especially in late phases of human myogenesis and in healthy
adult skeletal muscle tissues (75). Nevertheless, this dynamic and mutable
expression profile of WT1 in human developing was also observed in
normal and neoplastic adult skeletal muscle tissues.

In particular, a considerable and diffuse cytoplasmic re-expression of
WT1 was detected in paediatric rhabdomyosarcoma, a malignant sarcoma
which shows a multitude of undifferentiated cells exhibiting a different
degree of skeletal muscle differentiation. The predominant cytoplasmic
localization of WT1 in human rhabdomyosarcomas and in many vascular
tumors strongly suggests an oncofoetal expression of this protein (75,
125). MiRNA:s also acting as crucial regulators of skeletal muscle cell fate
determination. It was seen that are deregulated in rhabdomyosarcoma:
miR-9; miR-183; miR-206 are up-regulated in this kind of paediatric
tumor and act to sustain neoplastic growth and tumorigenesis through the
modulation of different genes including cyclin D1, cMET and EGR1.
Rhabdomyosarcoma could be distinguished into two main histological
subtypes: embryonal and alveolar. The distinct and specific miRNA
expression profile would seem to be a promising strategy for
discriminating specific variants among rhabdomyosarcoma subsets that,
all together, accounts for approximately 7% of pediatric tumors . WT1 is
involved in vasculogenesis process with a large variety of genes and
secreted growth factors. WT1 role in blood vessels formation is well
documented not only in de novo expression (74) related to reparative
neoangiogensis, such as in response to myocardial ischemia, but also in
tumor vascularization and angiogenic processes, that influence cancer
growth and metastasis (125). Katuri V. et al. demonstrated that WT1 is
involved in Ewing sarcoma angiogenesis. This tumour represents one of
the most malignant bone tumor in young population that frequently occurs
in axial skeleton (126). In vitro analysis demonstrated that WT1 is
upregulated by hypoxia in Ewing sarcoma cells and regulates various pro-
angiogenic genes, such as angiopoietin-1 (Ang-1) and its receptor, matrix
metallopeptidase 9 (MMP-9) and vascular endothelial growth factor
(VEGF) (127). Evaluating miRNA expression profile of paediatric
tumours, Ewing sarcoma is characterized by the expression of miR-214-
3p, miR-214-5p and miR-92b-3p, condition that discerns Ewing tumors
from osteosarcomas and rhabdomyosarcomas (74). These findings suggest
that WT1 represents a novel member of the family of proteins that manage
the genetic program concerning the new blood vessels formation in tumor
angiogenesis process (125). WT1 expression is also confirmed in a large
amount of Scwhann cells of nerve fibers as early as 7-8 weeks of
gestational age, and the relative overexpression was observed in various
type of cancers, such as Malignant Peripheral Nerve Sheath Tumors
(MPNST), also known as malignant schwannomas. In fact, WT1 is
expressed weaker in the cytoplasm but in a predominant way in nuclear
and perinuclear areas of MPNST cells. A critical interaction with Signal
transducers and activators of transcription 3 (STAT3) was evaluated,
which is overexpressed or constitutively activated in a several human
malignancies. The concomitant overexpression of WT1 and STAT3 in
tumor development increases the expression level of STAT3-dependent
target genes, including cyclin D1 and Bcl-xL, resulting in an advantage of
cell proliferation and neoplastic progression. In MPNST, at least in vitro,
WT1 acts as an oncogene rather than a tumor suppressor (128). WT1
related mRNA is absent in normal bone but detected in osteosarcomas, in
which underlying poor survival of patients with high-grade osteosarcoma,
especially in the context of metastasis (129). Osteosarcoma is a primary
malignant cancer of bone affecting predominant children and young
population.
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A strong WT1 expression level is described in various types of human
bone and soft-tissue sarcomas, including osteosarcoma. Graziano A.C.E.
et al., by in vitro analysis on MG-63 cell lines, evaluated those high levels
of WT1 expression is related to the high grade of cancer cells proliferation
in assessed sarcoma tissue samples. In particular, the authors found a
predominant expression level in perinuclear area and a lower distribution
in nuclear space. WT1 targeting siRNA suppresses cell proliferation,
inducing cell cycle arrest and activates apoptosis in MG-63 cell line. WT1
is expressed in 50% of human osteosarcoma cases, suggesting that WT1
expression profile may be dynamically and quickly modulated according
to the functional and phase-specific contexts of tumorigenesis in which
WT1 acts. Furthermore, WT1 is associated with very poor survival of
patients with osteosarcoma metastasis (130). To date, it is not well known
if WT1 is expressed during development of the tissues in which neoplastic
masses will originate. The related expression observed in tumours might
reflect both de-differentiation of mature cells and the cancer stem cell
origin of the tumour, suggesting that WT1 might not be limited to
transcriptional regulation and RNA metabolism (21).

Given the involvement of Cxs and WTIl in physiological and
pathophysiological processes, such as embryonic development and
tumorigenesis, it would be interesting to study their potential interplay in
molecular and cellular mechanisms in the future.

8. Concluding remarks

Different studies have highlighted the efficacy of drugs that target Cxs-
based channels, finding new approaches for the treatment of a broad range
of diseases. It is important to understand the complexity and mechanisms
that link cancer biology with connexins, deepening intercellular
communication, in order to find new therapeutic approaches by
modulating the expression of Cxs. There are numerous controversial
theories regarding the role of Cxs in cancer, especially Cx43. Cx43
represents a suitable candidate of prognostic biomarker for bone and soft
tissue sarcomas, since its tumor suppressor role in osteosarcoma and
Ewing sarcoma (131). Pharmacological targeting of Cx43 has also
emerged as a mean of preventing tumor invasion and recurrence following
tumor resection in GBM, as well as overcoming intrinsic or acquired
resistance to TMZ.

In addition, the close connections between WTI ontogenesis and its
deregulation for GBM tumorigenesis has deeply contributed to the gain
additional insights. Many efforts have been made to understand how the
physiological role of WT1 may change acquiring a pathophysiological
role in tumor promotion, as in malignant sarcomas. In this context WT1,
influencing pAKT/Cyclin D1 pathway, might be tested as a potential
element useful to gene targeted therapy in a very large number of cancers,
including bone and soft tissue sarcoma. WTI-target therapy may be
considered as innovative treatment, especially in rhabdomyosarcoma and
MPNST (22, 128), becoming a valid therapeutic alternative for malignant
tumour therapy in the near future (21).

Further studies may be carried out in order to find innovative treatments,
also for metastatic secondary bone tissue, including lungs, thyroid,
prostate, breasts, and kidneys, the most common carcinomas that
metastasize to bone, which have not any effective therapy (16, 132). In
this scenario, even the regenerative medicine may be an interesting field
to explore, since bone and cartilage regeneration has already been
investigated as potential solution for arthritis and degenerative diseases
and it may be applied also for the treatment of bone and soft tissue
sarcomas in the future (133, 134).

9. Acknowledgments

S. D’Aprile was supported by the PhD program in Neuroscience
(Biometec, University of Catania, Italy). C.A. and A.M.P. were supported
by the PhD program in Biotechnology (Biometec, University of Catania,
Italy). F.T. was supported by the Fondazione Umberto Veronesi.

References

1. Musk SR, Downes CS, Johnson RT. Caffeine induces uncoordinated
expression of cell cycle functions after ultraviolet irradiation.
Accelerated cycle transit, sister chromatid exchanges and premature
chromosome condensation in a transformed Indian muntjac cell
line. J Cell Sci. 1988;90 ( Pt 4):591-9.

2. Nielsen MS, Axelsen LN, Sorgen PL, Verma V, Delmar M,
Holstein-Rathlou  NH. Gap junctions. Compr  Physiol.
2012;2(3):1981-2035.

3. Vicario N, Zappala A, Calabrese G, Gulino R, Parenti C, Gulisano
M, et al. Connexins in the Central Nervous System: Physiological
Traits and Neuroprotective Targets. Front Physiol. 2017;8:1060.

4. Parenti R, Cicirata F, Zappala A, Catania A, La Delia F, Cicirata V,
et al. Dynamic expression of Cx47 in mouse brain development and
in the cuprizone myelin  plasticity.  Glia.
2010;58(13):1594-609.

5. Gulino R, Vicario N, Giunta MAS, Spoto G, Calabrese G, Vecchio
M, et al. Neuromuscular Plasticity in a Mouse Neurotoxic Model of
Spinal Motoneuronal Loss. Int J Mol Sci. 2019;20(6).

6. Sanfilippo C, Castrogiovanni P, Imbesi R, Tibullo D, Li Volti G,
Barbagallo 1, et al. Middle-aged healthy women and Alzheimer's

model  of

disease patients present an overlapping of brain cell transcriptional
profile. Neuroscience. 2019;406:333-44.

7. Calabrese V, Dattilo S, Petralia A, Parenti R, Pennisi M, Koverech
G, et al. Analytical approaches to the diagnosis and treatment of
aging and aging-related disease: redox status and proteomics. Free
Radic Res. 2015;49(5):511-24.

8. Sanchez OF, Rodriguez AV, Velasco-Espana JM, Murillo LC,
Sutachan JJ, Albarracin SL. Role of Connexins 30, 36, and 43 in
Brain Tumors, Neurodegenerative Diseases, and Neuroprotection.
Cells. 2020;9(4).

9. Nalewajska M, Marchelek-Mysliwiec M, Opara-Bajerowicz M,
Dziedziejko V, Pawlik A. Connexins-Therapeutic Targets in
Cancers. Int J Mol Sci. 2020;21(23).

10.  Grek CL, Sheng Z, Naus CC, Sin WC, Gourdie RG, Ghatnekar GG.
Novel approach to temozolomide resistance in malignant glioma:
connexin43-directed  therapeutics.  Curr  Opin
2018;41:79-88.

11.  FanJ, Qin X, He R, Ma J, Wei Q. Gene expression profiles for an
immunoscore model in bone and soft tissue sarcoma. Aging
(Albany NY). 2021;13(10):13708-25.

Pharmacol.



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (12) 48- 58 55

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Fukuda S, Akiyama M, Harada H, Nakahama KI. Effect of gap
junction-mediated intercellular communication on TGF-beta
induced epithelial-to-mesenchymal transition. Biochem Biophys
Res Commun. 2019;508(3):928-33.

Gerrand C, Furtado S. Issues of Survivorship and Rehabilitation in
Soft Tissue Sarcoma. Clin Oncol (R Coll Radiol). 2017;29(8):538-
45,

Hatina J, Kripnerova M, Houfkova K, Pesta M, Kuncova J, Sana J,
et al. Sarcoma Stem Cell Heterogeneity. Adv Exp Med Biol.
2019;1123:95-118.

Talbot J, Brion R, Picarda G, Amiaud J, Chesneau J, Bougras G, et
al. Loss of connexin43 expression in Ewing's sarcoma cells favors
the development of the primary tumor and the associated bone
osteolysis. Biochim Biophys Acta. 2013;1832(4):553-64.

Talbot J, Dupuy M, Morice S, Redini F, Verrecchia F. Antagonistic
Functions of Connexin 43 during the Development of Primary or
Secondary Bone Tumors. Biomolecules. 2020;10(9).

Keller G. Embryonic stem cell differentiation: emergence of a new
era in biology and medicine. Genes Dev. 2005;19(10):1129-55.

Lee SB, Haber DA. Wilms tumor and the WT1 gene. Exp Cell Res.
2001;264(1):74-99.

Rampal R, Figueroa ME. Wilms tumor 1 mutations in the
pathogenesis of acute myeloid leukemia. Haematologica.
2016;101(6):672-9.

Clark AJ, Ware JL, Chen MY, Graf MR, VVan Meter TE, Dos Santos
WG, et al. Effect of WT1 gene silencing on the tumorigenicity of
human glioblastoma multiforme cells. J Neurosurg. 2010;112(1):18-
25.

Hohenstein P, Hastie ND. The many facets of the Wilms' tumour
gene, WT1. Hum Mol Genet. 2006;15 Spec No 2:R196-201.

Kim A, Park EY, Kim K, Lee JH, Shin DH, Kim JY, et al.
Prognostic significance of WT1 expression in soft tissue sarcoma.
World J Surg Oncol. 2014;12:214.

Herve JC, Derangeon M. Gap-junction-mediated cell-to-cell
communication. Cell Tissue Res. 2013;352(1):21-31.

Vicario N, Turnaturi R, Spitale FM, Torrisi F, Zappala A, Gulino R,
et al. Intercellular communication and ion channels in neuropathic
pain chronicization. Inflamm Res. 2020;69(9):841-50.

Van Campenhout R, Gomes AR, De Groof TWM, Muyldermans S,
Devoogdt N, Vinken M. Mechanisms Underlying Connexin
Hemichannel Activation in Disease. Int J Mol Sci. 2021;22(7).
Spray DC, Ye ZC, Ransom BR. Functional connexin
"hemichannels": a critical appraisal. Glia. 2006;54(7):758-73.
Gaietta G, Deerinck TJ, Adams SR, Bouwer J, Tour O, Laird DW,
et al. Multicolor and electron microscopic imaging of connexin
trafficking. Science. 2002;296(5567):503-7.

Willecke K, Eiberger J, Degen J, Eckardt D, Romualdi A,
Guldenagel M, et al. Structural and functional diversity of connexin
genes in the mouse and human genome. Biol Chem.
2002;383(5):725-37.

Laird DW, Lampe PD. Therapeutic strategies targeting connexins.
Nat Rev Drug Discov. 2018;17(12):905-21.

Koval M, Molina SA, Burt JM. Mix and match: investigating
heteromeric and heterotypic gap junction channels in model systems
and native tissues. FEBS Lett. 2014;588(8):1193-204.

3L

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Chen B, Yang L, Chen J, Chen Y, Zhang L, Wang L, et al.
Inhibition of Connexin43 hemichannels with Gapl9 protects
cerebral ischemia/reperfusion injury via the JAK2/STAT3 pathway
in mice. Brain Res Bull. 2019;146:124-35.

Totland MZ, Rasmussen NL, Knudsen LM, Leithe E. Regulation of
gap junction intercellular ~communication by connexin
ubiquitination: physiological and pathophysiological implications.
Cell Mol Life Sci. 2020;77(4):573-91.

Leithe E, Mesnil M, Aasen T. The connexin 43 C-terminus: A tail
of many tales. Biochim Biophys Acta Biomembr. 2018;1860(1):48-
64.

Gemel J, Lin X, Veenstra RD, Beyer EC. N-terminal residues in
Cx43 and Cx40 determine physiological properties of gap junction
channels, but do not influence heteromeric assembly with each other
or with Cx26. J Cell Sci. 2006;119(Pt 11):2258-68.

John SA, Revel JP. Connexon integrity is maintained by non-
covalent bonds: intramolecular disulfide bonds link the extracellular
domains in rat connexin-43. Biochem Biophys Res Commun.
1991;178(3):1312-8.

Connors BW, Long MA. Electrical synapses in the mammalian
brain. Annu Rev Neurosci. 2004;27:393-418.

Fowler JE, Jr., Pandey P, Braswell NT, Seaver L. Prostate specific
antigen progression rates after radical prostatectomy or radiation
therapy for localized prostate cancer. Surgery. 1994;116(2):302-5;
discussion 5-6.

Morioka N, Nakamura Y, Zhang FF, Hisaoka-Nakashima K, Nakata
Y. Role of Connexins in Chronic Pain and Their Potential as
Therapeutic Targets for Next-Generation Analgesics. Biol Pharm
Bull. 2019;42(6):857-66.

Spitale FM, Vicario N, Rosa MD, Tibullo D, Vecchio M, Gulino R,
et al. Increased expression of connexin 43 in a mouse model of
spinal motoneuronal loss. Aging (Albany NY). 2020;12(13):12598-
608.

Almad AA, Doreswamy A, Gross SK, Richard JP, Huo Y, Haughey
N, et al. Connexin 43 in astrocytes contributes to motor neuron
toxicity in amyotrophic lateral sclerosis. Glia. 2016;64(7):1154-69.
Vicario N, Pasquinucci L, Spitale FM, Chiechio S, Turnaturi R,
Caraci F, et al. Simultaneous Activation of Mu and Delta Opioid
Receptors Reduces Allodynia and Astrocytic Connexin 43 in an
Animal Model of Neuropathic Pain. Mol Neurobiol.
2019;56(11):7338-54.

Micevych PE, Abelson L. Distribution of mRNAs coding for liver
and heart gap junction proteins in the rat central nervous system. J
Comp Neurol. 1991;305(1):96-118.

Cicirata F, Zappala A, Serapide MF, Parenti R, Panto MR, Paz C.
Different pontine projections to the two sides of the cerebellum.
Brain Res Brain Res Rev. 2005;49(2):280-94.

Panto MR, Cicirata F, Angaut P, Parenti R, Serapide F. The
projection from the primary motor and somatic sensory cortex to the
basilar pontine nuclei. A detailed electrophysiological and
anatomical study in the rat. J Hirnforsch. 1995;36(1):7-19.

Melloy PG, Kusnierczyk MK, Meyer RA, Lo CW, Desmond ME.
Overexpression of connexind3 alters the mutant phenotype of
midgestational wnt-1 null mice resulting in recovery of the midbrain
and cerebellum. Anat Rec A Discov Mol Cell Evol Biol.



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (12) 48- 58 56

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

2005;283(1):224-38.

Tanaka M, Yamaguchi K, Tatsukawa T, Theis M, Willecke K,
Itohara S. Connexin43 and bergmann glial gap junctions in
cerebellar function. Front Neurosci. 2008;2(2):225-33.

Zappala A, Parenti R, La Delia F, Cicirata V, Cicirata F. Expression
of connexin57 in mouse development and in harmaline-tremor
model. Neuroscience. 2010;171(1):1-11.

Parenti R, Cicirata F, Panto MR, Serapide MF. The projections of
the lateral reticular nucleus to the deep cerebellar nuclei. An
experimental analysis in the rat. Eur J Neurosci. 1996;8(10):2157-
67.

Galarreta M, Hestrin S. Electrical synapses between GABA-
releasing interneurons. Nat Rev Neurosci. 2001;2(6):425-33.
Cicirata F, Parenti R, Spinella F, Giglio S, Tuorto F, Zuffardi O, et
al. Genomic organization and chromosomal localization of the
mouse Connexin36 (MCx36) gene. Gene. 2000;251(2):123-30.
Aasen T, Mesnil M, Naus CC, Lampe PD, Laird DW. Gap junctions
and cancer: communicating for 50 years. Nat Rev Cancer.
2016;16(12):775-88.

Aasen T, Leithe E, Graham SV, Kameritsch P, Mayan MD, Mesnil
M, et al. Connexins in cancer: bridging the gap to the clinic.
Oncogene. 2019;38(23):4429-51.

Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, et al.
Carcinoma-astrocyte gap junctions promote brain metastasis by
cGAMP transfer. Nature. 2016;533(7604):493-8.

Ribeiro-Rodrigues TM, Martins-Marques T, Morel S, Kwak BR,
Girao H. Role of connexin 43 in different forms of intercellular
communication - gap junctions, extracellular vesicles and tunnelling
nanotubes. J Cell Sci. 2017;130(21):3619-30.

Oronsky B, Reid TR, Oronsky A, Sandhu N, Knox SJ. A Review of
Newly Diagnosed Glioblastoma. Front Oncol. 2020;10:574012.
Alexander BM, Cloughesy TF. Adult Glioblastoma. J Clin Oncol.
2017;35(21):2402-9.

Tamimi AF, Juweid M. Epidemiology and Outcome of
Glioblastoma. In: De Vleeschouwer S, editor. Glioblastoma.
Brisbane (AU)2017.

Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al.
An Integrative Model of Cellular States, Plasticity, and Genetics for
Glioblastoma. Cell. 2019;178(4):835-49 e21.

Monteiro AR, Hill R, Pilkington GJ, Madureira PA. The Role of
Hypoxia in Glioblastoma Invasion. Cells. 2017;6(4).

Castracani CC, Di Rosa M, Rappa F, Bono T, Furneri PM, Avola R,
et al. Role of heme oxygenase-1 (HSP32) and HSP90 in
glioblastoma. EuroMediterranean Biomedical
2017,12(21:099-107.

Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl J Med. 2005;352(10):987-
96.

Torrisi F, Alberghina C, Lo Furno D, Zappala A, Valable S, Li
Volti G, et al. Connexin 43 and Sonic Hedgehog Pathway Interplay
in Glioblastoma Cell Proliferation and Migration. Biology (Basel).
2021;10(8).

Journal.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Hitomi M, Deleyrolle LP, Mulkearns-Hubert EE, Jarrar A, Li M,
Sinyuk M, et al. Differential connexin function enhances self-
renewal in glioblastoma. Cell Rep. 2015;11(7):1031-42.

Zhu D, Caveney S, Kidder GM, Naus CC. Transfection of C6
glioma cells with connexin 43 cDNA: analysis of expression,
intercellular coupling, and cell proliferation. Proc Natl Acad Sci U S
A. 1991,88(5):1883-7.

Naus CC, Elisevich K, Zhu D, Belliveau DJ, Del Maestro RF. In
vivo growth of C6 glioma cells transfected with connexin43 cDNA.
Cancer Res. 1992;52(15):4208-13.

Sheng Z. Connexin 43 peptidic medicine for glioblastoma stem
cells. EBioMedicine. 2021;64:103205.

Sin WC, Crespin S, Mesnil M. Opposing roles of connexin43 in
glioma progression. Biochim Biophys Acta. 2012;1818(8):2058-67.
Hong X, Sin WC, Harris AL, Naus CC. Gap junctions modulate
glioma invasion by direct transfer of microRNA. Oncotarget.
2015;6(17):15566-77.

Sinyuk M, Mulkearns-Hubert EE, Reizes O, Lathia J. Cancer
Connectors: Connexins, Gap Junctions, and Communication. Front
Oncol. 2018;8:646.

Lex JR, Gregory J, Allen C, Reid JP, Stevenson JD. Distinguishing
bone and soft tissue infections mimicking sarcomas requires
multimodal multidisciplinary team assessment. Ann R Coll Surg
Engl. 2019;101(6):405-10.

Nacev BA, Jones KB, Intlekofer AM, Yu JSE, Allis CD, Tap WD,
et al. The epigenomics of sarcoma. Nat Rev Cancer.
2020;20(10):608-23.

Kasper B, Hohenberger P. The challenge of treating elderly patients
with advanced bone and soft tissue sarcomas. Crit Rev Oncol
Hematol. 2020;155:103108.

Chow WA. Chondrosarcoma: biology, genetics, and epigenetics.
F1000Res. 2018;7.

Gulino R, Forte S, Parenti R, Memeo L, Gulisano M. MicroRNA
and pediatric tumors: Future perspectives. Acta Histochem.
2015;117(4-5):339-54.

Parenti R, Perris R, Vecchio GM, Salvatorelli L, Torrisi A, Gravina
L, et al. Immunohistochemical expression of Wilms' tumor protein
(WT1) in developing human epithelial and mesenchymal tissues.
Acta Histochem. 2013;115(1):70-5.

Ferrari A, Dirksen U, Bielack S. Sarcomas of Soft Tissue and Bone.
Prog Tumor Res. 2016;43:128-41.

Harris MA, Miles MA, Shekhar TM, Cerra C, Georgy SR, Ryan
SD, et al. The Proteasome Inhibitor Ixazomib Inhibits the Formation
and Growth of Pulmonary and Abdominal
Metastases in Mice. Cancers (Basel). 2020;12(5).
Corre I, Verrecchia F, Crenn V, Redini F, Trichet V. The
Osteosarcoma Microenvironment: A Complex But Targetable
Ecosystem. Cells. 2020;9(4).

Evola FR, Cocuzza ME, Evola G. Osteosarcoma in the pediatric
age. EuroMediterranean Biomedical Journal. 2018,13(29):127-131.
Ratto N, De Cian F, Ratto GB. New therapetic options in the
treatment of metastatic limb sarcomas: a case series.
EuroMediterranean Biomedical Journal. 2013,8(9):46-53.

Osteosarcoma



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (12) 48- 58 57

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Miwa S, Yamamoto N, Hayashi K, Takeuchi A, lgarashi K,
Tsuchiya H. Therapeutic Targets for Bone and Soft-Tissue
Sarcomas. Int J Mol Sci. 2019;20(1).

Tibullo D, Giallongo C, Romano A, Vicario N, Barbato A, Puglisi
F, et al. Mitochondrial Functions, Energy Metabolism and Protein
Glycosylation are Interconnected Processes Mediating Resistance to
Bortezomib in Multiple Myeloma Cells. Biomolecules. 2020;10(5).
Camiolo G, Barbato A, Giallongo C, Vicario N, Romano A,
Parrinello NL, et al. Iron regulates myeloma cell/macrophage
interaction and drives resistance to bortezomib. Redox Biol.
2020;36:101611.

Tibullo D, Longo A, Vicario N, Romano A, Barbato A, Di Rosa M,
et al. Ixazomib Improves Bone Remodeling and Counteracts sonic
Hedgehog signaling Inhibition Mediated by Myeloma Cells.
Cancers (Basel). 2020;12(2).

Kawatsura R, Hara Y, Akiyama M, Tachikawa N, Nakahama KI.
Gap  junctional intercellular ~ communication
osteoclastogenesis induced by activated osteoblasts.
Biophys Res Commun. 2022;597:71-6.

Barker DE, Roizman B. Identification of three genes nonessential
for growth in cell culture near the right terminus of the unique
sequences of long component of herpes simplex virus 1. Virology.
1990;177(2):684-91.

Bai C, Yang M, Fan Z, Li S, Gao T, Fang Z. Associations of
chemo- and radio-resistant phenotypes with the gap junction,
adhesion and extracellular matrix in a three-dimensional culture
model of soft sarcoma. J Exp Clin Cancer Res. 2015;34:58.

Frings VG, Goebeler M, Schilling B, Kneitz H. Aberrant
cytoplasmic connexin43 expression as a helpful marker in vascular
neoplasms. J Cutan Pathol. 2021;48(11):1335-41.

Altamura MM, Della Rovere F, Fattorini L, D'Angeli S, Falasca G.
Recent Advances on Genetic and Physiological Bases of In Vitro
Somatic Embryo Formation. Methods Mol Biol. 2016;1359:47-85.
Wagner KD, Wagner N, Vidal VP, Schley G, Wilhelm D, Schedl A,
et al. The Wilms' tumor gene Wtl is required for normal
development of the retina. EMBO J. 2002;21(6):1398-405.
Sangkhathat S, Kanngurn S, Chaiyapan W, Gridist P, Maneechay
W. Wilms' tumor 1 gene (WT1) is overexpressed and provides an
oncogenic function in pediatric nephroblastomas harboring the
wild-type WT1. Oncol Lett. 2010;1(4):615-9.

Shandilya J, Roberts SG. A role of WT1 in cell division and
genomic stability. Cell Cycle. 2015;14(9):1358-64.

Gerald WL, Gramling TS, Sens DA, Garvin AJ. Expression of the
11p13 Wilms' tumor gene, WT1, correlates with histologic category
of Wilms' tumor. Am J Pathol. 1992;140(5):1031-7.

Sakamoto J, Takata A, Fukuzawa R, Kikuchi H, Sugiyama M,
Kanamori Y, et al. A novel WT1 gene mutation associated with
wilms' tumor and congenital male genitourinary malformation.
Pediatr Res. 2001;50(3):337-44.

Toska E, Roberts SG. Mechanisms of transcriptional regulation by
WT1 (Wilms' tumour 1). Biochem J. 2014;461(1):15-32.

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J,
Housman D, et al. WT-1 is required for early kidney development.
Cell. 1993;74(4):679-91.

attenuates
Biochem

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Scholz H, Kirschner KM. A role for the Wilms' tumor protein WT1
in organ development. Physiology (Bethesda). 2005;20:54-9.
Palmer RE, Kotsianti A, Cadman B, Boyd T, Gerald W, Haber DA.
WT1 regulates the expression of the major glomerular podocyte
membrane protein Podocalyxin. Curr Biol. 2001;11(22):1805-9.
Parenti R, Puzzo L, Vecchio GM, Gravina L, Salvatorelli L,
Musumeci G, et al. Immunolocalization of Wilms' Tumor protein
(WT1) in developing human peripheral sympathetic and
gastroenteric nervous system. Acta Histochem. 2014;116(1):48-54.
Discenza MT, Pelletier J. Insights into the physiological role of
WT1 from studies of genetically modified mice. Physiol Genomics.
2004;16(3):287-300.

Ji F, Wang W, Feng C, Gao F, Jiao J. Brain-specific Wt1 deletion
leads to depressive-like behaviors in mice via the recruitment of
Tet2 to modulate Epo expression. Mol Psychiatry. 2021;26(8):4221-
33

Mariottini C, Munari L, Gunzel E, Seco JM, Tzavaras N, Hansen J,
et al. Wilm's tumor 1 promotes memory flexibility. Nat Commun.
2019;10(1):3756.

Wilm B, Munoz-Chapuli R. Tools and Techniques for Wt1-Based
Lineage Tracing. Methods Mol Biol. 2016;1467:41-59.

Zhou B, Pu WT. Genetic Cre-loxP assessment of epicardial cell fate
using Wtl-driven Cre alleles. Circ Res. 2012;111(11):e276-80.
Chau YY, Bandiera R, Serrels A, Martinez-Estrada OM, Qing W,
Lee M, et al. Visceral and subcutaneous fat have different origins
and evidence supports a mesothelial source. Nat Cell Biol.
2014;16(4):367-75.

Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson KJ,
et al. Ablation of PRDM16 and beige adipose causes metabolic
dysfunction and a subcutaneous to visceral fat switch. Cell.
2014;156(1-2):304-16.

Leroi AM, Koufopanou V, Burt A. Cancer selection. Nat Rev
Cancer. 2003;3(3):226-31.

Basanta D, Anderson ARA. Homeostasis Back and Forth: An
Ecoevolutionary Perspective of Cancer. Cold Spring Harb Perspect
Med. 2017;7(9).

Nakatsuka S, Oji Y, Horiuchi T, Kanda T, Kitagawa M, Takeuchi
T, et al. Immunohistochemical detection of WT1 protein in a variety
of cancer cells. Mod Pathol. 2006;19(6):804-14.

Loeb DM, Sukumar S. The role of WT1 in oncogenesis: tumor
suppressor or oncogene? Int J Hematol. 2002;76(2):117-26.

Kijima N, Hashimoto N, Chiba Y, Fujimoto Y, Sugiyama H,
Yoshimine T. Functional Roles of Wilms'" Tumor 1 (WT1) in
Malignant Brain Tumors. In: van den Heuvel-Eibrink MM, editor.
Wilms Tumor. Brisbane (AU)2016.

Qi XW, Zhang F, Wu H, Liu JL, Zong BG, Xu C, et al. Wilms'
tumor 1 (WT1) expression and prognosis in solid cancer patients: a
systematic review and meta-analysis. Sci Rep. 2015;5:8924.

Safa AR, Saadatzadeh MR, Cohen-Gadol AA, Pollok KE, Bijangi-
Vishehsaraei K. Glioblastoma stem cells (GSCs) epigenetic
plasticity and interconversion between differentiated non-GSCs and
GSCs. Genes Dis. 2015;2(2):152-63.

Gimple RC, Bhargava S, Dixit D, Rich JN. Glioblastoma stem cells:
lessons from the tumor hierarchy in a lethal cancer. Genes Dev.
2019;33(11-12):591-609.



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (12) 48- 58 58

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Uribe D, Niechi I, Rackov G, Erices JI, San Martin R, Quezada C.
Adapt to Persist: Glioblastoma Microenvironment and Epigenetic
Regulation on Cell Plasticity. Biology (Basel). 2022;11(2).
Valdes-Rives SA, Casique-Aguirre D, German-Castelan L,
Velasco-Velazquez MA, Gonzalez-Arenas A. Apoptotic Signaling
Pathways in Glioblastoma and Therapeutic Implications. Biomed
Res Int. 2017;2017:7403747.

Li M, Xiao A, Floyd D, Olmez I, Lee J, Godlewski J, et al. CDK4/6
inhibition is more active against the glioblastoma proneural subtype.
Oncotarget. 2017;8(33):55319-31.

Chidambaram A, Fillmore HL, Van Meter TE, Dumur CI, Broaddus
WC. Novel report of expression and function of CD97 in malignant
gliomas: correlation with Wilms tumor 1 expression and glioma cell
invasiveness. J Neurosurg. 2012;116(4):843-53.

Ramsawhook A, Ruzov A, Coyle B. Wilms' Tumor Protein 1 and
Enzymatic Oxidation of 5-Methylcytosine in Brain Tumors:
Potential Perspectives. Front Cell Dev Biol. 2018;6:26.

Bernstock JD, Vicario N, Li R, Nan L, Totsch SK, Schlappi C, et al.
Safety and efficacy of oncolytic HSV-1 G207 inoculated into the
cerebellum of mice. Cancer Gene Ther. 2020;27(3-4):246-55.
Takashima S, Oka Y, Fujiki F, Morimoto S, Nakajima H, Nakae Y,
et al. Syndecan-4 as a biomarker to predict clinical outcome for
glioblastoma multiforme treated with WT1 peptide vaccine. Future
Sci OA. 2016;2(4):FSO96.

Yokota C, Nakata J, Takano K, Nakajima H, Hayashibara H,
Minagawa H, et al. Distinct difference in tumor-infiltrating immune
cells between Wilms' tumor gene 1 peptide vaccine and anti-
programmed cell death-1 antibody therapies. Neurooncol Adv.
2021;3(1):vdab091.

Qji Y, Hashimoto N, Tsuboi A, Murakami Y, lwai M, Kagawa N, et
al. Association of WT1 IgG antibody against WT1 peptide with
prolonged survival in glioblastoma multiforme patients vaccinated
with WT1 peptide. Int J Cancer. 2016;139(6):1391-401.

Feucht A, Schmid A, Benz R, Schwarz H, Heller KJ. Pore
formation associated with the tail-tip protein pb2 of bacteriophage
T5. J Biol Chem. 1990;265(30):18561-7.

Parenti R, Salvatorelli L, Musumeci G, Parenti C, Giorlandino A,
Motta F, et al. Wilms' tumor 1 (WT1) protein expression in human
developing tissues. Acta Histochem. 2015;117(4-5):386-96.
Beduk-Esen CS, Gultekin M, Aydin GB, Akyuz C, Oguz KK,
Orhan D, et al. Ewing sarcoma in an infant and review of the
literature. Turk J Pediatr. 2019;61(5):760-4.

Katuri V, Gerber S, Qiu X, McCarty G, Goldstein SD, Hammers H,
et al. WT1 regulates angiogenesis in Ewing Sarcoma. Oncotarget.
2014;5(9):2436-49.

Parenti R, Cardile V, Graziano AC, Parenti C, Venuti A, Bertuccio
MP, et al. Wilms' tumor gene 1 (WT1) silencing inhibits
proliferation of malignant peripheral nerve sheath tumor sNF96.2
cell line. PL0S One. 2014;9(12):114333.

Srivastava A, Fuchs B, Zhang K, Ruan M, Halder C, Mahlum E, et
al. High WT1 expression is associated with very poor survival of
patients with osteogenic sarcoma metastasis. Clin Cancer Res.
2006;12(14 Pt 1):4237-43.

130.

131.

132.

133.

134.

Graziano AC, Cardile V, Avola R, Vicario N, Parenti C, Salvatorelli
L, et al. Wilms' tumor gene 1 silencing inhibits proliferation of
human osteosarcoma MG-63 cell line by cell cycle arrest and
apoptosis activation. Oncotarget. 2017;8(8):13917-31.

Bui MM, Han G, Acs G, Reed D, Gonzalez RJ, Pasha TL, et al.
Connexin 43 is a potential prognostic biomarker for ewing
sarcoma/primitive neuroectodermal tumor. Sarcoma.
2011;2011:971050.

Romeo R, Giofre SV, Carnovale C, Campisi A, Parenti R, Bandini
L, et al. Synthesis and biological evaluation of 3-hydroxymethyl-5-

(1H-1,2,3-triazol)  isoxazolidines. ~ Bioorg  Med  Chem.
2013;21(24):7929-37.
Szychlinska MA, Castrogiovanni P, Nsir H, Di Rosa M,

Guglielmino C, Parenti R, et al. Engineered cartilage regeneration
from adipose tissue derived-mesenchymal stem cells: A
morphomolecular study on osteoblast, chondrocyte and apoptosis
evaluation. Exp Cell Res. 2017;357(2):222-35.

Bozorgi A, Sabouri L. Osteosarcoma, personalized medicine, and
tissue engineering; an overview of overlapping fields of research.
Cancer Treat Res Commun. 2021;27:100324.



