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1. Introduction

1.1. Tumor networks

1.1.1. The role of tumor networks in oncology

In recent years, the discovery of functional and communicative tumor networks has refined
our understanding of oncology (Maas and Douw, 2023; Venkataramani et al., 2022).
Within brain tumors, these networks comprise cells that are spatially interconnected with
one another and with the surrounding microenvironment. They play crucial roles in
processes such as tissue development, homeostasis, and disease progression (An et al.,
2021; Bonifazi et al., 2009; Chen et al., 2022; Venkataramani et al., 2022; Zhou et al.,
2017). These cell-to-cell connections also serve as a bridge between local and distant
areas of the tumor (Douw et al., 2011).

Initially described in malignant astrocytic brain tumors, tumor networks have since been
identified in a variety of cancer types, including pancreatic and colon carcinomas (Desir
et al., 2019; Latario et al., 2020; Osswald et al., 2015). As research progresses, these
networks have become a focal point in neuro-oncology. For instance, gliomas form
intricate tumor networks that are electrically active and integrate into the brain's neural
circuitry. This integration occurs via specialized mechanisms, such as neuron-tumor
synapses, which facilitate communication between glioma cells and surrounding brain
tissue (Maas and Douw, 2023).

Besides neuron-tumor synapses, communication within homotypic tumor networks relies
on various cellular mechanisms, among which gap junctions (GJs) play a particularly
critical role. GJs facilitate direct intercellular signaling by enabling the exchange of ions,
metabolites, and signaling molecules between tumor cells (Osswald et al., 2015). This
synchronized cellular behavior supports metabolic cooperation, enhances therapy

resistance, and contributes to tumor progression. Understanding the role of GJs in tumor



networks is essential for uncovering their impact on cancer development and identifying

potential therapeutic targets.

1.1.2. The role of GJs and connexins in cellular communication and cancer
progression

GJs were firstly identified in the heart and liver of mice in 1967 (Revel and Karnovsky,
1967). Supported by substantial evidence, intercellular GJs have been suggested to
coordinate the communication between cells (Figure 1) (Osswald et al., 2015; Vicario et
al., 2017). This connectivity contributes to self-repair, regulation of cell growth, cell
differentiation, and homeostasis maintenance (Kandouz and Batist, 2010; Oliveira et al.,
2022; Osswald et al., 2015). Moreover, cell-to-cell communication relies on GJs to
exchange small molecules (less than 1.2-1.5 kDa), such as micro-RNA, glutamate,
glucose, ATP, cAMP, IP3, and ions. These junctions also facilitate the transmission of
signaling and electrical impulses to adjacent cells (Hong et al., 2015; Hu et al., 2013; Le
et al., 2014; Leybaert et al., 2017; Linkous et al., 2019; Osswald et al., 2015). Meanwhile,
GJs enable tumor cells to communicate with benign surrounding cells, such as stromal
cells, immune cells, and neural cells, thereby creating a tumor microenvironment (TME)
(Osswald et al., 2015; Virtuoso et al., 2024). Therefore, GJs are believed to play a crucial
role in contributing to tumorigenesis, resistance, and recurrence of malignant tumors (An

et al., 2021; Le et al., 2014; Osswald et al., 2015).
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Figure 1. Schematic representation of GJs function. GJs facilitate the exchange of
molecules and signals between cells, enabling effective intercellular communication
(modified from (Vicario et al., 2017)).

The connexin (Cx) family was identified following the recognition of GJs. Many scientific
studies aimed to understand the biophysical properties of Cx proteins (Goodenough, 1974;
Goodenough and Stoeckenius, 1972; Oliveira et al., 2022). Cx is a transmembrane protein
found in nearly all human cell types, particularly in the heart, liver, and brain (Leybaert et
al.,, 2017). There is a total of 21 Cx genes identified in the human genome and followed
by a numerical value corresponding to the molecular mass of the predicted polypeptide in
kilodaltons (kDa), including Cx26, Cx43, Cx34, and other Cx members (Beyer and
Berthoud, 2018; Leithe et al., 2018; Qi et al., 2023). A hemichannel (HC), also known as
a connexon, is composed of six Cx subunits and is embedded in the cell membrane. When
two HCs align and interact, they form a GJ, allowing intercellular communication (Figure

2) (Leithe et al., 2018). HCs can be further differentiated into homomeric or heteromeric



HCs, with the former formed between the same cell type and the latter formed between

different cell types (Vicario et al., 2017).
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Figure 2. The schematic illustration of Cx protein intracellular trafficking. Cx proteins
are synthesized in the endoplasmic reticulum. Six Cx oligomers assemble into a connexon
in the trans-Golgi network. Connexons are then transported to the plasma membrane as
HCs, and two opposing HCs form GJs. (as marked in red box, modified from (Leithe et al.,
2018)).

Cx43 (43 kDa, GJA1) clone was isolated from rat heart tissue in 1987, it is recognized as
the most expressed Cx protein. Cx43 is a transmembrane protein that is widely expressed
in over half of the human organs, with particularly high prevalence in the central nervous
system (CNS) (Beyer et al., 1987; Laird and Lampe, 2018; Meier and Rosenkranz, 2014).
The Cx43 protein comprises an intracellular amino acid domain (AT), four transmembrane
domains (TM), two extracellular loops, and one intracellular loop which contains

intracellular amino- (N-tail) and carboxyl-terminal ends (C-tail) (Figure 3) (Hu et al., 2013).

Like other Cx members, six monomers of Cx43 form connexon embedding in the plasma
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membrane and form hexameric HCs. Two hexameric HCs from counterpart cells form a

GJ at the intercellular interface (Figure 2).
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Figure 3. Cx43 protein structure diagram. Cx 43 is a transmembrane protein with four
transmembrane domains, two extracellular loops, an intracellular loop, N-term, and C-
term (modified from (Bonifazi et al., 2009)).

Cx43-based GJs play a critical role in human. For instance, Cx43 GJs help transmit heart
action potentials, facilitate interactions between neurons and glial cells, accelerate the
wound repair process, and mediate glial cell responses to CNS injury (Contreras et al.,
2004; Laird and Lampe, 2018; Liang et al., 2020; Meier and Rosenkranz, 2014; Qi et al.,
2023). Mutant Cx43 expression also links to some diseases (Delmar et al., 2018). Several
genetic diseases such as oculodentodigital dysplasia (ODDD), erythrokeratodermia
variabilis et progressiva (EKVP), and palmoplantar keratoderma (PKK) are extensively
studied in the context of Cx43 abnormalities (Delmar et al., 2018; Shibayama et al., 2005;
Srinivas et al., 2019). Given Cx43 unique physiological characteristics, researchers have

deeply investigated its therapeutic potential. Several approaches to target Cx43 have
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been developed, including Cx43 antibody, peptide mimetics, or the combination with Cx
modulators, depending on the cell types and specific illness (Laird and Lampe, 2018;
Riquelme et al., 2013). Currently, Cx43-targeted agents for diabetic skin wound healing,
reduction of scar formation, retinal injury, and cardiac ischemic injury are evaluated in

clinical trials (Laird and Lampe, 2018).

Cx43-based GJs are crucial for maintaining normal tissue homeostasis and play a
significant role in oncology and neurooncology. In cancer, Cx43 influences tumor cell
communication and modulates the tumor microenvironment, thereby contributing to tumor
progression. Beyond these traditional roles, Cx43 is also integral to the formation of tumor
microtubes (TMs)—thin membrane extensions derived from tumor cells, first identified by
Osswald et al. (Osswald et al., 2015). These structures facilitate the transport of calcium
ions and small molecules between cells via Cx43-based GJs. By enabling direct
intercellular communication, TMs contribute to the formation of tumor networks, promoting
cellular survival and resistance to therapies (Dominiak et al., 2020; Kanaporis et al., 2011;
Roehlecke and Schmidt, 2020). Furthermore, Cx43 has been found to be aberrantly
expressed in various types of tumors, including those of the liver, prostate, and mammary
glands (Wang et al., 2023). Due to its superior capacity for transporting molecules and
signaling compared to other Cx family members, Cx43 has emerged as a central focus of
oncological research (Dominiak et al., 2020; Kanaporis et al., 2011). Notably, Cx43-linked
GJs have been implicated in therapy resistance in glioblastoma (CNS WHO grade 4, IDH-
wildtype), where they form functional multicellular networks that enhance tumor resilience
and adaptability (Le et al., 2014; Osswald et al., 2015; Sun et al., 2012). Additionally, Cx43
has been linked to facilitating metastasis in various cancers, further underscoring its

critical role in tumor progression.
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1.1.3. Targeting Cx43-based GJs in tumor progression and metastasis

Notably, GJ communication is not limited to interactions between tumor cells but also
extends to benign cells in the surrounding microenvironment, such as astrocytes
(McCutcheon and Spray, 2022; Virtuoso et al., 2024). This intercellular communication
between carcinoma cells and astrocytes has been implicated in promoting brain
metastasis. Increasing evidence has shown that Cx43 contributes to brain metastasis,
and the formation of astrocyte—carcinoma GJs has been linked to the ability of carcinoma
cells to colonize and survive within the brain (Oliveira et al., 2022; Qi et al., 2023; Vicario
et al., 2017; Zhou et al., 2023). Chen et al. mentioned that breast and lung cancer cell
lines could engage Cx43 GJs of astrocytes via protocadherin 7 expression (Chen et al.,
2016). Through Cx43-mediated GJs, metastatic carcinoma cells can establish
connections with astrocytes, facilitating the transfer of ions, metabolites, and other small
signaling molecules, such as 2'3’-cyclic GMP-AMP (cGAMP). cGAMP can activate the
STING pathway in astrocytes, mediating the secretion of inflammatory cytokines like type-
| interferon (IFN) and tumor necrosis factor (TNF). This inflammation further promotes the
STAT1 and NF-kB pathways in tumor cells, supporting their growth, chemoresistance, and
spread, contributing to the metastatic process (Chen et al., 2016; Schneider et al., 2024).
Khair Elzarrad et al. also reported that Cx43 in breast cancer increased adhesion to lung
endothelial cells, promoting metastasis to the lung in a murine experimental model
(Elzarrad et al., 2008). This has sparked growing interest in exploring Cx43 as a potential
therapeutic target for inhibiting metastasis (Chen et al., 2016; Laird and Lampe, 2018;
Riquelme et al., 2013; Zhou et al., 2023). By blocking Cx43 channels or interfering with
GJ communication between astrocytes and carcinoma cells, it may be possible to reduce
metastatic colonization in the brain (Chen et al., 2016). This emerging understanding of

Cx43 and its role in facilitating metastasis highlights the importance of targeting GJ
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communication in oncology. Focusing on disrupting interactions between carcinoma cells
and their benign surroundings, such as astrocytes, could lead to the development of more
effective therapies to prevent or limit brain metastasis. It has been noted that GJs can
buffer the escalation of critical intracellular substance concentrations, thus reducing
cytotoxicity from radiotherapy or chemotherapy toward tumor cells. Consequently,
targeting these networks has emerged as a promising strategy to enhance therapeutic
efficacy. Disrupting tumor networks formed by Cx43-based GJs has gained attention as a

novel therapeutic approach.

1.2. GJ inhibitors as a therapeutic approach

This approach has spurred significant interest in developing inhibitors that specifically
target GJ-mediated communication, with the aim of counteracting tumor progression and
therapy resistance. Over the past 20 years, GJ inhibitors have been extensively studied
across various fields, including oncology, cardiology, and neurology. Among them,
carbenoxolone (CBX) is a widely recognized GJ inhibitor, extensively used in experimental
research since the 1980s for its ability to inhibit intercellular communication (Davidson et
al., 1986; Leshchenko et al., 2006; Manjarrez-Marmolejo and Franco-Perez, 2016).
However, its translational potential is limited due to challenges such as its inability to
effectively cross the blood-brain barrier (B.B.B.) (Leshchenko et al., 2006). In contrast,
meclofenamic acid (MFA) and tonabersat (TO) have emerged as some of the most widely
studied GJ inhibitors, offering distinct advantages for clinical and translational research.
Their unique properties make them particularly promising for exploring the therapeutic
potential of targeting GJ communication in aggressive tumors like medulloblastoma (MB)

(Figure 4).
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Figure 4. The function of GJ inhibitors, MFA and TO. The scheme illustrates that MFA
and TO can functionally block Cx43-GJs between tumor cells and adjacent cells, such as
astrocytes.
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MFA is a derivative of N-phenylanthranilic acid and is also one of the commonly used
FDA-approved nonsteroidal anti-inflammatory drugs (NSAIDs) in clinical practice.
Originally, MFA was intended to relieve chronic pain and inflammation, such as in
rheumatoid arthritis, by inhibiting COX-1 and COX-2, thereby interrupting the biosynthesis
of prostaglandins from arachidonic acid (Ning et al., 2013; Schneider et al., 2021a). With
increasing evidence, MFA was found to not only inhibit inflammation but also block ion
channels in human retinal pigment epithelial cells and disrupt electrical synapses in the
rat retina (Ning et al., 2013; Veruki and Hartveit, 2009). In the study of Veruki et al., MFA
demonstrated even at high concentration, still exhibit many desirable properties: strong
efficacy, water solubility, and relatively rapid reversibility (Veruki and Hartveit, 2009).
Those characteristics suggest that MFA is an appropriate GJ antagonist. Although there
is no strong evidence showing that MFA specifically targets Cx, it has been observed to
profoundly block Cx43-mediated intercellular communication in various cell types, from
rat kidney fibroblasts to human retinal pigment epithelial cells (Hauge et al., 2009; Ning et

al., 2013). Furthermore, MFA has previously been reported to inhibit GJ-mediated
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communication and cellular tethering in glioblastoma cells (Schneider et al., 2021a;
Schneider et al., 2021b). MFA interrupted of Cx43-based tumor microtubes (TM) from
functional and morphological perspectives. The decreased length of TMs led to the
disconnection of the network which can reduce the cytotoxic effect, thereby making
glioblastoma cells profoundly vulnerable to chemotherapeutic agents (Schneider et al.,
2021a; Schneider et al., 2021b). Additionally, MFA-mediated Cx43 inhibition yielded a
reduction of functional GJ coupling between human breast cancer cells and astrocytes
resulting in a prevention of brain metastasis formation (Chen et al., 2016). Few studies
have suggested that MFA or NSAIDs enable to cross B.B.B. in murine epilepsy models
(Bannwarth et al., 1989; Sinkkonen et al., 2003; Wallenstein and Mauss, 1984). However,
to date, the realistic evaluation of MFA levels in the human brain is lacking (Schneider et
al., 2021a; Schneider et al., 2021b). A german-wide clinical trial (MecMeth/NOA-24 trial,
EudraCT2021-000708-39) will first time measure the concentration of MFA in relapsed
glioblastoma tissue and uncover this mystery.

TO, the second GJ antagonist, is a novel benzoylamino benzopyran compound that has
been used to inhibit cortical spreading depression and neurogenic inflammation
(Silberstein, 2009). Moreover, TO exhibits a high affinity for a stereospecific binding site,
which is associated with GJs in neuronal, glial, and astrocyte cells (Silberstein, 2009;
Zoteva et al., 2024). Previous studies support that TO can interrupt the connection
between neurons and satellite glial cells of the trigeminal ganglion. As a result, TO may
effectively abolish pain transmission from trigeminal neurons (Damodaram et al., 2009;
Silberstein, 2009). Therefore, TO has been extensively studied for its potential to reduce
the frequency and severity of migraine attacks and is also being investigated as a
candidate for epilepsy treatment in clinical trials. It is known to effectively pass through the

B.B.B. (Durham and Garrett, 2009; Hauge et al., 2009). Moreover, TO can inhibit GJs
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between neurons and glial cells, which is relevant for treating migraines. Given that Cx43
shows predominant expression in the central nervous system (CNS), this suggests that
TO could be a promising inhibitor of Cx43-based GJs (Zoteva et al., 2024).

MFA and TO are promising GJ inhibitors known to disrupt Cx43-mediated communication,
with demonstrated potential in various cancer types and neurological conditions. However,
their application to more aggressive tumors like MB remains largely unexplored. MB is a
highly aggressive childhood brain tumor, and the role of Cx43 in its tumor networks has
yet to be thoroughly investigated. Given the distinct cellular morphology of glioblastoma
and MB cells, it is uncertain whether similar tumor networks exist in MB or if they could be
effectively disrupted pharmacologically. This uncertainty underscores the need for further

exploration of the therapeutic potential of targeting Cx43 in this context.

1.3. Medulloblastoma (MB)

1.3.1. MB: overview, epidemiology, and etiology

MB is the most prevalent malignant pediatric brain tumor, comprising over 20% of
childhood cerebral neoplasms and accounting for approximately 20% of all intracranial
tumors in children and 40% of all pediatric posterior fossa (PF) tumors (Figure 5.) (Choi,
2023; Rossi et al., 2008; Sun et al., 2012). It is classified as an embryonal neuroepithelial
tumor, with three-quarters of cases arising from the cerebellum and the fourth cerebral
ventricle. The incidence of MB is 0.41 cases per 100,000 individuals, with a peak
occurrence between the ages of 5 and 7 years, although about 30% of cases occur in
adults. MB is more common in males, with a male-to-female ratio of 1.7:1, although this
ratio varies across different subgroups of MB (Choi, 2023). Epidemiological data, including

from the SEER Program, show a higher incidence of MB in white children compared to
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black children, particularly in those older than 4 years of age (Geris and Spector, 2020;
Khanna et al., 2017).

The prognosis for MB varies widely, with five-year survival rates ranging from 50% to 90%.
Prognostic factors include the patient's age, molecular characteristics, and the amount of
residual tumor following surgery. While the exact etiology of MB remains unknown, studies
suggest a potential link to risk factors such as maternal diet, childhood viral infections (e.qg.,
human neurotropic JC virus and cytomegalovirus) (Baryawno et al., 2011; Bunin et al.,
2005; Krynska et al., 1999), and inherited cancer predisposition syndromes (e.g., Li-
Fraumeni syndrome, Gorlin syndrome, familial adenomatous polyposis) (Waszak et al.,

2018). However, routine genetic screening is necessary to confirm these associations.

Midline/fourth
ventricle

Dorsal brainstem / Cerebellum
Brainstem

Figure 5. The location and origin of MB. MB is a neuroectodermal tumor that originates
in the cerebellum or in the roof of the fourth ventricle (modified from (Northcott et al.,
2019)).

Cerebellar hemisphere
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1.3.2. Classification of MB

1.3.2.1. WHO Classification: Embryonal tumors group

According to the 5" edition of the WHO Classification of Tumors of the Central Nervous
System, published in 2021 (WHO CNS5), embryonal tumors are categorized into two
groups: MB and other CNS embryonal tumors, the later including atypical
teratoid/rhabdoid tumor (ATRT) (Louis et al., 2021). This classification is based on
advanced molecular diagnostics, as well as established developments in histology and

immunohistochemistry for tumor characterization (Louis et al., 2021).

1.3.2.2. Molecular and histological classification

MB is the most common type of embryonal tumors which is classified as CNS WHO grade
4. In the WHO CNS5 classification, MB can be categorized according to molecularly
defined or histological defined (Louis et al., 2021). Molecularly defined MB can be further
divided into four principal molecular groups: WNT-activated, SHH-activated with TP53-
wildtype, SHH-activated with TP53-mutant, and non-WNT/non-SHH (including former
group 3 and group 4 tumors) (Figure 6 and Table 2). Each molecular group has specific
origins and precursor cells is distinguished based on their distinct types of somatic
mutations, copy number alterations, transcriptional profiles, and clinical prognoses (Fang
et al., 2022; Kurdi et al., 2023; Menyhart and Gyorffy, 2019). Furthermore, using array-
based DNA methylation and transcriptome profiling, SHH-activated MB can be further
subdivided into 4 subtypes, SHH-1, SHH-2, SHH-3, and SHH-4 (corresponding to a, 3, y
and O, in Cavalli et al. Figure 6B), while non-WNT/non-SHH MB can be refined into 8
subtypes, as shown in Table 2 (Cavalli et al., 2017; Kumar et al., 2020; Louis et al., 2021;

Ray et al., 2021).
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Figure 6. The main features and characteristics of the WNT and SHH subgroups of
MB are summarized. The clinical characteristics of (A) WNT and (B) SHH are highlighted.
According to the WHO CNS5 classification, SHH-activated MB can be further divided into
four clinically and cytogenetically distinct subtypes based on TP53 status, designated as
SHH-q, -, -y, and -0 (corresponding to subtypes 1, 2, 3, and 4), with TP53-mutant and
TP53-wildtype tumors exhibiting distinct clinicopathological features. (modified from
(Cavalli et al., 2017; Kumar et al., 2020)).

Before WHO CNSS5 released, there were four morphological types in the histopathological
category: classic, large cell/anaplastic (LCA), desmoplastic/nodular (DN), and MB with
extensive nodularity (MBEN). Starting with WHO CNS4 (2016), an accurate diagnosis of
MB must consider both histopathological features and either molecular or genetic patterns
(Franceschi et al., 2019). For example, nearly all WNT-activated tumors exhibit a classic
pattern (Figure 6A) as most of non-WNT/non-SHH MBs (Table 1). The SHH-activated

molecular group typically presents with DN morphology or MBEN, while the LCA type
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aligns with the subtype Il of non-WNT/non-SHH (Franceschi et al., 2019; Louis et al., 2021).
These types are now combined into single category in the revised WHO CNS5 as MB,
histologically defined (Louis et al., 2021). Given the heterogeneity of MBs, an integrated
diagnosis is necessary to provide a clear definition and precise classification for

subsequent risk stratification (Table 1).

Integrated diagnosis of medulloblastoma

Genetically defined WNT-activated Non-WNT or non-SHH SHH-activated SHH-activated
Group 4* TP53™* TP53%T
Group 3*
ﬂ T [ T | I ﬂ
Histologically defined Classic Large cell/ Desmoplastic or Extensive
anaplastic nodular nodular

Medulloblastoma, not otherwise specified

Table 1. Integrated diagnosis of MB. The overview of the correlation of genetically
defined and histological defined MBs. Individual molecular group has specific association
to certain morphological features (modified from (Louis et al., 2021)).

1.3.2.2.1. WNT-activated MB

WNT-activated MB arises from lower rhombic lip progenitors and is characterized by the
activation of the WNT signaling pathway (Franceschi et al., 2019). WNT-activated MB
accounts for the smallest portion of MB cases, representing 10% (Kumar et al., 2020). It
is almost absent in infants (1%) and has an equal male-to-female ratio of 1:1, as shown
in Figure 6A. WNT tumors have a favorable prognosis, with a 90% long-term survival rate
(Clifford et al., 2006; Kool et al., 2012; Sharma et al., 2019; Taylor et al., 2012). Almost all

WNT-activated MB display classic morphology. It commonly contains somatic mutations
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in exon 3 of the CTNNB1 gene (catenin B-1, also known as [B-catenin) as well as
monosomy of chromosome 6 (Clifford et al., 2006; Ramaswamy et al., 2016). Moreover,
mutations in exon 3 of CTNNB1 lead to the cytoplasmic accumulation of 3-catenin, which
then translocate to the nucleus. This process can be observed through nuclear
immunohistochemical staining for B-catenin (Taylor et al., 2012). However, a gold
standard diagnosis for WNT-activated MB has not yet been established. Even with a
definitive WNT transcriptome profile, cases have been reported that do not present
monosomy of chromosome 6 (Northcott et al., 2011). Therefore, further investigation to
characterize WNT-activated WB is still required. Besides, given the high survival rate, it is
a noteworthy topic to gain insight into the underlying molecular mechanisms to avoid

overtreatment of patients (Taylor et al., 2012).

1.3.2.2.2. SHH-activated MB

Similar to WNT-activated MB, SHH-activated tumor exhibits abnormal activation of the
SHH signaling pathway (Funakoshi et al., 2023; Menyhart and Gyorffy, 2019). It has been
reported that SHH-activated MBs develop from cerebellar granule neuron progenitors.
These tumors account for approximately 30% of all MB cases and have the highest
incidence of germline mutations (Franceschi et al., 2019; Funakoshi et al., 2023). DN and
MBEN histological patterns are specifically associated with the SHH-activated group, with
the former being more common but the latter generally having a better prognosis (Cotter
and Hawkins, 2022; Ray et al., 2021). Based on the status of TP53 gene (tumor protein),
SHH tumor can be further categorized as SHH-activated TP53-wildtype and SHH-
activated TP53-mutant subgroups (Menyhart and Gyorffy, 2019). SHH-activated TP53-
wildtype tumors are more commonly found in adults and young children, and they have a

favorable prognosis, with an approximately 81% five-year overall survival (OS) rate
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(Menyhart and Gyorffy, 2019). SHH-activated tumors with TP53 mutation represent 21%
of all SHH-activated MB cases and have a five-year OS of about 41% (Menyhart and
Gyorffy, 2019). Contrast to the bimodal age distribution of SHH-activated TP53-wildtype,
most of TP53-mutant SHH commonly present in between ages 5 children and ages 18
teenagers (Cotter and Hawkins, 2022; Funakoshi et al., 2023; Menyhart and Gyorffy,
2019). Except for TP53, PTCH1 and SUFU mutations are often found in one-fifth of all
SHH-activated MB cases in infants (Menyhart and Gyorffy, 2019). Those mutations are
linked to genetic predispositions. For instance, Gorlin syndrome is connected with the
aberrations in the PTCH1 and SUFU genes, whereas Li-Fraumeni syndrome is associated
with TP53-mutation (Cotter and Hawkins, 2022; Menyhart and Gyorffy, 2019; Smith et al.,
2014). The predisposing genetic carriers can lead to multiple families’ cancers, including
the development of MB. Furthermore, based on clinical prognosis, the most affected
population, TP53 status, and different patterns of genetic alteration, SHH-activated group
can be further categorized into four subtypes according to WHO CNS5: SHH-1 (29% of
all SHH-MBs), SHH-2 (16%), SHH-3 (21%), and SHH-4 (34%) (Figure 6B) (Louis et al.,
2021; Ray et al., 2021). Certain gene mutations typically correspond to specific subtypes.
For instance, SHH-1 commonly demonstrates gene alterations in TP53 and ELP1 while
SMO and SUFU mutations are typically found in SHH-4 and SHH-1/-2, respectively
(Funakoshi et al., 2023; Suzuki et al., 2019; Waszak et al., 2020). Collectively, these
molecular stratifications reveal valuable targets and provide potential opportunities for

clinical therapies in SHH-activated MB.

1.3.2.2.3. Non-WNT/non-SHH-activated MB
Non-WNT/non-SHH MBs constitute the majority of MBs, accounting for approximately

60% of all cases. These tumors likely arise from neural progenitor cells and are associated
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with the worst outcomes (Franceschi et al., 2019; Northcott et al., 2014). In the WHO
CNSS5 classification, groups 3 and 4 are combined into this category, with the majority of
cases belonging to group 4 (Louis et al., 2021; Ray et al., 2021). Particularly, group 3 has
a comparatively worse prognosis, with a 5-year OS rate of less than 45% and a 39%
incidence of metastasis, which is the highest tendency for dissemination among all MBs
(Cavalli et al., 2017; Choi, 2023; Kool et al., 2012; Marquardt et al., 2023; Millard and De
Braganca, 2016). Group 4 has intermediated survival rate and the second highest
frequency of metastasis at 31% (Cavalli et al., 2017; Kool et al., 2012). Among non-
WNT/non-SHH MBs, males are twice as often to be affected as females (Kool et al., 2012).
Due to the epidemiology, histopathological differences, prognosis, and genetic alterations,
it can be further subclassified into 8 subtypes as shown in Table 2 (Mynarek et al., 2023;
Sharma et al., 2019). Subtype Il to IV solely belong to group 3 while subtype | and V to
VIII mainly or exclusively under group 4 (Mynarek et al., 2023; Northcott et al., 2017;
Sharma et al., 2019; Wu et al., 2022). Moreover, subtype | is least common whereas
subtype VIl is the most frequent and exclusive in group 4 (Northcott et al., 2017; Northcott
et al., 2014; Sharma et al., 2019). Notably, subtypes Il and Ill have the poorest 5-year OS
rate, as reported in the HIT2000 and I-HIT-MED cohorts (Mynarek et al., 2023; Sharma et
al., 2019). Meanwhile, subgroups VI, VII, and VIIl demonstrated a more favorable 5-year
progression-free survival rate, from 65% to 76% (Sharma et al., 2019). From copy-number
variants (CNVs) derived from the DNA-methylation array data set reveal a high correlation
between specific genetic events and certain subtypes (Table 2). For example, subgroups
Il and Il primarily display MYC amplification which is a hallmark of group 3 MBs,
accompanying upregulation of GFI/1 proto-oncogene. It has been demonstrated that the
combination of overexpressed MYC and activated GF/1 could lead to tumor growth

(Ghasemi et al., 2022; Northcott et al., 2014). Unlike MYC, the amplification of MYCN is
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enriched in subgroups V and VI (Ghasemi et al., 2022; Mynarek et al., 2023; Northcott et
al., 2017; Ray et al.,, 2021; Sharma et al., 2019). From the perspective of whole-
chromosomal aberrations (WCA), subgroups IV, VI, and VIl are characterized by two or
more signatures, including gains of chromosome 7 or losses of chromosomes 8 or 11.
These chromosomal aberrations are identified as markers of low risk in the HIT-SIOP
PNET4 cohort (Ghasemi et al., 2022; Goschzik et al., 2018; Mynarek et al., 2023).
Furthermore, isochromosome 17q (i17q) as a molecular feature in non-WNT/non-SHH
MBs, especially in subgroup VIII (Ray et al., 2021; Sharma et al., 2019).

The subdivision of non-WNT/non-SHH MBs not only reveals the dynamics of MB
development but also provides insights into risk stratification, potential therapeutic

approaches, and prognosis in clinical setting.
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Table 2. Overview of eight non-WNT/non-SHH MB subtypes (WHO CNS5
Classification). A comparison of each subtype is made based on epidemiology,
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histological morphology, prognosis, and molecular features (modified from (Sharma et al.,
2019)).

1.3.3. Clinical features of MB

1.3.3.1. Symptomatology and diagnostics

MB is well-known for its rapid growth rate, with patients often displaying symptoms within
weeks to months. Since MBs are usually located in the cerebellum, patients often exhibit
difficulties with balance control and coordination, as well as increased intracranial
pressure. The most common manifestations are vomiting, morning headaches,
psychomotor regression, and lethargy (Brasme et al., 2012; Millard and De Braganca,
2016).

In clinic, radiographic differential diagnosis is a vital step to differentiate MB in PF lesion
with ependymoma, ATRT and pilocytic astrocytoma, and metastasis (Eran et al., 2010;
Millard and De Braganca, 2016). MBs display unique imaging features on both computed
tomography (CT) and magnetic resonance imaging (MRI) (Millard and De Braganca,
2016). On CT, MBs frequently appear as hyperdense masses with distinct contrast
enhancement. The images often show accompanying cysts or necrosis, and calcification
can be observed in 10-20% of MB cases. On MRI, MBs appear hypointense compared to
gray matter on T1-weighted imaging. Additionally, 90% of patients exhibit increased

heterogeneity with gadolinium enhancement (Millard and De Braganca, 2016).

1.3.3.2. Therapeutic approach, side effects, and ongoing trials
After initial staging with MRI of the brain and spine, cerebrospinal fluid analysis, and
classification, the standard therapy for resectable MB includes maximal safe surgical

resection, followed by the Packer chemotherapy regimen (vincristine, lomustine
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(Chlorethyl-Cyclohexyl-Nitroso-Urea, CCNU), and cisplatin) and craniospinal irradiation
(CSI) for patients older than 3 years (Franceschi et al., 2019; Kocakaya et al., 2016; Ning
et al., 2015; Rutkowski et al., 2010; Young et al., 2023). Conventionally, surgery tumor
excise is still the first step. However, excess remaining tumor tissue has been shown
significantly with the worse outcomes (Michalski et al., 2021; Young et al., 2023).
Therefore, neurosurgeons excise feasibly as much of tumor (nearly gross total resection)
without causing new neurological impairments. Adult patients should receive systemic
chemotherapy besides resection and radio therapy. However, the chemo-regimen still
remains being adjusted since is mainly based on pediatric trails. It also needs to consider
the time of diagnosis and the status of patients (Franceschi et al., 2019; Juraschka and
Taylor, 2019; Kocakaya et al., 2016; Rajagopal et al., 2017).

Since MB tumors can attach to some critical CNS tissues like brainstem, aggressive
resection may still cause irreversible neurological complications (Kocakaya et al., 2016;
Thompson et al., 2016). The patients usually exhibit cerebellar mutism syndrome with
speech deficits, labile emotion, and ataxia, sometimes accompanying brainstem
dysfunction like dysphagia and facial or abducent nerve impairments (Juraschka and
Taylor, 2019; Robertson et al., 2006; Thompson et al., 2016). Moreover, after CSI and
multiagent chemotherapy, younger children often develop neurocognitive impairment,
hearing loss, pituitary hormone deficiency, and cerebrovascular disease (Franceschi et
al.,, 2019; Juraschka and Taylor, 2019). For adolescents and adults, delayed
hematological toxicity and neurotoxicity is a key issue should be followed up (Franceschi
et al., 2019). Furthermore, in a nearly thirty-year cohort of the Childhood Cancer Survivor
Study, despite an extended lifespan, MB survivors face a diminished quality of life due to
disabling chronic health conditions (such as cognitive sequelae and subsequent

neoplasms) and mental health issues (Salloum et al., 2019). Particularly among adult
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survivors, nearly 45% require psychosocial intervention to monitor and address anxiety
and depression (Franceschi et al., 2019).

With the aim of improving the quality of life for MB patients, more effective and less
invasive alternative therapies are being investigated. The molecular classification of MB
has promoted the development of personalized medicine, which is tailored to specific
markers or molecular pathways. For WNT-activated MBs, the goal is to avoid
overtreatment, potentially even without radiotherapy, while maintaining good survival
outcomes. In a trial (NCT01857453), de-escalated treatment for intermediate-risk patients
involves dose-reduced radiotherapy combined with chemotherapy. Additionally,
tomotherapy and proton therapy are being considered as alternatives to radiotherapy
(Franceschi et al., 2019). Concerning SHH-MBs, antagonists of the smoothened (SMO)
receptor, such as vismodegib (GDC-0449) and sonidegib, have increased patients’
progression-free survival (Bautista et al., 2017; Juraschka and Taylor, 2019; LoRusso et
al., 2011). Moreover, the CK2 inhibitor CX-4945 is currently being evaluated for its
potential benefits in treating recurrent SHH MBs (NCT03904862) (Purzner et al., 2018).
Regarding non-WNT/non-SHH MBs, which have the worst clinical outcomes, various
preclinical trials are developed to aim at mutant markers. For instance, a combination of
the inhibitors of PI3K pathway inhibitors (Buparlisib) and histone deacetylase
(Panobinostat) or BET-bromodomain (JQ1), is used to target MYC expression.
Additionally, the downregulation of GFI1/GFI1B overexpression can be achieved through
the use of LSD1 inhibitors (GSK-LSD1 and OBV-1001) (Bandopadhayay et al., 2014;
Juraschka and Taylor, 2019; Lee et al., 2019; Pei et al., 2016). Altogether, these trials
drive the treatment of MBs toward more effective, precise, and safer approaches.
Nevertheless, the immunotherapeutic approach has several limitations. For instance, it

relies on the patient’'s immune system to recognize and destroy tumor cells (Guido et al.,
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2022). These restrictions emphasize an urgent clinical demand for being implemented in
prospective clinical studies. Furthermore, the ability to cross the B.B.B. remains a

significant challenge.

1.3.4. Prognosis factors in MB

The prognosis dependents on MB patient’'s age, group type, tumor infiltration stage,
mutation of genes, postoperative residual tumor size, pathological morphology, and extent
of metastasis (Franceschi et al., 2019). Depending on these factors, patients can be
stratified into low, intermediate, and high-risk groups (Table 3). It is noteworthy that the
outcomes differ from adults, infants, and children, even within the same category. Overall,
for intermediated risk group older than 3 years old, the long-term survival rate can reach
70-80% (Aref and Croul, 2013). Lower life expectancy between 6 months and less 10%
of 2-year survival is observed in high-risk group. This includes patients younger than 3
years old, those with a residual tumor larger than 1.5 cm?, and/or those with metastasis
(Franceschi et al., 2019). Generally, adults with the histological diagnosis of large
cell/anaplastic are consider as a high-risk population (Brown et al., 2000; Franceschi et
al., 2019). Non-WNT/non-SHH MBs in adult patients have worse outcomes than children.
SHH-activated MBs with TP53 mutant serve an unfavorable outcome compared to those
with TP53 wildtype (Franceschi et al., 2019). To date, prognostic evaluations are based
on pediatric trails and are not firmly unconfirmed in adults. Prospective validation for adult
patients will be essential in future trials.

Even if MB patients can survive after aggressive treatments, it is vital to not only to address
long-lasting complications but also the high risk of relapse (Slika et al., 2024). Furthermore,
multiple studies have noticed that recurrent tumors have significantly diverse cellular

genetic profiles compared to the original tumors, even without switching subgroups (Chen
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et al., 2023; Morrissy et al., 2016; Slika et al., 2024). Although the reason for relapse has
not yet been determined, it is assumed that recurrent tumors undergo clonal selection
after conventional therapeutic approaches. As a consequence, the original genomics
therapy loses their target and become less effective. Additionally, chemoresistance may
arise from the interaction between tumors and the TME through intertumoral
communication of tumor network (Osswald et al., 2015; van Bree and Wilhelm, 2022;

White et al., 2024).

Risk Category Low Risk Standard Risk High Risk Very High Risk
Survival (%) >90 75-90 50-75 <50
Non-metastatic,
. TP53 WT and no One or both: .
Subgroup, Non-metastatic MYCN amplification » Metastatic TP53 Mutation
clinical and * MYCN amplification
Non-metastatic and no
molecular . MYC amplification
characteristics Non-metastatic _ _
and Chromosome | Non-metastatic and no Metastatic Metastatic
11 loss chromosome 11 loss

Table 3. Suggested risk classification for non-infant MB. This proposed risk
stratification is based on clinical and molecular criteria. The classification system groups
MB into subtypes: WNT (blue), SHH (red), group 3 (yellow), and group 4 (green). Each
subgroup's characteristics, including clinical features and molecular markers, are reflected
in the boxes (modified from (Juraschka and Taylor, 2019; Ramaswamy et al., 2016)).

1.3.5. Tumor networks in MB

Even if MB patients can survive after aggressive treatments, it is vital to not only to address
long-lasting complications but also the high risk of relapse (Slika et al., 2024). Although
the mechanisms underlying relapse remain unclear, it is thought that recurrent tumors
undergo clonal selection after conventional therapies, causing genomic therapies to lose
their targets and become less effective. Additionally, chemoresistance may develop

through interactions between tumors and the TME, facilitated by intertumoral
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communication within tumor networks (Osswald et al., 2015; van Bree and Wilhelm, 2022;
White et al., 2024).

Tumor networks have been extensively studied in various cancer types, but research on
MB, particularly those involving Cx43-based GJs, remains limited. Cx43 GJs have been
recognized for their ability to enhance therapeutic effects in MBs by transmitting cytotoxic
compounds from transduced cells to adjacent non-transduced cells, a process known as
the bystander effect (BE) (Li et al., 2011). Sun et al. demonstrated that increasing Cx43
expression in Daoy MB cells enhanced cytotoxicity through the BE in the herpes simplex
virus thymidine kinase/ganciclovir (HSVtk/GCV) system (Sun et al., 2012). Supporting
this, Li et al. observed significant tumoricidal effects both in vitro and in vivo after
upregulating Cx43 expression in Daoy MB cells (Li et al., 2011). These findings confirmed
a positive correlation between Cx43 levels and the BE while highlighting the potential for
Cx43-targeted therapies in MB. However, the HSVtk/GCV suicide system failed to show
a significant impact on tumor progression or survival in a clinical trial, likely due to limited
vector dissemination in phase lll (Rainov, 2000). Collectively, these studies underscore
the therapeutic promise of GJs, positioning Cx43 as a compelling target for MB treatment

strategies.

1.4. Aim

This study investigates whether MB cells, particularly those from the non-WNT/non-SHH
group, are organized into a cellular network and explores the potential role of Cx43-based
GJs in maintaining this connectivity. To achieve this, we will first pharmacologically target
intercellular GJs and assess their impact on the morphological connectivity of tumor cells,
as well as key cellular processes such as proliferation and cell death. MFA and TO were

selected for their proven GJ-inhibiting properties. Additionally, MFA is an FDA-approved
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drug, and TO has the ability to cross the B.B.B., making them suitable candidates for this
study. In the next phase, we will evaluate whether this potential cell-isolating effect could
enhance the efficacy of chemotherapeutic agents commonly used in clinical settings.
Through 3’-mRNA sequencing, we aim to identify critical cell signaling pathways
associated with this pharmacological approach. Finally, we will employ a Cx43-knockout
(KO) model to validate whether the effects observed with pharmacological GJ inhibition
are specifically attributable to the inhibition of Cx43.

A key focus of this project is to determine whether MB cells form tumor networks and to
understand the role of Cx43-based GJs within these networks. Additionally, the study
evaluates whether disrupting these connections through pharmacological inhibition or
genetic KO can weaken tumor interactions and enhance the efficacy of chemotherapeutic
agents. This approach holds the potential to pave the way for innovative therapeutic

strategies against MB.
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2. Materials and Methods

2.1. Materials

2.1.1. MB primary human cell lines

MEB-MEDS8A (Med8A) and D283Med (D283) cell lines were kindly provided by Prof. Dr.
Torsten Pietsch (Department of Neuropathology, University of Bonn Medical Center, Bonn,
Germany). The Cx43 KO clone of Med8A was generously generated in PD Dr. Mike-
Andrew Westhoff's lab (Department of Pediatrics and Adolescent Medicine, Ulm
University Medical Center, Ulm, Germany), as previously described (Tews et al., 2019).

All cells used in this study were adherent.

2.1.2. Chemicals and reagents
2.1.2.1. Culture medium for MB cells
Table 4. List of culture medium components for MB cells

MB culture medium

Product Manufacture Concentration
Dulbecco’s Modified Eagle Medium Gibco™ (11965092)
Fetal bovine serum (FBS) Gibco™ (10270106) 10%
L-glutamine Gibco™ (A2916801) 4 mM
Penicillin/streptomycin Gibco™ (15140122) 1%
Puromycin Gibco™ (A11138-03) 1 pg/mL

(only for maintenance of Cx43 KO clone)

Sodium pyruvate Gibco™ (11360070) 1 mM
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2.1.2.2. Pharmaceutical compounds

Table 5. List of pharmaceutical compounds and dissolution

Drug
Product Manufacture Stock Solvent
Concentration
Lomustine Merk (L5918) 100 mM Ethanol
(CCNU)
MFA Sigma (M4531-5G) 100 mM Ampuwa water
TO Sigma 50 mM Dimethyl sulfoxide
(SML1354-5mg) (DMSO)
2.1.2.3. Laboratory consumables
Table 6. List of laboratory consumables
Laboratory consumables
Product Manufacture
10 mL serological pipette Sarstedt (861254001)

1000 pL tip
15 mL falcon
200 pL tip
24-well standard culture plate
25 mL serological pipette
5 mL serological pipette

50 mL falcon

6-well standard culture plate
75 cm? cell culture flask (T75)

96-well standard culture plate

Sarstedt (70.3050)

Thermo Fisher Scientific (339650)

Sarstedt (70.3030)
Sarstedt (833922)
Sarstedt (861685001)
Sarstedt (861253001)

Thermo Fisher Scientific (339652)
Sarstedt (833920)

Sarstedt (833911002)

Sarstedt (833924005)



34

Absolute ethanol AppliChem GmbH (11234904)
Ampuwa® water Apotheke (30200555)
Combi tips advanced 5mL Eppendorf (30089456)
DMSO AppliChem GmbH (67-68-5)
Dulbecco's Balanced Salt Solution (DPBS) Gibco™ (14190169)
Eppendorf® Combitips Advanced® 5 mL Eppendorf (30089456)
Eppendorf® Microtube 1.5 mL MerK (EP0030125150)
Eppendorf® Safe-Lock micro test tubes 2 mL MerK (EP0030123344)
Filter 10 uL tip Starlab (S1121-3810)
Filter 1000 pL tip Sarstedt (703050275)
Peha-soft nitrile gloves, powder-free (S) Hartmann
TrypLE Gibco™ (12604013)

2.1.3. Equipments
Table 7. List of instruments and devices
Equipments
Product Manufacture

MQuant microplate spectrophotometer Biotek Instruments

Cell counter chamber Glaswarenfabrik Karl Hecht

GmbH & Co KG
Cell culture CO? incubator Heraeus
Centrifuge 5415 R Eppendorf
Centrifuge 5810 R Eppendorf

Grant Y22 Thermostatic water bath Grant
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Lionheart FX Automated Microscope Agilent
Magnetic stirrer Heidolph ((MR 3001))
Odyssey® DLx LI-COR Biosciences
S20 SevenEasy™ pH meter METTLER TOLEDO

Safety Cabinet Heraeus

VisiScope CSU-W1 with VS-Homogenizer Spinning Nikon
Disk (VisiScope CSU-W1)
Vortex mixer IKA-Werke

2.1.4. Softwares

Table 8. List of softwares

Software

Product Manufacture

Microsoft Excel Microsoft
Image J National Institutes of Health, Bethesda,

USA
FlowJo V10.4 FlowJo LLC, Oregon, USA
GraphPad PRISM V9.5.1 GraphPad Software, San Diego, USA
Adobe lllustrator 2023 V27.7 Adobe, San Jose, USA

RV4.3.0

Genb software Agilend

CLx Infrared Imaging System version 6.0 LI-COR

2.1.5. Specific reagents and consumables for experiments
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2.1.5.1. Immunofluorescence (IF) staining

Table 9. List of chemicals, antibodies, and materials for IF staining

Product

Round glass coverslips (12mm)

16% paraformaldehyde
Triton X-100
Bovine serum albumin (BSA)

Rabbit polyclonal
anti-connexin-43
Goat anti-rabbit
Alexa Fluor 647
Phalloidin-iFluor 488

Hoechst 33342 (10mg/mL)
ProLong™ Diamond Antifade
Mountant

Glass microscope slides

VisiScope CSU-W1 with VS-
Homogenizer Spinning Disk

IF staining

Manufacture Concentration

Carl Roth (P231.1)

1:4 in culture medium to
have 4% dilution
10 yL in 10mL DPBS to
have 0.1% dilution
2 gin100mL DPBS to
have 2% solution
1:500 in 2% BSA solution

Polysciences, Inc.
(18976)
Sigma (T8787)

Carl Roth (80762)
Sigma (C6219-25UL)
Sigma (AF555) 1:500 in 2% BSA solution
1:1000 in 2% BSA
solution

1:10000 in DPBS dilution
(Tpg/mL)

Abcam (AB176753)

Thermo Fisher Scientific
(H3570)
Thermo Fisher Scientific
(P10144)
Thermo Fisher Scientific
(160005)

Nikon
(VisiScope CSU-W1)
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2.1.5.2. Cell viability assay (MTT assay)

Table 10. The kit for MTT
MTT assay

Product Manufacture

CellTiter 96® AQueous One Solution Cell Proliferation Assay Promega (G3581)
(MTT assay)

2.1.5.3. Cell proliferation assay (ELISA Bromodeoxyuridine (BrdU))
Table 11. The kit for BrdU
ELISA BrdU
Product Manufacture

Cell Proliferation ELISA, BrdU Roche Applied Science (11647229001)
(colorimetric)

2.1.5.4. Western blot (WB) analysis

Table 12. The kit, buffers, chemicals, and antibodies for WB

WB
Product Manufacture Concentration
Bicinchoninic Acid (BCA) Protein Thermo Fisher
assay Scientific
(23225)
Protein ladder Thermo Fisher 3 ul per well
Scientific (26616)

Any kD™ Mini-PROTEAN® TGX™ BioRad (4569034)
precast protein gels
0.45 pm Nitrocellulose membrane Amersham (88018)

Vertical gel electrophoresis system Bio-Rad
with electrophoresis power supply (1645052)



Blocker™ Casein

Rabbit polyclonal anti-Cx43

Mouse monoclonal anti-f3-actin
antibodies

Donkey anti-mouse 1gG

Donkey anti-rabbit IgG
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Thermo Fisher

(37582)
Sigma
(C6219-25UL)
Sigma
(A1978)
LI-COR Biosciences,
IRDye® 680RD
(926-68072)
LI-COR Biosciences,
IRDye® 800CW
(926-32213)

1 M Tris-HCI buffer

Product

Tris base

ddH20

Manufacture

Carl Roth
(4855.1)

1:2000

1:10000

1:10000

1:10000

Concentration

6.05¢g

Up to 50 mL

Adjust to the desired pH 6.8 using 37 % HCI solution

1x RIPA lysis buffer

1M Tris-HClI
1M NaCl
1M MgCl,

20% Triton-X 100

ddH20

Halt Protease Inhibitor-Cocktail

Benzonase

Carl Roth (3957.1)

Carl Roth (2189.1)
Thermo Fisher
Scientific
(2315025)

Thermo Fisher
Scientific
(78429)
Merck (71206-3)

pH 8.0; 2.5 mL
1M; 7.5 mL
1M; 1.25 mL

0.5mL

Up to 50 mL

10 pL/mL

0.5 uL/mL
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4X Laemmli buffer

1M Tris-HCI pH 6.8, 10mL
20% SDS Carl Roth (2326.1) 20 mL
B-Mercaptoethanol Thermo Fisher 3 mL
Scientific (M6250)
Glycerol Carl Roth (3783.1) 17 mL
Bromophenol blue Thermo Fisher 0.1g
Scientific (B0126)

PBST wash buffer

PBS 200 mL
0.05% Tween20 Carl Roth (9127 .1) 100 pL
10X T buffer

Tris base Carl Roth 30.3 ¢
(4855.1)

Glycine Carl Roth 143 g
(0079.1)

ddH20 Up to 1000 ml

Electrophoresis running buffer
10X T buffer 200 mL
20 % SDS Carl Roth (2326.1) 10 mL
Blotting buffer
10X T buffer 200 mL
Methanol Carl Roth (1A9L.1) 400
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2.1.5.5. Flow cytometric measurement

Table 13. The buffers, chemicals, consumables, and device for flow cytometric
measurement

Flow cytometry

Product Manufacture
FACS tubes SARSTEDT (551579)
FACS-Canto Il

Becton Dickinson
FlowJo Software Ashland (Version 10.4)

Propidiumiodide (Pl) staining buffer

Product Manufacture Concentration
0.1 % trisodium citrate Merck (1.37042.1000) 95 mL
dihydrate solution
Pl stock (1 mg/mL) SIGMA (P4170) 5 mL, final 50 pg/mL
Triton X-100 SIGMA (T8787) 100 L

2.1.5.6. Transduction of ZsGreen (ZsG) in Med8A
Table 14. The reagents and chemicals of ZsG transduction

ZsG transduction of Med8A cell line

Product Manufacture
rLV.EF1.Zsgreen1-9 Clontech (0010VCT)
Polybrene® Santa Cruz Biotechnology (TR-1003)

Puromycin Gibco (A11138-03)
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2.1.5.7. Generation of Cx43- KO clone via Clustered Regularly Interspaced Short

Palindromic Repeats/ Nuclease 9 (CRISPR/Cas9) gene editing

Table 15. The kit, chemicals, device, and single guide RNA (sgRNA) sequence of
Cx43 KO clone generation

Generation of Cx43 KO clone

Product Manufacture
Multiple Lentiviral Expression (MuLE) Kit Addgene (#1000000060)
Quick Ligase New England Biolabs
LR Clonase Il Plus Thermo Fisher Scientific
Sleeping Beauty Transposase pCMV(CAT)T7-SB100 Addgene (#34879)
Neon Transfection System Thermo Fisher Scientific
sgRNA Target Strand of sgRNA sequence
Gene sgRNA
Cx43/3 GJAT - TGAGCCAGGTACAAGAGTGT
Non-targeting GGTCACCGATCGAGAGCTAG

2.1.5.8. Preparation of 3’ RNA sequencing

Table 16. The kit, chemicals, and device of RNA extraction and library preparation
and 3' RNA-sequencing

RNA extraction and library preparation and 3' RNA-sequencing

Product Manufacture
RNeasy mini kit Qiagen (74004)
Nuclease-free water NEB (B1500S)
Nanodrop One Thermo Fisher Scientific

TapeStation System Agilent
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QuantSeq FWD 3’-mRNA-Seq Kit Lexogen

NovaSeq 6000 lllumina

2.2. Methods

2.2.1. MB cell culture and growth condition

The human primary MB cell lines were cultured in the medium described in Table 4, in a
humidified incubator at 37°C with 5% CO.2. The Cx43 KO clone was maintained under the
same conditions as the wild-type cells, with the addition of puromycin in the culture
medium. The Cx43 KO clone was maintained under the same conditions as the wild-type
cells, with puromycin included in the culture medium. However, puromycin was not added
during the experiments performed in this study. Cell confluency was maintained at 80%,
and cells were passaged at a 1:4 to 1:5 ratio to avoid overgrowth. After aspirating the old
medium, cells were treated with warm TrypLE to detach them. Following a 3 mins
incubation in the incubator, fresh medium was added to stop TrypLE reaction. The cell
suspension was then transferred to a new tissue-treated flask containing fresh medium

according to the dilution ratio.

2.2.2. Drug dissolution

CCNU, MFA, and TO were dissolved in corresponding dissolvent, ethanol, Ampuwa®
water, and DMSO, respectively (Table 5). After obtaining 100 mM of CCNU and MFA and
a 50 mM stock of TO, all stocks were aliquoted and stored at -20°C. For all experiments,
concentrations of 10 uM CCNU, 50 uM MFA and 50 uM TO were used, unless indicated

otherwise.
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2.2.3. IF staining, imaging, and quantification

2.2.3.1. Staining procedure and image acquisition

For IF staining, Med8A cells were seeded in a cell culture 6 well-plate at a density of 240
x 108 cells/well and 200 x 10° cells/well of D283 cells on glass coverslips. The adherent
cells were fixed after three days seeding with 4% PFA at room temperature (RT) for 15
min followed by permeabilization with 0.1% Triton X-100 and washing three times with
DPBS. To prevent non-specific antibody binding, blocking was performed with a 2% BSA
solution. The primary antibody, rabbit polyclonal anti-Cx-43 (1:500) was added 50 ul to
each coverslip and incubated overnight, and protected from light at 4°C. The next day, the
coverslips were washed three times with DPBS, followed by incubation with 50 pL of the
solution containing the secondary antibody, goat anti-rabbit Alexa Fluor 647 (1:500), and
control strain Phalloidin-iFluor 488 (1:1000), for 45 minutes at RT, protected from light.
Subsequently, the coverslips were washed three times with DPBS, and the nuclei were
stained with Hoechst 33342 for 5 minutes at RT, protected from light.

After washing twice in DPBS and once in H20, the coverslips were finally mounted on
glass slides with Prolong Gold.

Confocal images were acquired on the spinning disc microscope, with the 10x, 20x and
40x objective. Z-stack images were acquired to capture the growth of MBs as overlapping
clusters. The acquired fluorescence channels were 405, 488 and 640 for Hoechst, Alexa-
488 and Alexa 647 fluorophores, respectively. The exposure time and laser strength
settings for the acquisition of wild-type MB cells at 40x magnification were as follows:
channel 405 at 500 ms, laser strength 25; channel 488 at 200 ms, laser strength 8; and
channel 640 at 250 ms, laser strength 10. For the acquisition at 40x magnification, the
settings for comparing the #KO2 and #C2 clones were as follows: the exposure time was

maintained at 250 ms across all channels, with laser strengths set to 40 for channel 640,
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45 for channel 405, and 8 for channel 488. The binning was consistently set to 1. Each
parameter settings were kept constant for the acquisition for the same experiment. Three
regions of interest (ROI) were randomly selected from per coverslip, which were further

used for quantification for both MB cell lines.

2.2.3.2. ImageJ quantification

The intensity of the Cx43 was evaluated semi-quantification from 40x images by ImageJ.
Firstly, the image of Alexa-647 single channel was adjusted via Otsu threshold to separate
pixels into two classes, foreground and background, following “Particle Analysis”. Open
again the original image of Alexa-647 single channel to process “Multiple Measurements”
via ROl manager. Afterwards, transformed the data of “Multiple Measurements” to .excel
through the plugin “Read And Write Excel”. In Excel, summed up the “Value of Mean” of
each particle and withdrew the background noise. The cell nuclei were counted manually
to represent the total number of cell number in the image. Finally, the average intensity of
Cx43 was the sum of Value of Mean divided with the total nuclei number of the analyzed

image.

2.2.4. Cell viability assay (MTT assay)

Cell viability was monitored by CellTiter 96® AQueous One Solution Cell Proliferation
Assay, measuring the reduction of a tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTT) to formazan
as described previously (Willems et al., 2011). Primary cells were seeded in flat bottom
96-well standard plates at a density of 1.5 x 102 cells/well. After overnight cultivation, the
medium was replaced with the medium containing the drug with proposed concentrations

of CCNU (0, 0.1, 0.5, 1, 5, 10, 20, 50, and 100 uM), MFA (0, 0.1, 0.5, 1, 5, 10, 20, 50, and
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100 uM) or TO (0, 0.1, 0.5, 1, 5, 10, 20, 50, and 100 uM) for 72 hours (hrs) and 144 hrs.
Ethanol, ampuwa water, and DMSO were used to be vehicle control to check the toxicity
of the solvent for MB cells. On the day reaching 72 hrs and 144 hrs, the viability of cells
was measured by aspiring old medium and adding 100 pL of mixture of 1 portion CellTiter
96® reagent to 4 portions of MB culture medium. After an incubation for a 3-hr incubation
at 37°C, whole plate was covered with aluminum foil before measurement. Viability was
determined by measuring the optical density (OD) at 490 nm, with a reference wavelength
of 630 nm for background measurement, using a pQuant microplate spectrophotometer.
All values were corrected for background noise and normalized to the mean OD of the
control (culture medium only). Each experiment was conducted in biological and technical
triplicates. The IC50 values were calculated using the drm function in R, which fits a dose-

response curve using non-linear regression.

2.2.5. Cell proliferation assay (ELISA BrdU assay)

Cell proliferation of MBs was evaluated by quantitation of DNA synthesis with Cell
Proliferation Elisa, BrdU Kit, as described previously (Bundscherer et al., 2017). Primary
MB cells were seeded at a density of 1.5 x 103 cells per well on a 96-well standard plate.
After overnight cultivation, the cells were treated with proposed concentrations of CCNU
(10 uM), MFA (50 uM) or TO (50 uM) and culture medium as control, following every 48
hrs additional new culture medium or drug-containing medium treatment. At the day
reaching 72 hrs and 144 hrs treatment, old medium was removed and 10 yL BrdU
Labeling Solution (100 uM) was added to the wells and incubated for 3 hrs at 37°C. Then,
the culture medium was aspired and cells of each well were fixed by adding 200 pL
FixDenat solution for 30 min at RT. Subsequently, the solution of anti-BrdU antibody

coupled with horseradish peroxidase was added 100 uL to each well for 90 min at RT to
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bind to BrdU labeling. Colorimetric reaction was produced by adding 100 pL
tetramethylbenzidine substrate per well. BrdU incorporation was quantitated
colorimetrically at 370 nm and a reference wavelength of 490 nm via the pQuant
microplate spectrophotometer. All values were normalized with the mean value of control.

Each experiment was performed biological and technical triplicate.

2.2.6. Protein extraction, quantification and WB analysis of Cx43 protein

2.2.6.1. Protein extraction

Total protein extract from cultured cell pallet was prepared in 1x RIPA lysis buffer with the
supplements 10 yL/mL Halt Protease Inhibitor-Cocktail and 0.5 uyL/mL Benzonase on ice
30 min. The cell lysate was at 13200 rpm, 4 °C for 10 min, and the supernatant was

transferred to a new 1.5 mL epi for subsequent BCA analysis.

2.2.6.2. BCA assay

The protein concentrations were determined by BCA Protein Assay as instruction. The
BSA standard dilution with different concentrations were plated in triplicates, the protein
extractions from 2.2.6.1. were also placed in duplicates with a water dilution at a ratio of
1:10 in a 96-well tissue culture plate. Afterwards, 200 uL BCA working solution was added
to each well and incubated at 37 °C for 30 min. The intensity of the color in each well was
measured by a SPECTROstar Nano Absorbance Reader, and protein concentration was
calculated by SPECTROstar Nano-Data Analysis software.

2.2.6.3.WB

For electrophoresis, with an appropriate volume of 4X Laemmli buffer was added to the
protein samples in a new 1.5 ml epi. A final concentration of 1X Laemmli buffer and 40 ug

protein were prepared in 25 pyL. Each sample was heat denatured at 95°C for 5 min and
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with a protein ladder were loaded on the Any kD™ Mini-PROTEAN® TGX™ Precast
Protein Gels for electrophoretic separation. The electrophoresis was performed at 120 V
for 60 mins until the ladder and samples had proper separation. Subsequently, the gel
was transferred to 0.45 pym nitrocellulose membranes for 45 min at 110 V. The membrane
was incubated with Blocker™ Casein in PBS dilution for 1 hr at RT on the tube roller mixer
and then incubated with rabbit polyclonal anti-Cx43 and mouse monoclonal anti-3-actin
antibodies in the blocking buffer overnight at 4°C on the tube roller mixer. Subsequently,
the membranes were washed three times with PBST for 15 min, and incubated with a
mixture of secondary donkey anti-mouse IgG and donkey anti-rabbit 1IgG at room
temperature for 1 hr at RT in the dark on the tube roller mixer. After three times washes
with PBST for 15 min, the images of membranes were captured by Odyssey® DLx.
Densitometric quantification was performed using CLx Infrared Imaging System and was

normalized to the corresponding -actin levels.

2.2.7. Flow cytometric measurement

Expanding on the concept introduced by Nicoletti et al. (Nicoletti et al., 1991; Ning et al.,
2013) and applied in this thesis, apoptotic cells experience partial DNA degradation. The
permeabilization facilitated by triton X-100 results in the extraction of low-molecular-weight
DNA, while the undegraded DNA remains within the cell nucleus. These cells manifest as
hypodiploid cells, identifiable through the sub-G1 peak in flow cytometry, as readout for
cell death.

Cells were seeded at 20 x 102 cells/well in 24 well-plates. After overnight cultivation, the
cells were treated with respective concentrations of CCNU (10 uM), MFA (50 uM) or TO
(50 uM) or a combination (CCNU+MFA or CCNU+TO). Every 48 hrs added another 0.5

mL complete medium or drug-contained medium until 72 hrs or 144 hrs after the first
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treatment. On the measured day, old medium was collected in the FACS tubes on ice
waiting for further process.

Adhered cells were directly dissociated by warm 200 pL trypLE and incubated 37 °C for 3
mins. Then 400 uL DPBS was added to smoothen reaction and the whole cell suspension
was gently pipetting and transferred into the corresponding labeled FACS tubes which
contained old medium on ice. Subsequently, all the tubes were centrifuged by 1300 rpm,
5 mins at 4°C and poured the supernatant down gently then resuspending in 100 pL PI
staining buffer. After 30 min - 1 h incubation in the dark on ice, all samples were acquired
via FACS Canto Il. The acquisition settings were kept constant for all samples in this study:
FCS threshold at 1000; FSC, SSC, and PI voltages set at 76, 232, and 250, respectively.
Each experiment was performed biological and technical triplicate. The percentage of
DNA-fragmentation of Pl-stained nuclei was gated by FlowJo Software Version 10.4 and
was used for specific DNA fragmentation rate calculation with the equation: 100 x
(experimental DNA fragmentation (%) - spontaneous DNA fragmentation (%))/(100% -
spontaneous DNA fragmentation (%))(Potthoff et al., 2019; Westhoff et al., 2008) In the end,

each specific DNA fragmentation rate was normalized by the value of corresponding control.
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2.2.8. Neighborhood analysis in ZsG Med8A cell line

2.2.8.1. ZsG transduction of Med8A cell line

To obtain optimal imaging data, the Med8A cell line was transduced with lentiviral particles
rLV.EF1.ZsGreen1-9, as previously described (Potthoff et al., 2019). Briefly, Med8A cells
were seeded at a density of 30,000 cells per well in a standard 6-well culture plate and
prepared for the transduction process in the S2 lab, which was generously provided by
Prof. Dr. Michael Holzel. After 4 hrs of incubation at 37°C with 5% CO,, the medium in
each well was aspirated, and the wells were washed with DPBS. Then, 1 mL of FBS-free
medium containing 10 ug/mL of Polybrene® and 0.27 pL of rLV.EF1.ZsG 1-9 (a total of
2.7 x 10° functional lentiviral particles) was added to each well. The plate was incubated
at 37°C with 5% CO, for two days, after which the efficiency of transduction was assessed
under a fluorescence microscope.

Following transduction, the medium containing the lentiviral particles was carefully
discarded and handled according to S2 laboratory regulations. Fresh growth medium
containing 1 pg/mL of puromycin was then added to select for ZsG-transduced Med8A
(ZsG Med8A) cells. The plate remained in the incubator in the S2 lab until the cells had
been passaged twice. After reaching this stage, the cells were transferred to the S1 lab

for subsequent experiments.
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2.2.8.2. Live-imaging of neighborhood observation
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Figure 7. Schematic illustration of the workflow used to explore single-cell
morphological connectivity within ZsG Med8A clusters. First, live ZsG Med8A cells
were imaged manually using the GFP channel of Lionheart FX Automated Microscope for
high-throughput imaging at 72 and 144 hrs, with monotreatment including MFA, TO, or no
treatment. Second, the acquired images were processed and analyzed using a custom
CellProfiler pipeline, which included several steps for performing neighborhood analysis,
as detailed in the black box above. Third, the resulting data were exported as a
spreadsheet and subsequently analyzed and graphed using Microsoft Excel and Prism
software.

6000 ZsG-tagged Med8A cells were used to acquire live imaging with the Lionheart FX
Automated Microscope. After 24 hrs cell seeding in a 24 well-plate, the medium was
replaced with 2 mL of fresh medium containing MFA or TO monotreatment and cultured
in the incubation of Lionheart FX Automated Microscope at 37°C with 5% CO,. Multiple
ROls were defined via Gen5 software to avoid the selection bias. Manual acquirement of
images of each ROl was taken with 10x magnification from GFP channel of Lionheart FX

Automated Microscope followed after 72 hrs and 144 hrs of treatment.



51

CellProfiler was utilized to process images through several steps, including illumination
correction, object identification, measurement modules, single-cell morphological analysis,
and neighborhood analysis, to identify individual cells within the clusters. The
neighborhood information for each individual cell was provided as spreadsheets. Images
containing multiple cellular layers within the clusters were excluded to prevent false
recognition by the CellProfiler algorithm. The remaining images (n=19 for each condition,
from two independent experiments) were successfully recognized and analyzed for
downstream applications.

After obtaining the data from CellProfiler, which identified the number of objective and
neighborhood cells for each condition, Microsoft Excel was used to calculate the
distribution of cellular neighborhood numbers and the average number of adjacent cells
per cell in each image. Since some cells shared the same number of neighboring cells
within the same image, the data were grouped, converted into percentages, and
normalized to 100% for comparison across images within the same condition.
Consequently, Prism produced a heatmap identifying the largest population within 19

ROIs for the control group and those treated with MFA or TO.

2.2.9. Generation of Cx43 KO clones

For the Cx43 CRISPR-Cas9 construct, the MuLE system was employed as previously
described (Tews et al., 2019). All vectors were generously provided by Prof. Dr. rer. nat.
Pamela Fischer-Posovszky, and the KO constructs were generated by Hannah Strobel.
The sgRNA sequences targeting GJA7/Cx43, along with a non-targeting control, were
designed using CRISPick (Broad Institute, https://portals.broadinstitute.org/gppx/crispick/
public) and ordered from Biomers, Ulm. All essential sequences are listed in section 2.1.11.

The sgRNA duplexes were cloned into the pMuLE ENTR U6 stuffer sgRNA scaffold L1-
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R5 plasmid (kindly provided by lan Frew (Albers et al., 2015)) via ligation using Quick
Ligase and the LR Gateway® cloning strategy (Albers et al., 2015), following the protocol
previously described by (Tews et al., 2019). The correct insertion of the sgRNA duplexes
was confirmed by Sanger sequencing. The pMuLE ENTR U6-sgRNA and pMuLE ENTR
CMV-hCas9 L5-L2 plasmids were then recombined with a Sleeping Beauty transposon
plasmid, ‘pMuSE eGFP-P2A-PuroR DEST’ (previously generated by the Fischer-
Posovszky laboratory as described in (Tews et al., 2019)), using LR Clonase Il Plus.
Med8A cells were co-transfected with the resulting pMuSE U6-sgRNA+CMV-
hCas9+RPBSA-eGFP-P2A-PuroR plasmids and the Sleeping Beauty Transposase-
expressing pCMV(CAT)T7-SB100 plasmid (kindly provided by Zsuzsanna lzsvak (Mates
et al., 2009); http://n2t.net/addgene:34879) in a 19:1 mass ratio using the Neon
Transfection System with three 10 ms pulses of 1400 V. Stable bulk cultures were selected
following puromycin (1 ug/mL; Sigma, St. Louis, USA) treatment, and single clones were

expanded to achieve complete KO confirmation by WB.

2.2.10. Library preparation and 3' RNA-Sequencing

For sequencing, Med8A cells were seeded at a density of 6 x 10° in a 75 cm? cell culture
flask. Total RNA was isolated 48 hrs after treatment using the RNeasy Mini Kit according
to the manufacturer’s instructions. The quantity of RNA was assessed with a Nanodrop,
and RNA quality was verified using a TapeStation System, indicated by an RNA Integrity
Number greater than 7. Each sample, containing 50-100 ng/pl of total RNA, was diluted
with nuclease-free water in a final volume of 14 pL. Library construction was performed
and enriched using the QuantSeq FWD 3’-mRNA-Seq Kit, following the manufacturer’s
instructions, with the procedure executed by the NGS core facility at the University

Hospital Bonn. An oligo-dT primer containing an Illumina-compatible sequence at its 5'
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end was hybridized to the RNA, followed by reverse transcription. After the degradation
of the RNA template, second-strand synthesis was initiated using a random primer that
also included an lllumina-compatible linker sequence at its ' end. The double-stranded
library was purified using magnetic beads to remove all reaction components. The library
was then amplified to incorporate the complete adapter sequences required for cluster
generation, and the final library was purified from polymerase chain reaction components.
High-throughput sequencing was conducted as single-end 100 bp sequencing using the
NovaSeq 6000, yielding an average of 10 million raw sequencing reads for each sample

processed.

2.2.11. Data analysis (RNA sequencing)

For RNA sequencing analysis and visualization, the R/Bioconductor computing platform
was used. Initial raw read counts, in a FASTQ file format, were aligned to the Hg38 human
reference genome using the ‘RSubread’ package (Liao et al., 2019). As suggested by
Lexogen, the Rsubread align function was executed without trimming but allowing for
mismatches in the initial cycles. For the final analysis only those reads, spanning a
maximum length of 45 bases were included. The gene level summary was generated with
unique mapping using the ‘featureCounts’ function. The aligned sequencing reads were
then assigned to genomic features specified by an ENTREZ Gene ID (NCBI Gene
database) (Maglott et al., 2011). Quality control steps such as variance stabilizing
transformation and principal component analysis (PCA) have been applied. The
differential gene expression analysis for drug responses (CCNU + MFA) was performed
using the ‘DESeq2’ package (Anders and Huber, 2010). The results were filtered for a p-
value<0.05 and a log2FC>0.5 and then displayed in a Volcano Plot (‘EnhancedVolcano’

function). In the Volcano Plot only genes with a p adjusted value < 0.05 and an absolute
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log2FC > 0.5 are highlighted in color. The color coding distinguishes between
downregulated and upregulated genes, where blue indicates downregulated genes and
red indicates upregulated genes, relative to the untreated control. In order to highlight the
genes of certain interest, we generated boxplots using the ‘Limma’ package.
Subsequently, we performed pairwise t-tests to test for significant differences in mRNA
expression levels between the different groups. In addition, Gene Set Enrichment Analysis
(GSEA) was performed to identify classes of genes that are over- or under-represented in
the large set of genes to retrieve a functional profile in order to better understand the
underlying processes after treatment with CCNU + MFA. GSEA was performed using the
‘ClusterProfiler’ package. GSEA plots were generated using the ‘gseaplot2’ function within

the ‘enrichplot’ package in R.

2.2.12. Statistics and Visualization

The statistical analysis was done using GraphPad PRISM (Version 9.5.1) and R (version
R-4.3.0). Furthermore, the final figures were created using Adobe lllustrator (2023 Version
27.7). One-way ANOVA, as well as Dunnett’s test with correction for multiple testing while
Two-way ANOVA followed by Tukey post-hoc test was performed for statistical analysis,
as indicated in the corresponding figure legends. Mann-Whitney U-test was performed if
only two treatment conditions were compared and data was not normally distributed.
Results with adjusted p-value (adj. p-value) <0.05 were considered as statistically

significant. *, **, *** and **** denote p<0.05, p<0.01, p<0.001 and p<0.0001.
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3. Results

3.1. Verification of intercellular Cx43 expression in human MB cells

Two human MB cell lines, Med8A and D283, were utilized in the following experiments.
WB analysis confirmed the expression of Cx43 protein in both MB cell lines (Figure 8A),
with distinct differences observed between them. Densitometric quantification revealed
that the Med8A cell line exhibited approximately 4-fold higher Cx43 levels compared to
D283 cells (Figure 8B; adj. p-value = 0.0039). IF staining was performed to confirm the
WB results and to provide information on the localization of Cx43 in MB cells. Both cell
lines exhibited Cx43 expression, consistent with the WB results, with more prominent
expression observed in Med8A cells (Figure 8C). Semi-quantitative analysis indicated
that the Med8A cell line expressed a higher level of Cx43 compared to the D283 cell line
(Figure 8D). Notably, in Figure 8C, Cx43 was widely distributed but predominantly
localized at cell-cell junctions (indicated by white arrows). The predominant expression of
Cx43 protein along cell membrane connections suggests that Cx43 may play a significant

role in facilitating intercellular connectivity in MB cells.
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Figure 8. Verification of Cx43 expression in human MB cell lines Med8A and D283.
(A) Representative WB image verifying Cx43 protein expression in both cell lines (Cx43
indicated by green band). (B) Dot plot showing the relative expression levels of Cx43 as
determined by WB (n=2; statistical analyses were performed using an unpaired t-test). (C)
Representative IF images showing Cx43 expression at points of direct intercellular contact
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(white arrowheads). (D) Dot plot depicting the relative expression levels of Cx43 in IF
images for both MB cell lines (n=3). (A.u., arbitrary units).

3.2. Determining optimal concentrations of the pharmacological agents MFA and

TO and the chemotherapeutic agent CCNU using cell viability assessment

To analyze whether intercellular Cx43 plays a role in cell-cell connectivity in MB, we
decided to pharmacologically inhibit Cx43-mediated GJs. Since Cx43 was confirmed in
both Med8A and D283 cells, as described in Section 3.1, it was essential to first determine
the optimal concentrations of the therapeutic compounds (MFA and TO) and the
chemotherapeutic agent (CCNU) to ensure reliable conditions for further experiments.
MTT assays were conducted to assess cell viability across various concentrations after
72-hour and 144-hour mono-treatments in both MB cell lines. The primary goal was to
identify a concentration range for pharmacological compounds that did not affect cell
viability and remained physiologically relevant.

Firstly, a concentration of 100 uM MFA reduced cellular viability to less than 50% in both
MB cell lines at both time points (Figures 9A and 9B). Secondly, TO at 100 uM showed
no significant reduction in cell viability at 72 hrs for either MB cell line. However, by 144
hrs, it caused a 30% decrease in D283 cell viability compared to the control, reducing it
from 1.0 to 0.73 (Figures 9C and 9D). Half-maximal inhibitory concentrations (IC50) were
calculated from the MTT results. After 72 hrs, the IC50 values for Med8A cells were MFA:
110.3 pM and TO: 91 uM, while for D283 cells, the values were MFA: 83 uM and TO: 49
MM. At 144 hrs, the IC50 values for Med8A were MFA: 73 uM and TO: 550 uM, and for
D283 cells, MFA: 50 uM and TO: 86 pM.

Previous studies have shown that MFA concentration below 50 uM effectively inhibited

GJs in human retinal pigment epithelial cells (Ning et al., 2013) and acted as a GJ inhibitor
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at 50 uM in a rat seizure model (Nilsen et al., 2006). Similarly, TO at 50 yM was reported
to inhibit GJ activity in human brain microvascular endothelial cells, relevant to migraine
and epilepsy treatments (Kim et al., 2017). Here, MTT assay demonstrated that 50 yM
concentrations of both TO and MFA did not significantly impact cell viability in MB cell
lines and were below the IC50 values. Consequently, 50 yM was selected as the
concentration for MFA and TO, aligning with physiological relevance and comparable
studies.

For CCNU, our goal was to identify the lowest concentration that effectively reduces cell
survival in MB cells within a range of physiologically relevant drug concentrations.
Previous research has reported an IC50 of 15 yM CCNU in human glioblastoma U373
cells (Baer et al., 1993) and a concentration of 10 yM in leukemic lymphocytes (Bakalova
et al., 2020). To determine the appropriate concentration for MB cells, flow cytometry was
conducted to measure CCNU-induced cytotoxicity at 10 yM and 20 yM concentrations
(Figure 9G). At 72 hrs, 10 yM CCNU significantly caused cell death by 13% in Med8A
and 23% in D283 cells (adj. p-value <0.0001 and = 0.0097, respectively). A concentration
of 20 uM CCNU resulted in a greater than 40% cell death in both cell lines at 72 hrs,
however markedly exceeding published drug concentrations mentioned above.

In addition to flow cytometry, a MTT assay was conducted to further evaluate the impact
of CCNU on cell viability. The IC50 values for CCNU were found to be 84.2 uM in Med8A
and 9.2 uM in D283 cells at 72 hrs, and 16 yM for Med8A and 6 pM for D283 at 144 hrs
(Figures 9E and 9F). Combining the results from both flow cytometry and the MTT assay,
and considering our objective to achieve physiologically relevant reductions in cell viability,

a concentration of 10 uM was selected for subsequent experiments.
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Figure 9. Relative cell viability after treatment with pharmacological compounds
MFA and TO, and the chemotherapeutic agent CCNU, assessed at 72 and 144 hrs
using MTT assay and flow cytometric analysis. Cell viability was measured via the
MTT assay following incubation with MTS at both time points. The X-axis represents the
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treatment concentration, ranging from 0.1 to 100 yM, while the Y-axis shows the
normalized optical density (OD) values. The curve graph illustrates cell viability for
treatments: (A)(B) MFA, (C)(D) TO, and (E)(F) CCNU. Additionally, (G) flow cytometric
evaluation of CCNU concentration at 72 and 144 hrs in both cell lines (n=2). Statistical
analyses between groups were performed using Two-Way ANOVA, followed by Tukey
post-hoc test.

3.3. MFA and TO-mediated effects on cellular proliferation in MB cell lines

To determine whether the inhibition of Cx43-mediated intercellular connectivity might
affect MB cell proliferation, the pharmacological compounds MFA and TO were utilized.
Their impact on the proliferative capacity of Med8A and D283 cells after 72 and 144 hrs
of treatment was assessed using a spectrophotometric BrdU assay. This assay leveraged
the properties of BrdU, a substance that integrates into actively replicating DNA during the
S phase of the cell cycle, allowing for the quantification of proliferating cells. As shown in
the results, 10 yM of CCNU had a significant anti-proliferative effect on D283 cells but not
on the Med8A population at 72 hrs. However, after 144 hrs, CCNU significantly inhibited
the growth capacity in both cell lines (Figure 10). Additionally, at 72 hrs, monotreatment
with MFA or TO did not result in growth arrest in either MB cell line. In contrast, after 144
hrs, TO exhibited significant proliferative inhibition in both Med8A and D283 cells
compared to their respective controls (0.6, with adj. p-value = 0.012, and 0.8, with adj. p-
value = 0.026, respectively). The results indicate that MFA did not induce anti-proliferative

activity in MB cells, whereas TO required a longer duration to inhibit growth capacity.



60

A Med8A 72h B Med8A 144h
1.5- ns 1.5 x
;:‘ ns 35 ns
s ns 8 Rokokok
S 104 - S 1.04
S S
: 3
g o057 2 °%
k] ki
& &
0.0- 0.0-
S W R\ S I
© oo“\) & O © 0090 & €
Drug concentration ( MM) Drug concentration ( MM)
Cc D283 72h D D283 144h
1.5 ns 1.5 *
= ns S5 ns
s Kdokk 8 Kook
3 1.0 g 1.0
S s
(=] (]
o o
g 0.5+ S 0.5+
ki 5
Q Q
(14 1 i
0.0- 0.0—F/—7 71— 71—
N S \} \} O \ \\} o
A S 2 ¢ O W O
006 & < 006 &R
Drug concentration ( MM) Drug concentration ( MM)

Figure 10. Cell proliferation assessment of Med8A and D283 cells via BrdU assay
following 72 and 144 hrs of MFA, TO, and CCNU treatments. (A) In Med8A cells,
treatment with 50 yM of MFA and 50 uM of TO did not affect proliferation at 72 hrs. (B)
Reproductive inhibition was observed with prolonged treatment of 50 uM of TO. (C) At 72
hrs, MFA or TO did not affect the growth of D283 cells. (D) When it was up to 144 hrs
post-treatment, 50 uM of TO resulted in the blockage of cellular growth, mirroring the
findings in Med8A cells. All experiments were performed as a biological and technical
triplicate. Statistical analyses between groups were performed using One-Way ANOVA
followed by Dunnett’'s multiple comparison test.
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3.4. MFA and TO decrease morphological connectivity in MB cells

The role of intercellular communication is becoming increasingly important in CNS tumors,
along with the idea of pharmacologically disrupting cell-to-cell networks as a therapeutic
strategy. Since MB cells grow in clusters, the number of neighboring cells for each
individual tumor cell serves as a surrogate parameter for morphological connectivity
between tumor cells. To determine whether treatment with MFA or TO is accompanied by
a loss of cell-to-cell tethering in Med8A cells, we conducted neighborhood analysis using
live cell imaging. For optimal imaging data processing, accurate cell tracking is essential.
Therefore, ZsG Med8A cells were used to acquire live imaging data with the Lionheart FX
Automated Microscope. The workflow for neighborhood analysis is described in more
detail in the Section 2.2.8.2. Firstly, the neighborhood cell number of the largest
proportion in each treatment was compared. MFA and TO monotherapies both led to a
slight decrease in the number of neighboring cells. At 72 hrs, 27.2% of the population
treated with MFA and 33.7% of the population treated with TO had only two neighbors,
compared to 22.5% in the control group, which had three neighbors (Figure 11A). The
same trend was observed at 144 hrs, with the number of adjacent cells in the control group
declining from 5 to 4 after MFA treatment and from 5 to 3 after TO treatment (Figure 11B).
Secondly, the average number of neighboring cells was compared among the control,
MFA, and TO monotreatments. A significant decrease in the average number of
neighboring cells was observed. The control group had an average of 2.9 neighbors,
which decreased to 2.29 neighbors (adj. p-value = 0.002) after 72 hrs of MFA treatment
and further decreased to 1.78 neighbors (adj. p-value < 0.0001) after 72 hrs of TO
treatment (Figure 11C). At 144 hrs, a more pronounced effect was observed within

different conditions. The average number of adjacent cells in the control group decreased
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from 4.8 to 3.6 after MFA treatment (adj. p-value <0.0001). The TO group exhibited even
lower cellular connectivity, with an average of only 3 adjacent cells (adj. p-value <0.0001)
(Figure 11C).

This section highlighted the effects of MFA and TO on the morphological connectivity of
Med8A cells. The results showed that both treatments reduced the number of neighboring
cells in the representative population over time. Statistical analysis confirmed a significant
decrease in the average number of neighboring cells for both treatments at 72 and 144
hrs, indicating reduced cell-to-cell tethering as a result of GJ inhibition. Notably, TO had a

more pronounced effect than MFA.
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Figure 11. The pharmacological agents MFA and TO weakened intercellular network
architectures. (A)The comparison of neighboring cell numbers in the majority population,
which constituted 22.5%, 27.2%, and 33.7% of neighboring cells in the control, MFA, and
TO conditions, respectively, was conducted at 72 hrs. It showed that the mono-
administration of MFA and TO led to a slight decline compared to the control, reducing the
number of cells from 3 to 2. (B) The comparison of neighboring cell numbers in the majority
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population, which constituted 19.8%, 19.4%, and 24.2% of neighboring cells in the control,
MFA, and TO conditions, respectively, was conducted at 144 hrs. There was a decrease
from 5 cells in the control condition to 4 cells in the MFA condition, and further to 3 cells
in the TO condition (C) MFA and TO have reduced the average number of adjacent cells
per objective since the 72-hour treatment (n = 19). Statistical analyses between groups
were performed using Two-Way ANOVA, followed by Tukey post-hoc test.

3.5. MFA and TO enhance the sensitivity of MB cells to CCNU-mediated cell death

There is growing evidence that intercellular communication within syncytial tumor
networks is associated with tumor proliferative capacity and resistance to cytotoxic
therapies (Chen et al., 2016; Osswald et al., 2015; Schneider et al., 2024; Venkataramani
et al., 2022). As shown in Section 3.4, MFA and TO exhibited inhibitory effects on the
morphological connectivity of MB cells. However, the impact of a morphologically
weakened tumor network on the response of MB cells to chemotherapy remains unclear.
To investigate whether reduced cellular connectivity may impact the sensitivity of MB cells
to chemotherapy, cell death rates were measured via flow cytometry for several treatment
conditions using MFA, TO and CCNU, one of the most common chemotherapeutic agents
used in MB therapy. To this end, both MB cell lines were treated for 72 and 144 hrs with
no treatment (control), monotreatments (MFA, TO, and CCNU), and combinations of
CCNU with MFA or CCNU with TO (Figure 12A). Flow cytometric measurements were
used to evaluate the sub-G1 peak in propidium iodide (Pl)-stained nuclei of hypodiploid
cells, serving as a surrogate marker for cell death (Figure 12B, representative plot from
Med8A at 144 hrs). After normalizing to the control values of the corresponding cell line,
the specific DNA fragmentation rate, used as a surrogate readout for cell death, was
obtained. Monotreatment with MFA and TO did not result in increased cytotoxicity

compared to the control in either cell line. For instance, after 144 hrs of exposure, Med8A
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cells exhibited a specific DNA fragmentation rate of 0.27% following MFA treatment (ad;.
p-value = 0.9983) and 0.94% following TO treatment (adj. p-value > 0.9999), as shown in
Figure 12D. This also suggests that the reduction in morphological connectivity observed
under MFA and TO in Section 3.4 was not due to elevated cell death rates but attributable
to their inhibitory effects on morphological cell-cell connectivity. With 10 yM of CCNU, the
observed CCNU-mediated death rates in Med8A cells were 12.6% at 72 hrs and 8.9% at
144 hrs (Figure 12C and 12D). In D283 cells, cell death of 8.8% was observed after 72
hrs of 10 uM CCNU treatment, increasing to 16.7% after 144 hrs (Figure 12E and 12F).
Furthermore, the results showed that MFA and TO increased the susceptibility of MB cells
to CCNU-induced cell death. Firstly, the combination of CCNU and MFA showed a
sensitizing effect on both cell lines at 72 hrs and 144 hrs (Figure 12C-F). Specifically, the
Med8A cell line demonstrated greater sensitivity to the MFA+CCNU combination, nearly
doubling the CCNU-induced cytotoxicity at both time points—from 12.7% to 25% at 72 hrs
(adj. p-value <0.0001; Figure 12C) and from 8.9% to 16.9% at 144 hrs (adj. p-value
<0.0001; Figure 12D). Moreover, MFA also sensitized D283 cells to CCNU treatment,
enhancing cytotoxicity from 8.8% to nearly 16% at 72 hrs (adj. p-value <0.0001; Figure
12E) and from 16.7% to 25% at 144 hrs (adj. p-value <0.0001; Figure 12F). Secondly,
the combination of TO and CCNU also enhanced the cytotoxicity of CCNU, from 8.9% to
13.4% in the Med8A population (adj. p-value = 0.0048; Figure 12D) and from 16.7% to
23.4% in D283 cells at 144 hrs (adj. p-value = 0.005; Figure 12F). Compared to MFA, TO
required a longer duration to sensitize MB cells to CCNU. As shown in the results, MFA
enhanced CCNU-mediated cell death in both cell lines starting at 72 hrs, while TO
exhibited sensitizing effects only at 144 hrs. Collectively, these findings show that MFA

and TO significantly increased CCNU-induced cell death in MB cells, respectively.
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Figure 12. MFA and TO enhance MB cells sensitivity to CCNU-induced cell death.
(A) Workflow illustration of flow cytometric measurement of cell death: Cells were treated
with MFA, TO, CCNU, CCNU+MFA, and CCNU+TO for 72 hrs and 144 hrs, with
subsequent repeated treatments every two days. For staining with PI, cells were
dissociated using TrypLE and combined with collected medium to assess the DNA
fragmentation of Pl-stained nuclei via flow cytometry. (B) Representative plots from flow
cytometric analysis. Sub-G1 was measured as a readout for cell death and was
accentuated within the histograms. (C) At 72 hrs, the specific DNA fragmentation rates on
the Med8A population showed a synergistic effect from MFA+CCNU (D), while at 144 hrs,
the influence of TO+CCNU began to emerge. (E) MFA in combination with CCNU
sensitized D283 cells both at 72 hrs and at 144 hrs of treatment. (F) Similar to Med8A, TO
+ CCNU required a longer period to render D283 cells more vulnerable to CCNU.
Statistical analyses between groups were performed using Two-Way ANOVA, followed by
Tukey post-hoc test, with n=15 for Med8A cells and n=12 for D283 cells.
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3.6. MFA-mediated sensitizing effects are accompanied by wound-healing related
transcriptional alteration in Med8A cells
Regarding the findings that GJ inhibition significantly increased tumor cells’ susceptibility
to CCNU therapy, we next analyzed gene expression changes under this therapeutic
approach. To investigate these changes, 3'-mRNA sequencing was employed to compare
transcriptional alterations between the combined treatment of CCNU with MFA and the
tated control condition (Figure 13A). To avoid observing predominant cell death, as
shown in Figure 12C, an earlier time point of 48 hrs was chosen. This time frame was
assumed to enable the study of compensatory signaling pathways, potentially revealing
the mechanisms by which cells respond to early stress induced by connectivity interruption

and subsequent chemotherapy.

After 48 hrs of combination treatment, numerous differentially expressed genes (DEGs)
(Log2 fold change = 0.5) were identified between the two groups, as illustrated in Figure
13B. Notably, genes related to cellular proliferation (ITGA10, CYTB, CYB561) and ECM
formation (COL27A1) were among the most distinctly upregulated. In contrast, some
genes associated with apoptosis (TUBA1B, PFN1) and proliferation (AQP1, HNRNPD)
were significantly downregulated following MFA-CCNU combination treatment. To gain
deeper insight into the underlying pathways affected by the combination treatment
compared to the untreated group, Gene Set Enrichment Analysis (GSEA) was performed
on all DEGs. Additionally, Gene Ontology (GO) functional enrichment analysis was carried
out to assess the biological roles of the identified gene sets. Figure 13C displays the top
15 significantly upregulated and downregulated GO Biological Processes (BPs).
Remarkably, the most prominent activated functional terms — syncytium formation, ECM

organization, external encapsulating structure organization, regulation of locomotion,
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response to wound healing, and blood vessel development — were closely associated
with wound healing mechanisms. In contrast, the most significantly downregulated BPs,
including rRNA processing, mitochondrial translation, rRNA metabolic process,
ribonucleoprotein complex assembly, and ribonucleoprotein complex biogenesis, were
linked to apoptotic responses. GSEA further validated these findings (Figure 13D),
showing that positively correlated pathways strongly promoted the proliferation and
remodeling phases of wound repair. Key pathways included response to growth factor,
ERK1/2 cascade activation, and regulation of angiogenesis. Moreover, DEGs such as
MAPKS8IP3, PLCB2, and Rab26 exhibited significantly higher expression in the combined
treatment group compared to the control (Figure 13E). These genes are closely related

to tumor invasion, progression, and apoptosis.

The selection of an early measurement time point was deliberate, enabling the
investigation of compensatory responses prior to the dominance of apoptosis signaling.
Sequencing data from this early stage revealed that Med8A cells upregulated wound
healing pathways as a compensatory mechanism, while apoptosis signaling remained
relatively low. The combination treatment of MFA and CCNU modulated gene expression
to influence proliferation, apoptosis, and wound healing processes. These findings
highlight the interplay of multiple pathways in tumor progression, providing insights into

the cellular responses elicited by disrupted connectivity and chemotherapy.
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Figure 13. The DEGs and BPs of MFA promoted CCNU-mediated cytotoxicity were
associated to wound-healing process and apoptosis response. (A) Graphical
procedure for 3'-mRNA sequencing. (B) Volcano plot presenting the DEGs for MFA with
CCNU treatment compared to untreated control. ITGA10, CYTB, CYB561, and COL27A1,
four most significantly upregulated genes, were linked to wound healing process or cellular
proliferation. While TUBA1B, AQP1, HNRNPD, and PFN1 were the four significantly
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downregulated genes which were related to apoptotic response. (C) The dot plot of GO
analysis of enriched terms elucidating top 15 activated and suppressed BPs which
facilitate repair mechanism and apoptosis. (D) The plot of GSEA presenting top
upregulated GO terms was associated to cellular proliferation and remodeling phases of
wound healing. (E) Boxplots depicting that MAPK8IP3, PLCB2, and Rab26 were
demonstrated profoundly higher expression in the combined treatment group compared
to the control. These genes were tightly associated to tumor progression and apoptosis.

3.7. Generation of a Cx43 KO in Med8A cell line

The findings from Section 3.4 and 3.5 indicate that MFA and TO reduced cellular
connectivity and increased the susceptibility of Med8A and D238 cells to CCNU-induced
toxicity. To cross-verify whether these effects were at least in parts reduced to Cx43
inhibition, we designed a Cx43 KO clone to specifically eliminate Cx43 expression. Since
Section 3.1 and 3.5 revealed that the Med8A cell line had markedly higher Cx43 levels
than the D283 cells as well as exhibited a greater sensitization effect to the combination
treatments, Med8A cell line was selected for the following KO procedure to facilitate a
better comparison. A KO of Cx43 protein was achieved by using CRISPR/Cas9 vector
that expresses Cas9 nuclease and gRNA targeting exon 2 of the Cx43 gene GJAT. This
resulted in the generation of the Cx43 KO clone, named #KO2 (Figure 14A). The
corresponding control clone, #C2, was transduced with an empty vector that lacked gRNA
insertion. The following experiments with #KO2 used the #C2 clone as a control. Stable
bulk cultures were established through puromycin selection, and Cx43 depletion was
confirmed by WB and IF staining. First, WB analysis verified Cx43 KO, as shown by
densitometric quantification (Figure 14C and 14D), indicating a lack of Cx43 expression.
Second, IF images showed no Cx43 in #KO2 cells (Figure 14B), while in the #C2 clone,
Cx43 was predominantly localized at cell-to-cell junctions, similar to its distribution in the

Med8A line (Figure 8C). These findings confirmed the successful generation of the Cx43
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Figure 14. Generation and validation of Cx43 KO clone using CRISPR-Cas9
technique. (A) Workflow illustration of CRISPR/Cas9-based frameshift to knock out the
Cx43 protein, utilizing the primary Med8A cell line to create the #KO2 clone. (B)
Representative IF image depicting Cx43 staining for #K0O2 and the corresponding wildtype
control population #C2. White arrows indicate Cx43 expression in #C2, particularly
highlighting intercellular localization. However, no visual evidence of Cx43 expression was
observed in #KO2. (C) Cx43 protein expression was assessed via western blot analysis
to verify the significant reduction in Cx43 protein expression in the #KO2 clone (green
band). (D) Densitometric quantification from the western blot result was carried out via
Image Studio Software (n=2).

3.8. Cx43 KO leads to reduced morphological connectivity in Med8A cells
To explore the role of Cx43 for morphological connectivity of MB, a neighborhood analysis
was conducted to compare ZsG-labeled Med8A cells (ZsG Med8A, as control) and #KO2

clone in untreated conditions. After 72 hrs of observation, there was only a slight decrease
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in the number of neighboring cells in the largest population, from 3 to 2 for ZsG Med8A
(22.5%) and #KO2 cells (28.7%), respectively (Figure 15A). In contrast, a noticeable
reduction was observed at 144 hrs (Figure 15B). At this time, the largest proportion of
ZsG Med8A cells (19.8%) had 5 neighboring cells, while the #KO2 cell population (19.6%)
had 3 neighboring cells. Moreover, a similar significant decreasing trend was observed in
the overall average number of neighboring cells per cell at 144 hrs, with ZsG Med8A cells
having 4.8 neighboring cells compared to 3.9 in #KO2 cells (Figure 15C; adj. p-value =
0.0003). In conclusion, deprivation of Cx43 resulted in a significant decrease in a number
of cellular neighborhoods at 144 hrs, as well as a reduction in the average number of
neighboring cells per cell. Taken together, Cx43 plays a significant role in maintaining
morphological intercellular connectivity within Med8A cell networks. The elimination of
Cx43 appears to disrupt this connectivity, leading to a higher degree of morphologically
isolated tumor cells.
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Figure 15. Morphological network disconnection occurs as a result of Cx43 KO. (A)
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The neighborhood cells of the largest KO #2 population (28.7%) showed a subtle
decrease compared to the largest population of ZsG Med8A (22.5%) at 72 hrs, decreasing
from 3 cells to 2 cells (B) At 144 hrs, the number of neighboring cells in KO #2 (19.6%)
decreased compared to ZsG Med8A (19.8%), from 5 cells to 3 cells. (C) From the view of
average adjacent cells per cell in each cell clone, there was no variation at 72 hrs but 144
hrs. #KO2 clone had noticeably less cellular connection than ZsG Med8A cells. n=19,
statistical analyses between groups were performed using Two-Way ANOVA, followed by
Tukey post-hoc test.

3.9. KO of Cx43 heightened the sensitivity to CCNU in Med8A cells

The next question was whether Cx43 deprivation also increased sensitivity to CCNU-
mediated cell death, as observed with MFA and TO treatment in Section 3.5. To address
this, flow cytometry was employed to evaluate DNA fragmentation in Pl-stained nuclei
(Nicoletti et al., 1991) as mentioned previously. The specific DNA fragmentation rate was
used as a surrogate marker for cell death in the #KO2 and #C2 clones. The goal was to
determine whether the #KO2 clone treated with CCNU alone would exhibit results similar
to those of #C2 cells treated with CCNU in combination with MFA or TO.

Flow cytometric measurements at 144 hrs revealed that the #KO2 clone exhibited a higher
cell death rate compared to the #C2 clone, even in the absence of drug treatment (Figure
16A). Furthermore, as shown in Figure 16C, monotherapy with MFA or TO did not
increase cell death rates in #C2 cells compared to control populations (without treatment,
adj. p-value < 0.9999), consistent with observations in the Med8A cell line described in
Section 3.5. Similarly, no significant decrease in viability was observed in the #KO2 cell
line with MFA or TO monotherapy, even under conditions of Cx43 deprivation (adj. p-value
< 0.9999).

Next, Figure 16B shows that the cell death rate in #KO2 cells treated with CCNU alone

(36%) was significantly higher than in #C2 cells treated with CCNU in combination with



74

MFA (22%, adj. p-value = 0.0003) or CCNU with TO (21%, adj. p-value < 0.0001), as
shown in Figure 16C. A corresponding sensitizing effect on CCNU-mediated cytotoxicity
was observed when #C2 cells were treated with CCNU in combination with either TO or
MFA.

These findings suggest that the loss of Cx43 protein is associated with increased
spontaneous cell death in culture and enhanced susceptibility to the tumor-killing effects
of CCNU. Notably, the sensitizing effect in the #KO2 cells was even more pronounced
than in #C2 cells. Furthermore, these results confirmed that the effects described in
Sections 3.4-3.6 were, at least in part, mediated by Cx43 GJ inhibition induced by MFA

and TO.
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Figure 16. Cx43 KO increased the sensitivity to CCNU in Med8A cell line at 144 hrs.
(A) The comparison of cell death rate between #C2 and #KO2 without treatment. #KO2
exhibited a lower viability compared to the control clone. n=12, a Mann-Whitney test was
performed. (B) Representative histogram plots are shown the sub-G+ comparison of #K02
with only CCNU application (red) and #C2 treated with CCNU+MFA (orange) and
CCNU+TO (green). (C) MFA and TO monotherapy had no effect on viability in the #C2
and #KO2 cell lines. In contrast, the combination treatments of MFA with CCNU and TO
with CCNU exhibited a sensitizing effect in #C2 cells. Notably, CCNU administration
significantly elevated DNA fragmentation levels in #KO2 cells, surpassing even the
combination therapies (CCNU + MFA and CCNU + TO) in #C2, as revealed by flow
cytometric analysis. n=12, statistical analyses between groups were performed using
Two-Way ANOVA, followed by Tukey post-hoc test.
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4. Discussion

This study aimed to define the role of Cx43-based GJs in supporting malignant
connectivity in MBs. To explore this, non-WNT/non-SHH MB cell lines Med8A and D283—
representing high metastatic risk groups that comprise over two-thirds of MB cases
(formerly categorized as groups 3 and 4) (lvanov et al., 2016; Louis et al., 2021; Mynarek
et al., 2023; Schoen et al., 2022), —were used. Pharmacological GJ inhibitors, MFA and
TO, were applied to provide clinically relevant insights into the role of Cx43-based GJs in
MB. These findings were further validated using a Cx43 KO model to directly assess how
disrupting Cx43 connections impacted cell morphology and sensitivity to chemotherapy.
Together, these approaches enabled a comprehensive investigation into Cx43's
contribution to malignant connectivity in MB cells.

First, Cx43 expression was confirmed via WB and IF staining in MB. MFA and TO, as
pharmacological GJ inhibitors, affected the clustering morphology of ZsG Med8A cells
through live-imaging observation, resulting in fewer adjacent connections. Furthermore,
MB cells with inhibited network connectivity exhibited significantly increased sensitivity to
CCNU-mediated toxicity. The CRISPR/Cas9 Cx43 KO model confirmed that the effects
observed with pharmacological treatments were indeed due to drug-mediated Cx43
inhibition. This validation further elucidated the role of Cx43 in MB cells, particularly
through neighborhood analysis and flow cytometric measurements. Transcriptomic
profiling revealed that additional Cx43 inhibition, induced by MFA combined with CCNU,
not only activated apoptosis pathways but also upregulated wound-healing-associated
pathways in Med8A cells. This suggested that, following the disruption of tumor networks,
MB cells engaged compensatory mechanisms that enhanced their survival and repair
processes despite the initial induction of apoptosis. These findings highlighted the

adaptive responses of MB cells to targeted therapies and the potential for therapeutic
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resistance through compensatory mechanisms. They also underscored the importance of
Cx43-based GJs in MB progression, suggesting that GJ inhibitors could offer a promising

therapeutic strategy.

4.1. Cx43 expression levels differ in Med8A and D283 cells

To examine the hypothesis of this study, Med8A and D283 cells were used to represent
the non-WNT/non-SHH MB group. We found that both MB cell lines expressed the Cx43
protein, as evidenced by IF and WB results. Cx43 is known to form GJs, contributing to
intercellular communication, cell-to-cell adhesion, and signal transmission. As expected,
we observed that Cx43 proteins localized in a punctate or large-plaque-like pattern at the
cell-cell boundary in the IF staining.

Cx43 observed along the plasma membrane indicates the presence of close cell-cell
contacts, suggesting its involvement in facilitating intercellular communication. Specifically,
Cxs in GJ channels directly connect adjacent cells, enabling the exchange of small
signaling molecules such as cAMP and Ca?* to synchronize cellular activities. Additionally,
Cx43, when functioning as HCs, supports the transport of small ions, metabolites, and
ATP between cells and the extracellular space (Pollmann et al., 2005; Tarzemany et al.,
2017). This role aligns with our observation of Cx43 localization at cell-cell junctions in IF
images, reinforcing its association with intercellular trafficking and adjacent cell
interactions. Such close contact between cellular plasma membranes, formed by Cx43-
based GJs, further highlights their potential contribution to facilitating intercellular
communication and adjacent cell coordination.

It is interesting to note that a distinct difference in Cx43 expression existed in these two
high-grade MB cell lines. Few studies have examined the expression of Cx43 in the D283

cell line compared to other MB cell lines. Findings from other studies supported the
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observation in this study, showing relatively lower expression of Cx43 protein in D283
cells compared to other MB cell lines and glioma cell lines (Rosolen et al., 1998; Sun et
al., 2012).

While the effects of this variance in Cx43 expression on MB cell behavior have not been
extensively explored in the literature, insights from Rosolen et al. are informative (Sun et
al., 2012). They demonstrated that treatment with dibutyryl cyclic adenosine
monophosphate increased Cx43 expression in Daoy cells, thereby enhancing GJ function.
Daoy cells with higher Cx43 expression required fewer transfected cells to induce
significant cytotoxicity compared to the control group. This aligns with our earlier
discussion in Section 1.3.5, which showed that Cx43-GJ channels promote the BE and
increase therapeutic efficiency. These findings highlight the higher Cx43 expression
observed in Med8A cells compared to D283 cells, which may explain why Med8A
exhibited a quicker response to CCNU and the combination treatments described in
Section 3.5. Notably, the relationship between Cx43 expression levels and MB patient
survival remains unclear, as Cx43-GJ communication is a complex mechanism influenced
by various stages of tumor differentiation (Grek et al., 2016; Krigers et al., 2023; Sin et al.,

2012).

4.2. The controversy of Cx43 GJs in oncological regulation

The relationship between Cx43 and tumor cells has drawn growing attention for over a
decade; however, a definitive conclusion on how Cx43 affects the proliferation, apoptosis,
migration, and resistance of cancer cells has not yet been reached. The role of Cx43 in
tumorigenicity or anti-tumorigenicity remains a topic of debate. Although limited research
has investigated this field in MB, multiple studies have examined Cx43 in various

malignant tumors.
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The concept that Cx43 serves as a tumor suppressor—where higher Cx43 expression
contributes to reduced tumor growth—has been suggested in several tumor types, such
as breast cancer, glioma, and giant cell tumor of bone (Balla et al., 2015; Chasampalioti
etal., 2019; Grek et al., 2018; Raza et al., 2017; Wu et al., 2021). However, evidence also
supports the tumorigenic characteristics of Cx43, indicating that higher levels of Cx43 can
promote tumor survival and migration. In our previous study, primary glioblastoma cells
showed sensitization to TMZ following pharmacological inhibition of Cx43-based GJs
(Potthoff et al., 2019; Schneider et al., 2021b). These findings align with studies by Murphy
et al. and Munoz et al., which demonstrated that Cx43 inhibition enhanced the cytotoxicity
of TMZ-resistant glioblastoma cell lines (Munoz et al., 2014; Murphy et al., 2016). Similarly,
Weil et al. suggested that a Cx43-targeting strategy could reduce glioblastoma resistance
to TMZ and prevent recurrence (Weil et al., 2017). Furthermore, Cx43 inhibition has been
associated with the metastatic potential of breast cancer cells to healthy brain tissue
(Stoletov et al., 2013).

Despite these observations, the role of Cx43 in tumorigenicity or anti-tumorigenicity
remains inconclusive, with potential mechanisms proposed to explain these contradictions.
For instance, Cx43 has been implicated in both positive and negative regulation of
apoptosis (Sin et al., 2012). On the one hand, Cx43 expression may interfere with the
activity of Bcl-2, an anti-apoptotic gene, where Cx43 depletion hinders cell death (Huang
et al., 2001). Moreover, Cx43-based GJs can mediate the transfer of cytotoxic
messengers, such as Ca?*, IP3, or cAMP/cGMP, leading to cytotoxic effects. On the other
hand, Cx43 has been shown to inhibit caspase-3 activation, preventing glioma cells from
undergoing apoptosis (Giardina et al., 2007). Additionally, substances beneficial for
survival, such as glucose and ATP, may be transported via Cx43 channels, buffering

deleterious agents and alleviating cellular damage.
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Beyond tumorigenicity, Cx43’s involvement in metastasis has been extensively studied.
Regarding cancer cell invasiveness, evidence increasingly points to a strong correlation
between Cx43 expression and migration. However, it remains unclear whether Cx43-
based GJs are established between the same cell types (homocellular GJs) or different
cell types (heterocellular GJs) (Sin et al., 2012). One study reported that pharmacological
inhibition of heterocellular GJs between astrocytes and human glioblastoma cells (GL15)
impaired tumor cell motility (Oliveira et al., 2005). Other studies have supported this
finding, suggesting that malignant cells rely on heterologous GJs, such as those formed
with endothelial cells or astrocytes, to facilitate dissemination (lto et al., 2000; Lin et al.,
2002; McCutcheon and Spray, 2022).

Taken together, although evidence regarding Cx43's role in oncology is conflicting, it is
clear that Cx43-composed GJs play a critical role in regulating cell growth, apoptosis,
migration, and homeostasis. The function of Cx43 likely depends on the tumor cell's status

and its interaction with surrounding benign cells.

4.3. Optimal concentration of GJ inhibitors and the effect of anti-proliferation

At beginning of this study, the optimal concentration of CCNU, MFA and TO was decided
by MTT for IC50 values and BrdU assay. For CCNU, a dose- and time-dependent
reduction in relative cell viability was observed in the MTT assay, with 10 yM resulting in
significant cytotoxicity in flow cytometric measurements and anti-proliferative effects in the
BrdU assay, as detailed in Section 3.2, 3.3, and 3.5. Compared to CCNU, the effect of
GJ inhibitor on cellular viability and proliferation in MB cells still remains a vital issue to be
addressed. In regards to MFA, 50 uM did not decrease viability except for D283 cell line
at 144 hrs in MTT assay while there was no evidence could be observed to against

proliferation via BrdU assay. Also, (Schneider et al., 2021a) has reported that MFA 50uM
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did not notably influence cellular viability in glioblastoma cells. Previously, 50 yM of MFA
has chosen and shown a demolishment of morphological and functional network
architectures human glioblastoma cells. This led to a significant response to TMZ-
mediated toxicity (Schneider et al., 2021a; Schneider et al., 2021b). Additionally, a study
has revealed that 100 uM of MFA promoted the genes expression of stress response and
antioxidant metabolism in rat H9c2 cardiac cells (Ghosh et al., 2016) also the other
publication suggested that an efficient concentration of MFA was between 25 to 100 yM
(Manjarrez-Marmolejo and Franco-Perez, 2016). Collectively, 50 uM of MFA was optimal

concentration for this study.

In relation to TO, it was noticed that the IC50 value of Med8A at 144 hrs was out of range
comparing to other conditions. This could be because TO did not exhibit a typical
sigmoidal curve in the MTT assay. This atypical dose-response pattern can lead to poor
fitting calculations and unreliable IC50 estimates, as shown in this case was over 500 yM.
The concentration of TO was chosen not only based on the MTT results but also in
conjunction with our unpublished work on human glioblastoma cell lines (data not shown,
under revision). 50 yM of TO disrupted TM-based network connectivity and triggered
glioblastoma cells more susceptible to cytotoxic effects of TMZ. Moreover, the results
were also in line with this study, showing that 50 uM of TO inhibited the proliferation of
G35 and G71 cells but did not exhibit cytotoxicity at 144 hrs. Another publication also
demonstrated that TO-mediated GJ uncoupling in human cerebral microvascular
endothelial cells (hCMVEC) was concentration-dependent at concentrations = 50 yM but
also depended on the treatment duration (Kim et al., 2017).

Regarding the anti-proliferative effect, except for 144 hrs TO treatment, MFA did not show

anti-proliferative effect on MB cell lines. While (Chen et al., 2016) showed that MFA and
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TO, as single treatment, could significantly reduce the proliferation of brain metastasis
cells derived from breast and lung carcinomas in mouse models. In contrast, Valerie De
Meulenaere et al. (2019) demonstrated that TO combined with TMZ and radiotherapy
resulted in a distinct decrease in glioblastoma cell growth, but not as a single treatment
(De Meulenaere et al., 2019). Opposite to this study, Venkatesch et al. presented that
single MFA administration could slow down the proliferative rate of pediatric glioma
xenograft (Venkatesh et al., 2019). Although multiple studies mentioned above have not
always consistent findings with this study, a possible explanation may be attributed to the

various tumor cell types and the dynamic of the tumor microenvironment.

4.4. Disrupting tumor cell connectivity and enhancing chemotherapy sensitivity
in MB through GJ inhibitors

Current findings in oncology emphasize the role of GJ-mediated intercellular
communication in tumor resistance and metastasis (Kilmister et al., 2022; Weiss et al.,
2022). This study presented the first observation of MB cell lines exhibiting sensitivity to
GJ inhibitors in combination with CCNU, as demonstrated by morphological alterations.
Both MFA and TO significantly reduced the number of neighboring cells in Med8A
populations, disrupting their spatial connectivity as evidenced by pronounced effects at 72
and 144 hrs (Section 3.4). Furthermore, by severing these morphological connections,
the inhibitors sensitized MB cells to CCNU treatment, resulting in greater cytotoxicity than
CCNU alone (Section 3.5). Additionally, this study demonstrates that GJs are present in
MB cells, even in the absence of TM structures. These GJs were effectively disrupted by
GJ blockers, highlighting their potential as therapeutic targets in MB.

While the mechanism behind the sensitizing effects of GJ inhibitors in MB cells remains

to be fully elucidated, it was hypothesized that these inhibitors disrupted MB cellular
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networks. Reduced cell-to-cell contact impaired intercellular communication and the
transport of essential molecules (e.g., glutamate, glutathione, glucose, ATP, cAMP, IP3,
and ions such as Ca?*, Na*, and K*). This disruption potentially increased intracellular
drug concentrations, leading to elevated cytotoxic effects.

GJ inhibitors may also enhance the effects of chemotherapeutic drugs by breaking the
network integration of non-malignant cells, such as astrocytes, which could otherwise
dilute drug concentrations. For example, Le et al. demonstrated that Cx43-mediated GJ
communication in astrocytes was crucial for resistance to oxidative stress, suggesting that
GJ communication buffers cytotoxicity through intercellular signaling. This buffering
mechanism helped prevent cell death under oxidative stress conditions, underscoring how
blocking GJs could amplify cytotoxic effects in certain therapies (Le et al., 2014).
Additionally, the KO of Cx43 in primary rat brain astrocytes was reported to increase cell
death induced by oxidative stress (Giardina et al., 2007). The protective role of Cx43 in
cellular stress responses has also been demonstrated in osteocytes, highlighting the
broader relevance of Cx43-mediated intercellular communication in mitigating cytotoxic
effects across different cell types (Kar et al., 2013). Moreover, previous studies
demonstrated that GJ inhibitors, including MFA and TO, effectively dismantled tumor cell
networks. For example, MFA was shown to block Cx43-based GJs, significantly
enhancing CCNU-mediated cytotoxicity in glioblastoma cells (Schneider et al., 2021a).
Additionally, MFA disrupted the TM network supported by Cx43, reducing TM length and
the number of cell connections, which sensitized glioblastoma cells to TMZ-induced cell
death (Murphy et al., 2016). Similarly, TO was widely studied for its ability to inhibit Cx43
GJs. This property was explored as a promising therapeutic strategy for conditions such
as migraines and epilepsy (Bialer et al., 2013; Hauge et al., 2009). Furthermore, TO

disrupted GJ coupling between neurons and glial cells, highlighting its role in modulating
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intercellular communication (Damodaram et al., 2009; Goadsby et al., 2009; Hauge et al.,
2009).

Building on these findings, this study showed that Cx43 GJ inhibitors, such as MFA and
TO, disrupted tumor networks and sensitized MB cells to chemotherapy. These inhibitors
hold promise as novel therapeutic agents to enhance chemotherapy efficacy in MB
patients, warranting further investigation. By severing intercellular connections, GJ
inhibitors may increase intracellular drug concentrations and amplify cytotoxicity. This dual
action—targeting both malignant and non-malignant cell networks—suggests that GJs
could improve treatment outcomes, though further studies are needed to fully elucidate
the mechanisms. The next section will explore transcriptional changes linked to this
combination treatment and the molecular pathways that may underlie its enhanced

therapeutic effect.

4.5. Combinatorial therapy induces transcriptional profiles of wound healing and
apoptosis

Following the disruption of GJ connectivity and the increased cell death observed in the
previous section, the underlying RNA-level changes after the combination treatment of
CCNU and MFA in Med8A cells were explored. Given the pronounced apoptotic effects
seen at 72 hrs in Section 3.5, we assessed the effects at 48 hrs to capture potential
compensatory mechanisms induced by the combination treatment while minimizing
excessive apoptosis that could obscure other molecular responses. CCNU is identified as
an alkylating agent targeting the O6 position of guanine in DNA, causing mismatched
repair and ultimately inducing apoptosis (Penketh et al., 2008). Compared to drugs

targeting the mitotic spindle, CCNU requires extended treatment periods to achieve its full
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therapeutic effect. Therefore, a 48-hour treatment period was deemed appropriate for this
study.

The identified DEGs analysis (Figure 13B and 13E) highlighted molecular changes in
response to the combined treatment, identifying genes involved in wound healing (/ITGA10,
CYTB, AQP1, COL27A1), apoptosis (TUBA1B, PFN1), and tumor progression (Rab26,
MAPKS8IP3). Further investigation using GO analysis and GSEA revealed the activation
of pathways predominantly linked to wound healing, with additional involvement in
apoptosis. These findings suggested that the combined treatment with MFA and CCNU
disrupted intercellular connections and cellular coordination, potentially triggering an
acute inflammatory response resembling mechanisms involved in wound repair.

Recent studies provided insights into wound-healing-like response mechanisms in various
cancers, including glioblastoma (Schneider et al., 2024; Weil et al., 2017), head and neck
squamous cell carcinoma (Ekblad et al., 2013), and breast cancer (Mannino and Yarnold,
2009). Notably, one study demonstrated that after resection, glioblastoma cells extended
and migrated their TMs to the injured site to rebuild the tumor network . Collectively, the
findings of this thesis aligned with this study (Weil et al., 2017).

From the DEGs analysis, several genes were identified as regulators of tumor proliferation
across various tumor types. For instance, ITGA10 is highly expressed in high-grade
gliomas and malignant melanoma cells, where it supported cell migration and viability
(Masoumi et al., 2021; Munksgaard Thoren et al., 2019). Inhibition of ITGA70 was shown
to impair proliferation and migration of patient-derived glioblastoma cells and restrict tumor
growth in a xenograft animal model (Masoumi et al., 2021). The present study suggested
that after tumor network breakdown caused by the combined treatment, Med8A cells
entered the proliferation phase of the wound-healing process. This was supported by the

enhanced expression of CYTB, CYB561, and PLC-B2. The upregulation of CYTB and
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PLC-B2 was associated with the promotion of proliferation in HER2-positive breast cancer
cells (Zhao et al., 2024) and primary breast tumor cells (Bertagnolo et al., 2007;
Bertagnolo et al., 2006). Additionally, the overexpression of CYB561 was linked to
increased growth and progression in bladder cancer cells (Dasgupta et al., 2008, 2009).
Another activated gene, COL27A1, encodes type XXVII collagen, a key component of the
ECM (Hu et al., 2022). Given the ECM's fundamental role in tissue remodeling, the
induction of COL27A1 aligns with the processes expected during wound healing (Diller
and Tabor, 2022).

The downregulation of TUBA1B and PFN1 were associated with the initiation of apoptosis,
as demonstrated in studies of other tumor types. For instance, the deletion of TUBA1B
increased breast cancer cell death in vitro (Wang et al., 2024). Similarly, PFN1 depletion
accelerated DNA damage-induced apoptosis in an immortalized human keratinocyte cell
line (Lee et al., 2021). These findings were consistent with flow cytometric results showing
cellular damage following MFA and CCNU-mediated cytotoxicity.

Interestingly, this study observed that Med8A cells exhibited lower toxicity to combination
chemotherapy at 144 hrs compared to 72 hrs, as shown in Section 3.5. In this context,
molecular profiling further revealed that this reduced toxicity was associated with an
inflammatory response to chemotherapy-induced damage, which promoted cellular
proliferation and repair. Consequently, this mechanism may have enhanced Med8A cells’
resilience against chemotherapy-induced cell death at 144 hrs.

Further functional exploration through GSEA and GO analysis supported that wound-
healing and apoptotic processes were induced after CCNU with MFA treatment (Figure
13C and 13D). Wound healing comprises four phases: hemostasis, inflammation,
regeneration, and remodeling (Deyell et al., 2021). During the intermediate stage, cells

exhibite behaviors such as proliferation, migration, and invasion to the injury site to replace
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missing cells (White et al., 2023). This was strongly associated with key biological
processes (BPs) identified in GO analysis, including syncytium formation, ECM structure
organization, regulation of response to wounding, and blood vessel development, all
crucial for facilitating wound closure (White et al., 2023; Xue and Jackson, 2015).
Regulation of cell motility and migration, along with blood vessel development, are also
involved in the remodeling phase (Li et al., 2013; Pettet et al., 1996). Notably, the most
suppressed BP, rRNA processing, was shown to induce apoptosis or cell cycle arrest in
response to stress (Hayashi et al., 2014; Turi et al., 2019). Similarly, downregulation of
mitochondrial translation and the assembly of ribonucleoprotein complexes could trigger
apoptotic responses (Jeon et al., 2022; Takeuchi and Ueda, 2003). Additionally, the
upregulated pathways identified through GSEA were strongly linked to the wound healing
process. Cellular response to growth factor stimuli and angiogenesis were involved in
proliferation, while activation of the ERK1 and ERK2 cascades was pivotal for cellular
migration and proliferation during the wound-recovery phase (Fernandez-Guarino et al.,
2023; Lee et al., 2018; Molina and Adjei, 2006).

This study was the first to provide evidence of the transcriptional profiling of Med8A cells
following treatment with MFA and CCNU. The findings revealed that after Cx43-based
GJs were inhibited by MFA, but before massive cell death was induced by the combined
treatment, wound healing mechanisms were predominantly activated in Med8A cells as a
compensatory response. This observation suggests that tumor cells-initiated repair
processes to rebuild tumor networks, as described by Weil et al. in their study (Weil et al.,
2017). These findings highlighted the complex interplay between wound healing,
apoptosis, and tumor progression pathways in response to the combined treatment,
emphasizing the dynamic nature of cellular responses and their potential implications for

treatment outcomes in MBs.
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4.6. Cx43 deprivation confirms the effect of GJ inhibitors and the role of Cx43 in
MB cells

Although multiple studies have suggested that Cx43 plays a vital role in cellular
communication, this study also demonstrated that a Cx43 GJ-targeted therapeutic
approach could enhance CCNU-induced antitumoral effects in both MB cell lines. It
remained to be confirmed whether Cx43 was the primary target, apart from other connexin
members, and whether the pharmacological GJ inhibitors (MFA and TO) primarily exerted
their function through connexin inhibition. Therefore, a #K02 as the Cx43 KO clone was
established from Med8A via CRISPR/Cas9 transfection to investigate this question. The
findings of this study first validated total deprivation of Cx43 in #KO2 via |IF staining and
WB. Subsequently, the Med8A #KO2 clone exhibited a noticeable reduction in cellular
neighborhoods for the majority of the population compared to ZsG Med8A cells at 72 hrs.
Furthermore, at 144 hrs, it showed a significantly lower average number of adjacent cells,
as discussed in Section 3.8. The loss of cell-to-cell connection led to higher spontaneous
cell death and increased CCNU cytotoxicity compared to the #C2 population when
pharmacological inhibition was applied. The aforementioned data confirmed that the
results for Med8A cells, as presented in Sections 3.4 and 3.5, were Cx43-dependent.
Additionally, it was microscopically observed that the #KO2 clone had more isolated
clusters than the #C2 clone, ZsG Med8A, and wild-type Med8A during in vitro culture. This
phenomenon was accompanied by a slower growth rate and higher spontaneous cell
death, as reflected in the flow cytometry results. This evidence supports the theory that
Cx43-composed GJs facilitate the transport of beneficial substances and signaling
exchanges between cells. The depletion of Cx43 impeded Med8A cell growth and

rendered the cells more vulnerable, leading to an increase in spontaneous cell death. This
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vulnerability likely explains the more pronounced increase in cell death rates observed in
#KO2 cells after CCNU administration compared to #C2 cells. Moreover, the greater effect
in #KO2 cells could be attributed to the complete loss of Cx43 due to the KO. In contrast,
MFA and TO treatments likely do not achieve complete inhibition of Cx43-based GJs,
which may account for the less pronounced effects observed with these pharmacological
inhibitors. A similar result was observed in a Cx43 KO clone derived from the G35 cell line
in our group, and a study by Bobbie et al. reported a greater apoptotic rate of retinal
vascular cells in Cx43-reduced mice compared to control mice (Bobbie et al., 2010). In
contrast, Vinken et al. showed that silencing Cx43 in primary rat hepatocytes led to
decreased spontaneous apoptosis in culture (Vinken et al., 2012). This is also supported
by a demonstration of renoprotection with Cx43 depletion in renal tubular epithelial cells
(Xu et al., 2022). Diminishment of Cx43 protein has been noted to interrupt cellular
adhesion, motility, and polarity (Matsuuchi and Naus, 2013). Therefore, it is possible that
#KO2 had difficulty adhering, resulting in fewer cells and greater vulnerability, despite the
same seeding number and incubation time compared to #C2.

Besides, Cx43 deprivation may have also led to dynamic changes in cell morphology and
rearrangement of cytoskeletons. In this study, depletion of Cx43 not only caused
morphological changes in Med8A but also in other types of tumors. Our previous work
revealed that glioblastoma cells with Cx43 KO showed a significant reduction in TM length
and interfered with the transfer of intercellular calcein dye. Moreover, one report indicated
that Cx43 KO breast cancer cells exhibited a distinct decrease in the number and length
of tunneling nanotubes (Tishchenko et al., 2020). Apart from morphological disruption,
these cellular alterations also involved the orientation of locomotion for seeking cell-to-cell
contacts. Therefore, a lack of Cx43 could impede cell polarity and intercellular signaling

communication. Weil et al. demonstrated that poorly TM-connected gliomas had a better
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therapeutic effect of TMZ (Weil et al., 2017). Consequently, this caused #KO2 cells to
form more isolated clusters and have fewer neighboring cells than the ZsG Med8A
population, without any treatment. Moreover, the lack of cell-to-cell transport of second
messengers and survival molecules via Cx43 GJs led to #KO2 exhibiting greater CCNU-

induced cell death compared to #C2, as expected.
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5. Summary

The discovery of communicative cellular networks has reshaped our understanding of
brain tumor biology. Despite the growing knowledge of Cx43-based GJ as key drivers of
malignant intercellular connectivity in several malignant brain tumors, the significance of
GJ in MB remains largely unknown. This thesis investigates whether MB harbors tumor
networks mediated by Cx43-based GJs and explores their functional role.

Using IF and WB, Cx43-based GJ expression was confirmed in non-WNT/non-SHH MB
cell lines (Med8A and D283). MFA and TO were used as clinically-feasible
pharmacological GJ-blockers. MFA and TO demonstrated reduced intercellular
connectivity pharmacologically thus enhanced sensitivity to CCNU-mediated cytotoxicity,
as shown through real-time imaging and flow cytometry. RNA sequencing revealed that
the combination of MFA and CCNU disrupted cellular homeostasis by activating wound-
healing mechanisms in Med8A cells.

A Cx43 KO model, generated using CRISPR/Cas9, confirmed the pivotal role of Cx43 in
maintaining intercellular connectivity and the pharmacological inhibition from MFA and TO.
The absence of Cx43 resulted in fewer neighboring connections in Med8A cells, making
them more vulnerable to CCNU treatment.

These findings suggest that Cx43-based GJs contribute to MB tumor networks and may
play a key role in mediating resistance to chemotherapy. Targeting these networks
pharmacologically offers a potential strategy to enhance the efficacy of chemotherapeutic

agents like CCNU in MBs.
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