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1. Abstract

Glioblastoma (GBM), as one of the most malignant brain tumours, is mostly
incurable. For a patient diagnosed with GBM, it is not a question whether the
tumour will progress, but when and how fast the patient will die. In the past
decades, medical doctors combined different treatments, such as surgical
resection, radiation and chemotherapy, to save their lives. Unfortunately, the
efficacy of these cures is limited, and patients usually die within 12-18 months.
Researchers are trying to put immunotherapy, targeted therapy, and gene
therapy into use [1]. So that revealing the molecular changes in GBM and

figuring out biomarkers could promote the development of new GBM treatments.

Ca?* signalling is crucial in cellular processes [2, 3], especially in cancer: cell
proliferation, cell migration, metastasis and apoptosis. Mitochondrial Ca?*
uniporter (MCU), locating in the inner mitochondrial membrane, can regulate
mitochondrial Ca?* uptake and shape the amplitude and spatio-temporal patterns
of Ca?* signals [4]. According to previous research, MCU is highly expressed in
GBM stem cells (GSC), embryonic stem cell lines (ESC) and GBM cell lines,

compared with that in normal brain tissues [5].
The aims during my PhD:

e To establish a real-time method to measure Ca?* concentration.
e To analyse Ca?* signal and MCU expression level in GBM cells.

e To link these characteristics with GBM hallmarks: proliferation and

migration.

| also tested GBM migration in a 3D neural scaffold in collaboration, and we
compared the motility inhibition effects of inhibitors based on different molecular

mechanisms.

The main results of my thesis:



1)

2)

3)

4)

5)

By co-staining with Fluo-4 AM and Fura Red AM, we measured real-time Ca?*
oscillations in U87 GBM cell line, GSC cells and human astrocytes. The
resting Ca?* levels are similar, but Ca?* signal amplitude in GBM cells is much

higher than in human astrocytes.

MCU expression level in GBM cells is much higher than in human astrocytes.
MCU knockdown in U87 GBM cells decreased Ca?* signal amplitudes, cell
proliferation and migration. MCU overexpression in human astrocytes
increased Ca?* signal level but triggered cell death, suggesting that human

astrocytes cannot sustain a high Ca?* level.

MCU silencing in U87 GBM cells decreased proliferation and migration. Cell

proliferation was slowed down by arresting cells in the G1 phase.

We cultured healthy cortical cells on 3D Interconnected Graphene—Carbon
Nanotube and establish an in vitro model. By culturing GBM cells in the 3D
neural model, we investigated GBM cells infiltration and revealed its potential

to screen anticancer drugs.

We employed three known inhibitors of small GTPases: ML141, R-ketorolac
and EHT 1864. These three inhibitors can reduce the infiltration propensity of
GBM cells by targeting two prototypical small Rho GTPase (Racl and Cdc42).
The binding poses of these drugs on the target proteins provide a rationale at

the atomic-level of detail of their non-competitive inhibition mechanism.



2. Introduction

Gliomas arise from glial or precursor cells and are thought to have potentially
originated from the subventricular zone (SVZ) in the brain, where neural stem
cells and neural progenitor cells are abundant [6, 7]. In general, gliomas include
astrocytomas, oligodendrogliomas, oligoastrocytomas and glioblastomas (GBMs).
GBM s the deadliest form of brain cancer, with an inferior prognosis. Scientists
have been trying for decades to find effective treatment modalities to improve the
life quality of GBM patients, prolong patients’ life and even cure GBM. In fact,
despite the significant advancements in therapeutic management, including
surgical resection, radiotherapy, and chemotherapy, the median survival period
for patients harbouring GBM remains less than 18 months [8]. GBM cells have
the propensity to aggressively infiltrate/invade into the surrounding brain tissues
and along the vascular tracks, which prevents complete resection of all malignant
cells and limits the effect of localized radiotherapy while maintaining normal
tissue [9]. The primary agent for GBM chemotherapy is temozolomide (TMZ) [10,
11], which can easily cross the blood-brain barrier but can only improve the
median survival time of around three months. And then, to make matters worse,
tumours recur almost in all cases [12]. In addition, GBM often causes other brain
diseases [13-15], such as herniation, cerebral injury and cerebral haemorrhage,
which can be lethal. However, the survival period of GBM patients can be
variable and difficult to predict, which suggests unknown factors that are not yet

well understood.

Nowadays, more and more scientists focus on revealing the molecular changes
in GBM and are trying to use immunotherapy, targeted therapy and gene therapy
to treat GBM [16-19]. Nevertheless, there remain few effective therapies due to
redundancy of intracellular signalling pathways, tumour molecular heterogeneity,
and lack of validated biomarkers [1]. The Cancer Cell Map Initiative [20], a new
effort, focuses on mapping the cancer gene network to identify key tumour

drivers and the genetic influences on response to treatment. Such a genomic
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platform is likely to improve patient diagnosis, risk stratification, and treatment
selection basing on molecular drivers rather than histology alone in the future.
Therefore, GBM researchers’ challenges are to reveal more genetic alterations
related to GBM and translate the well understand pathophysiology into effective

therapies.
2.1 Malignant Brain Tumours

The World Health Organization has assigned brain tumour into four grades [21]:
grade | pilocytic astrocytomas with low proliferative potential and the possibility of
cure following surgical resection alone; grade Il diffuse astrocytomas with low
proliferative activity, but often recur; grade Il anaplastic astrocytomas with high
proliferative activity, and patients with anaplastic astrocytomas receive adjuvant
radiation and/or chemotherapy and grade IV GBM with high proliferative activity
and widespread infiltration of surrounding tissue, is often associated with rapid
pre- and postoperative disease evolution and a fatal outcome [21-23]. According
to the CBTRUS statistical report of malignant primary brain and other CNS
tumours in the United States in 2010-2014 [24], around 47.1% is GBM (Figure 1).

GBM evolves in the limited space of the cranium. In order to survive and develop,
it eliminates the surrounding population of cells using numerous combined
strategies to create space and form a single organismal unit. GBM cells can
release significant quantities of glutamate, which can help GBM cells resist
apoptosis, promote the proliferation and invasion of glioma cells, and induce cell

death of neurons at the tumour margin [25].



Malignant
Meningioma
1.5%

All .Othar Glioblastoma
Malignant® 47.1%
17.9% o

All Other
Malignant Glioma
33.5%

a. Percentages may not add up to 100% due to rounding.

b. Includes histologies with ICD-0-3 behavior code of 3 from choroid plexus tumors, neuronal and mixed neuronal glial
tumors, tumors of the pineal region, embryonal tumors, nerve sheath tumors, mesenchymal tumors, primary melanocytic
lesions, other neoplasms related to the meninges, lymphoma, other hemopoietic neoplasms, germ cell tumors, cysts and
heterotopias, tumors of the pituitary, craniopharyngioma, hemangioma, neoplasm unspecified, and all other.

Figure 1. Distribution? of Malignant Primary Brain and Other CNS Tumours
by Major Histology Groups (N=119,674). [24]

Currently, the standard approach in GBM treatment is maximum surgical
resection plus radiation therapy and medical management/chemotherapy,
considering that the entire tumour cannot be removed because GBM infiltrates
surrounding tissue [26]. Despite this standard care, most patients with GBM do
not survive beyond one year, and only about 5.5% survive beyond five years [24].
There are mainly three reasons: the blood-brain barrier (BBB), composed of
continuous tight and adherent junctions between brain capillary endothelial cells,
excludes the vast majority of cancer therapeutics from entering the brain
parenchyma [27, 28]; glioma stem cells (GSCs), a population of cells that
possess unique molecular signatures and reside within protective niches in the
tumour, are a vital cause of treatment failure in GBM due to their intrinsic drug
and radiation resistance and ability to repopulate the tumour mass [29, 30]; GBM

cells have the propensity to aggressively infiltrate/invade into the surrounding
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brain tissues and along the vascular tracks, which prevents complete resection of

all malignant cells.

According to previous reports [31, 32], gene synthesis alterations can result in
cell growth, proliferation, migration, angiogenesis and apoptosis. In this case,
figuring out altered signalling pathways that are related to GBM and employing
treatment targeting these signalling pathways become an innovative therapeutic
method in GBM treatment, and some promising results have been achieved [24].
IL-13 Ra2 is present in over 75% of GBMs and is associated with activation of
the phosphatidylinositol-3 kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) pathway [33], and is linked to increased tumour invasiveness and poor
prognosis [34]. Besides, IL-13 Ra2 is specific for GBM tumour cells and limited
expression in normal brain and other tissues [35]. In this case, IL-13 Ro2 has
long been recognized as an attractive candidate for CAR T-cell targeting [36].
Approximately 40% of all newly diagnosed GBMs carry amplification of the EGFR
gene, and about 50% of EGFR-amplified GBMs contain constitutively active and
oncogenic EGFRVIII [37], and immunotherapy researches taking advantage of

this character are carrying on.
2.2 Ca% signalling and cancer malignancy hallmarks

The concentration of cytosolic free Ca?* ([Ca?*];) (~100 nM) is 10000 times lower
compared with the level of free Ca?* in most extracellular fluids (>1 mM). This
large concentration gradient is achieved by the Ca?*-transporting ATPases,
Na*/Ca?* exchangers and Ca?*-binding proteins [38]. When cells are activated,
Ca?*-permeable ion channels open, and Ca?* flow into the cells, which induces
an increase in the [Ca?*]i and Ca?" oscillations. In order to detect and record
these Ca?* signals, plenty of calcium indicators, based upon selective calcium
binding to fluorescent dyes that were made membrane-permeable temporarily
[39-41], were put into use, and calcium imaging techniques developed.
Traditional calcium imaging using calcium indicators can show the calcium

signals in single cells, in microdomains [42, 43] such as dendritic spines or
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synapses, even in thick samples such as mammalian brains. Cells usually
choose a unique set of Ca?* signals, including [Ca?*]i level, to control its function.
For example, dynamic changes in [Ca?*]i contribute to key signalling cascades in
brain cells, including the axonal release of neurotransmitters [44], dendritic
control of synaptic plasticity [45], and intracellular communication in electrically
passive astroglia [46]. In general, when [Ca?*]i increases above the micromolar
level, cell death can be initiated [47], but the precise dangerous level of [Ca?*];
varies in different cell types. Therefore, to quantify the absolute intracellular
calcium concentration can help us understand the cell functions regulated by
[Ca?*]i. However, the usage of single-wavelength indicators in traditional calcium
imaging is associated with variable dye loading and extrusion, making it difficult
to accurately determine absolute Ca?* concentration. With the development of
fluorescent indicators, a class of calcium imaging indicators [48-50], which exhibit
two peak excitation/emission wavelengths when either bound or free of Ca?*,
were applied to measure absolute Ca?* concentration with ratiometric method.
This class of indicators permits a very accurate quantification of Ca?*
concentration that is corrected for uneven dye loading, dye leakage, photo-
bleaching and changes in cell volume, but at the cost of increased spectral
bandwidth [51]. So imaging equipment that can minimize spectral overlap is
required. Since Ca?* indicators themselves also act as Ca?* buffers and can
therefore impact both the levels and the kinetics of Ca?*-signalling within cells,
the strength and speed of Ca?* indicators binding to Ca?* should be considered.

For accurate calibration of Ca?* levels, high-affinity Ca?* indicators are required.

According to previous studies, Ca?* signalling is crucial in plenty of cellular
processes [2, 3], including cell proliferation, cell migration, metastasis, and
confers apoptosis resistance, which are key malignancy hallmarks in cancers
(Figure 2). Generally, these functions are usually achieved in cancers via
nuanced regulation of tumorigenic pathways by Ca?*, frequently through spatially
and/or temporally defined changes in Ca?* [3].



Tumour microenvironment

* Microenvironmental factors (e.g. hypoxia and
growth factors) can be propagated to tumour
cells via the Ca? signal

* EMT is Ca** signal dependent

* Ca’ signalling is crucial in many immune cell
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* Cells of the tumour stroma may respond to
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Figure 2. The Ca?* signal and tumour progression [3]. The Ca?* signal often
intersects through specific Ca?*-permeable ion channels and Ca?" pumps,
with various processes relevant to the growth, metastasis and death of
cancer cells. ECM, extracellular matrix; EMT, epithelial to mesenchymal

transition; ER, endoplasmic reticulum; TRP, transient receptor potential.
2.2.1 The relation between Ca?* signalling and cell migration

Unlike other aggressive cancers that metastasize to organs through the
circulatory system or lymphatic system, GBM cells rarely metastasize outside of
the brain and instead actively migrate through the perivascular space around
blood vessels and the space between neurons and glial cells [9]. In order to
invade through these spaces, GBM cells alter the cell shape and volume to fit
differently sized spaces and interact with the extracellular matrix to gain mobility
[52, 53]. While the focal, adhesion molecules and cell morphology [54, 55], which
are critical factors of cell migration, are maintained by Ca?* signals. Tsai’'s group
[56] showed that cells usually maintain a Ca?* gradient with lower basal Ca?*
levels in the front to prevent persistent myosin light chain kinase (MLCK)
activation. When cells migrate, local Ca?* pulses near the front of migrating cells
dynamically regulate MLCK and the retraction and adhesion of lamellipodia.

BTP2 [57], a store-operated Ca?* (SOC) influx pathway inhibitor, decreases local
9



Ca?* pulses and focal adhesions, and the effect is similar to that caused by the
myosin Il inhibitor blebbistatin. Racl has been proved to promote GBM cells
progression by regulating cell adhesion formation [58], and depletion/inhibition of
Racl in GBM cells disrupted the disassembly of cell adhesion concomitant with
defects in the actin web and switched the proportion of stable cell adhesion
complex, thus reduced cell motility. Stimulation of VCAM-1 leads to the
mobilization of intracellular Ca?* and Racl activation, which are required for the
activation of NADPH oxidase that induces actin restructuring for endothelial cell
shape changes, and all these activities can be blocked by a Ca?" channel

inhibitor or a Ca?* chelator [59]—confirming that Ca?* can regulate cell migration

via Racl.

All these results demonstrate the fact that Ca?* regulates cell migration. However,
the effect of adhesion on cell motility depends on the cell types, and strong cell-
matrix adhesion can impede cell motility. Therefore, increased cell-matrix
adhesion might have contrasting effects on cell migration in weakly adherent cell
types than strongly adherent cell types. In MDA-MB-468 breast cancer cells [60],
Ca?* homeostasis is different between the more epithelial and the more
mesenchymal cell phenotypes. Epithelial to mesenchymal transition (EMT)
occurs with attenuation of both SOC influx and ATP-mediated [Ca?*]i changes.
Actually, during cancer cell migration and invasion, the contribution of Ca?*
channels and pumps to Ca?* changes could vary between different cancer types

with the nature of stimulation.

Researches on cell migration using flat, 2D tissue culture surfaces have
elucidated detailed molecular and biophysical mechanisms of cultured cells. In
fact, most cells migrating through tissues undergo 3D migration, meaning that
while migrating, they are continuously embedded in an extracellular matrix (ECM)
environment. In this case, cell migration differs between in vivo and in vitro,
potentially due to the more complex cell interactions in 3D [61]. To overcome this

limitation, researchers created 3D cell culture. A well-designed microenvironment
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in tissue and cell engineering can be used to mimic in vivo conditions and study

cell migration in a more proper way.
2.2.2 The relation between Ca?* signalling and cell proliferation

When extracellular Ca?* is lowered from 1 mM to 0.1 mM, cell proliferation
ceases [62]. Mammalian cells required Ca?* during at least two distinct points, in
early G1 and close to the G1/S boundary [63]. Besides, Ca?* oscillations can be
detected at the G2/M transition [64], suggesting that Ca?* signalling plays an
essential role in cellular proliferation and cell cycle by regulating the G1/S and
G2/M transitions. Cells are most sensitive to depletion of extracellular Ca?* in G1
[65], in which Ca?* regulates the expression of immediate-early genes, such as
FOS, JUN and MYC, and later towards the G1/S boundary where Ca?* is
required for retinoblastoma protein (Rb) phosphorylation [65]. Cyclin D1 and
cyclin E1, members of cell cycle proteins, are essential regulators of the G1/S
transition. Cyclin D1 forms an active complex with its interacting partner cyclin-
dependent kinase 4 (CDK4). This cyclin D1/CDK4 complex can phosphorylate
the Rb to disable their function as transcriptional suppressors and allows
activation of E2F-dependent transcription to promote S phase entry and
transcriptional activation of genes that control cell cycle progression [66, 67].
Moreover, cyclin E1 regulates the G1/S transition by activating CDK2 [68]. Their
timing expression plays a direct role in DNA replication initiation [69], the control
of histone biosynthesis [70], and the centrosome cycle [71]. It has been reported
that downregulation of Piezol considerably suppressed Ca?* signal increments,
inhibited the phosphorylation of Akt and mTOR and arrested the cell cycle of
prostate cancer cells at GO/G1 phase by inhibiting the activation of CDK4 and
cyclin D1 [72]. Choi [73] and colleagues showed that a coordinate elevation in
the intracellular free Ca?* concentration is required for G1 to S phase cell cycle
progression, and later they identified a CaM-binding site on cyclin E1, which
supports a direct role for CaM in mediating Ca?*-sensitive cyclin E/CDK2 activity
and G1 to S phase transitions in VSMC.
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In some cancer cells, Ca?* channels or pumps altered [74], affecting the resting
Ca?* level in the cellular compartments and can change the spatial and temporal
characteristics of the intracellular calcium transients. The proliferation of cancer
cells can be suppressed by reducing or increasing the expression of specific
Ca?* channels or pumps. A tissue microarray analysis of breast tumours [75]
showed that the expression level of plasma membrane Ca?*-transporting ATPase
2 (PMCAZ2) is positive correlated with human epidermal growth factor receptor 2
(HER2) positivity, which mediates cell growth, and knocking down PMCA2
decreased breast cancer cell proliferation and increased the sensitivity to
doxorubicin treatment. It has been reported that proliferation of breast, colorectal,
gastric and prostate cancer cells requires T-type Ca?* channels [74]. Based on
the above background, targeting Ca?* related channels or pumps may point the

way to suppress GBM proliferation.
2.2.3 The relation between Ca?* signalling and cell death

The magnitude, the spatial and temporal characteristics of Ca?* signals are
variable during cell processes. Sustained and large increases in [Ca?*]i can be
associated with cell death [76]. The ER and mitochondria are crucial stores
where intracellular Ca?* fluxes are governed and control many processes
essential for life. However, Ca?* arising from them can be a potent death-
inducing signal [74]. Usually, 1,4,5-triphosphate (IP3) triggers the release of Ca?*
from these intracellular stores, which creates microdomains of high Ca?*
concentration between the ER and the mitochondria and accelerates Ca?* in the
mitochondrial network (Figure 3 left panel). Ca?*-accelerated in mitochondria
generates reactive oxygen species (ROS), which can damage DNA, promote
Ca?*-induced permeability transition pore opening, inhibit respiration and
peroxide cardiolipin, causing it to dissociate from cytochrome c, which then exits
the mitochondria to activate the intrinsic apoptotic pathway [77]. The increase of
[Ca?*]ican also activate calpain and promote proteolysis of BCL2, mitochondrial

permeabilization and cytochrome c release, resulting in cell death.
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Tumour cells should take advantage of the Ca?* signalling to promote
proliferation, meanwhile, protect itself from apoptosis. In U87 GBM cell lines [78,
79], which show loss of PTEN and augmented PKB activity, exhibit increased
PKB-dependent phosphorylation of InsP3Rs, decreased flux of Ca?* from the ER
to the mitochondria and decreased apoptosis (as shown in Figure 3 right panel).
BCL2 has been reported to reduce ER Ca?* by inhibition of SERCA2, decrease
the sensitivity of the mitochondrial uptake process, and increase the capacity to
accumulate Ca?*. In fact, cancer cells usually exhibit upregulation of anti-
apoptotic proteins of BCL2 (Figure 3), which can inhibit cell apoptosis by
modulating intracellular Ca?* signals [80]. In recent research, Osswald and
coworkers [81] established that the adjacent tumour cells are linked by tumour
microtubes (TMs) and form a network in brain tumours. The connecting cells can
propagate Ca?* to adjacent cells and share deleterious stimuli through TMs. So
cells in the network can survive when suffering huge increases in Ca?*, which

would, if not dissipated, kill single isolated cells.

-]

T
protein expression T T
T PTEN loss/  Increase

Growth factor depletion PKB*  mutation in expression

Figure 3. Apoptotic signals that induce endoplasmic reticulum (ER)-

mitochondrial Ca?* flux and their remodeling during cancer [74]. a, The

transfer of Ca?* from the ER to the mitochondria is a potent signal for death.

A conduit for this Ca?" transfer from the ER is the inositol 1,4,5-

trisphosphate receptor (InsP3R). InsPsRs are sensitized by phosphorylation
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(cell division cycle 2 (CDC2)-cyclin B), reactive oxygen species (ROS) and
Ca?*. InsP3Rs are deregulated by caspase, calpain cleavage and/or binding
of cytochrome ¢ (CytC). As mitochondria release many of these InsP3Rs
regulatory factors, a feedforward loop is set up to amplify death signalling.
b, Suppression of InsPsR—mitochondrial Ca?* flux during cancer. In
naturally dividing cells experiencing normal levels of growth factor
stimulation, InsP3Rs are tonically inhibited as a result of protein kinase B
(PKB) phosphorylation and/or binding of BCL-XL. Reduction of growth
factors or cell stress causes decreased PKB activity and the induction of
BH3 (BCL2 homology 3)-only proteins. As a result, InsPsRs are no longer
phosphorylated by PKB and the interaction with BCL-XL is lost. Under
these conditions, Ca?* flux to the mitochondria is enhanced and cell death
ensues. During cancer, BCL-XL expression and/or PKB expression and/or
activity are increased, resulting in greater inhibition of InsP3sR activity and
mitochondrial Ca?* accumulation. Thus, cell death is prevented and
oncogenesis progresses. Reversing the remodelling that occurs during
cancer to suppress Ca?* flux to the mitochondria might be a therapeutic
opportunity. Indeed, this might be achieved with BH3 mimetics or PKB
inhibitors.

2.3 The MCU complex in cancer

Mitochondrial Ca?* uptake can shape the amplitude and spatio-temporal patterns
of Ca?* signals [4] and regulate cell process. Mitochondrial Ca?* uniporter (MCU),
identified as a 40 kDa protein, locates in the inner mitochondrial membrane and
regulates mitochondrial Ca?* uptake. Hamilton and co-workers find that the
genetic ablation of MCU decreases mitochondrial Ca?* uptake in brain

mitochondria [82].
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2.3.1 The structure of the MCU complex

In mammals, the MCU complex contains four core components shown in Figure
4: the pore-forming MCU protein, the gatekeepers MICU1 and MICUZ2, and an
essential regulatory subunit EMRE [4, 83, 84]. MCU is quiescent in resting [Ca?*]i
level (~100 nM) and becomes activated only when local Ca?* levels rise to 1 M.
MICU1 and MICUZ2 sense changes of [Ca?*]i to switch MCU on and off and avoid

detrimental Ca?* overload [85, 86].

In low-Ca?* condition, the MCU complex is quiescent, and its structure reveals a
4:4:1:1 stoichiometry of MCU, EMRE, MICUl and MICU2 (Figure 4). MCU
tetramerizes to form a Ca?'-conducting pore with EMREs attached to its

periphery around a central approximate fourfold symmetry axis. MICU1 forms an

extensive interacting surface with MCU to seal the pore’s intermembrane space
entrance, while MICU2 binds to MICU1 from the side without contacting MCU
(Figure 4).

90°

288
V()Eﬂm‘g“

Figure 4. Architecture of the human MCU complex in low-Ca?* conditions
[83]. The cryo-EM map (left) and ribbon representation (middle) are viewed
from the membrane. On the right, the uniplex (with MCU-EMRE shown as a
surface representation and MICU1-MICU2 as a ribbon) is viewed from the

top.
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When Ca?* activates the channel, the top of the MCU-EMRE tetramers moves
closer with two MICU1-MICU2 heterodimers arching over it. But MICU1 no
longer covers the pore in high Ca?*; instead, it moves to the edge of the MCU-—
EMRE tetramer, losing most of its interactions with MCU (Figure 5), suggesting
that Ca?* activates the uniporter by removing MICU1 from the MCU surface to

open the pore.

Figure 5. Architecture of the human MCU complex in high-Ca?" conditions
[83]. Red spheres represent Ca?*.

2.3.2 The relation between MCU and cancer

MCU dysregulation is believed to be closely related to tumorigenesis. According
to The Human Protein Atlas (www.proteinatlas.org), moderate to strong MCU
immunoreactivity was shown in a majority of cancer tissues. The most robust
protein expression was found in colorectal and ovarian cancers; high MCU
expression was also detected in many other cancers, such as pancreatic,
stomach, and prostate cancer. Moreover, in The Cancer Genome Atlas (TCGA,
www.cancergenome.nih.gov), gene amplification of MCU was found in prostate
cancer as well as breast cancers. According to datasets, MCU gene deletions
were shown in malignant peripheral nerve sheath tumours (MPNST), and the

highest rate of MCU mutation was observed in uterine carcinosarcoma. Tosatto
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and co-workers [87] studied the role of MCU in triple-negative breast cancer
(TNBC) migration and invasion and confirmed that MCU expression is correlated
with tumour size and lymph node infiltration. In contrast, MCU knockdown
decreased cell motility and invasion potential, as well as tumour growth in
xenograft models of TNBC. However, Marchi and colleagues [88] suggested that
microRNA-25 targets MCU and reduces the sensitivity of colon and prostate

cancer cells to apoptosis-inducing agents through MCU downregulation.

Based on the researches of different tumour types, MCU shows complex and
changeable characters (Table 1). The mechanisms of the MCU complex genetic
modifications affect cancer biology and why their patterns differ across cancer
types are not well understood yet, and more efforts still need to be paid in the

future.

Table 1. Summary of publications featuring MCU in cancer [89].

Cancer type Highlights

MCU promotes metastasis via Warburg effect;

Breast cancer MCU is a direct target of microRNA-340;

[90] MCU expression is higher in metastatic breast cancer

patients.

MCU correlates with tumour size and lymph node infiltration;

Triple negative | MCU knockdown (KD) reduces motility and invasion, tumour
Breast cancer  growth, lymph node infiltration, and lung metastasis in TNBC
[87] xenografts;

MCU controls mROS and HIF-1a.

Breast and colon | IP3sR-mediated release of Ca?* from ER and MCU-mediated
cancer cell lines  mCa?* influx is needed for celastrol-induced paraptosis in
[91] cancer cells.

MCU expression correlates with metastasis and poor

Hepatocellular T
prognosis;

carcinoma [92]
High MCU levels increase mCa?* uptake and promote
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Pancreatic
cancer [93]

Head and neck
squamous  cell
carcinoma
(HNSCCQC)[94]

Multiple
myeloma [95]

p537/~ MEFs;
HCT-116; Hela;
H1299 [96]
MDA-MD-468
(breast cancer)
HelLa and
EA.hy926 cells
[97]

Oncogene-
induced

senescence in
HEC cells [98]

Prostate cancer
[99]

Melanoma [100]

MROS via NAD+/SIRT3/SOD2 pathway;

High MCU levels promote MMP2, cell
intrahepatic and distal lung metastasis in vivo.

motility, and

HINT2 triggers cancer cell death via MCU,;

HINT2 overexpression is associated with MICU1 and MICU2
downregulation and EMRE upregulation.

EZH2 is a negative prognostic factor; its inhibition in vitro
causes cell death and cell cycle arrest;

EZH2 inhibition causes MICU1 downregulation;

EZH2 and MICU1 are required to maintain mitochondrial
membrane potential.

CYPD, SOD2, and MCU are differentially expressed in KMS
cells and control mitochondrial activity and bortezomib
sensitivity;

Membrane potential, oxygen consumption rate, ATP, and
mCa?* concentrations correlate with KMS drug resistance.

Links p53 to Ca?'signaling in cell death regulation
In vivo Ca?imaging in 3D tumour masses and
photodynamic stress reveal high mCa?* as a cause of p53-
dependent cell death.

ER-mitochondria tethering increases cancer cells sensitivity
to resveratrol/piceatannol;

MCU and LETM1 control mCa?* uptake;

MCU and LETM1 control resveratrol/piceatannol-induced
cancer cell death.

MCU loss enables from

senescence.

escape oncogene-induced

Mitochondrial swelling induced by metformin is due to
enhanced mCa?* and is reversed by MCU inhibition.

Drug resistant and tumour maintaining melanoma cells
display elevated mCa?*.
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Ca?* protects osteosarcoma and melanoma cells from
tumour necrosis factor (TNF)-related apoptosis-inducing
Melanoma  and | jigand (TRAIL) cytotoxicity;

osteosarcoma o _

[101] Ca?* chelators and the MCU inhibitor ruthenium 360
decrease mCa?* and sensitize tumour cells to TRAIL
cytotoxicity.

The expression level of MCU in the brain, especially in the cerebral cortex, is
high. Nonetheless, MCU is highly expressed in GBM stem cells (GSC),
embryonic stem cell lines (ESC) and GBM cell lines, compared with that in
normal brain tissues [5]. However, the exact function of MCU in GBM cells has
not yet been fully described or understood. During my PhD, | am committed to
studying the relation between Ca?* signals, the MCU complex and the hallmarks,

proliferation and migration, in GBM cells.

19



3. Results

This section is about papers published and papers in preparation during my PhD.

My collaborators and | finished them under the supervision of Prof. Vincent Torre

and his collaborators. In detail:

In the first article published in Journal of Cell Science, | set the cell culture
protocol, performed the live-cell imaging, calcium imaging, ratiometric calcium
imaging, prepared the samples for Western Blot and FACS analysis, and
analysed the data. | prepared the figures and wrote the manuscript with all the

authors.

In the second article published in Advanced Materials, | set the glioma-cortex
co-culture protocol, performed the live-cell imaging experiment, and
participated in data analysis and figure preparation. | wrote the manuscript

with all the authors.

In the third article in preparation, | set the cell culture protocol, performed the
live-cell imaging, transwell assay. | analysed the data and prepared the

figures. | wrote the manuscript with all the authors.

| actively participate and have a major contribution to all these works.
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3.1 Mechanisms of malignancy in glioblastoma cells are linked
to mitochondrial Ca?* uniporter upregulation and higher

intracellular Ca?* levels

Li X., Spelat R., Bartolini A., Cesselli D., lus T., Skrap M., Caponnetto F., Manini
l., Yang Y., Torre V.

Journal of Cell Science
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Mechanisms of malignancy in glioblastoma cells are linked to
mitochondrial Ca?* uniporter upregulation and higher intracellular

Ca2* levels
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Federica Caponnetto®, lvana Manini3, Yili Yang® and Vincent Torre"5*

ABSTRACT

Glioblastoma (GBM) is one of the most malignant brain tumours
and, despite advances in treatment modalities, it remains largely
incurable. Ca®* regulation and dynamics play crucial roles in different
aspects of cancer, but they have never been investigated in detail in
GBM. Here, we report that spontaneous Ca?* waves in GBM cells
cause unusual intracellular Ca?* ([Ca®*];) elevations (>1 uM), often
propagating through tumour microtubes (TMs) connecting adjacent
cells. This unusual [Ca?']; elevation is not associated with the
induction of cell death and is concomitant with overexpression of
mitochondrial Ca?* uniporter (MCU). We show that MCU silencing
decreases proliferation and alters [Ca?*]; dynamics in U87 GBM cells,
while MCU overexpression increases [Ca?']; elevation in human
astrocytes (HAs). These results suggest that changes in the
expression level of MCU, a protein involved in intracellular Ca?*
regulation, influences GBM cell proliferation, contributing to
GBM malignancy.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: MCU, Ca?* waves, Glioblastoma, Malignancy

INTRODUCTION

When primary glioblastoma (GBM; World Health Organization
grade IV glioma) cells derived from patients are implanted in mouse
brains, long and thin membrane protrusions originating from the cell
body of the GBM cells are observed (Osswald et al., 2015). These
thin protrusions, which can be as long as hundreds of microns and
connect tumour cells in a multicellular network, are referred to as
tumour microtubes (TMs). TMs have two features possibly
contributing to GBM malignancy: they provide a way for GBM to
invade and infiltrate, and they form one large syncytium that confers
to the cellular network resistance to radiotherapy (Osswald et al.,
2015; Osuka and Van Meir, 2017). Oncotherapy, based on either
radiotherapy or chemotherapy, is usually associated with increased
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intracellular Ca®>" ([Ca®"];) (McFerrin et al., 2012; Tombal et al.,
2002), and the control of [Ca®"]; plays major roles in healthy and
cancerous cells. Indeed, when [Ca®']; is elevated to micromolar
levels, cells usually undergo apoptosis within 6 h (Tombal et al.,
2002). The unusual resistance of GBM cells to oncotherapy has
been attributed to the ability of TMs to facilitate Ca>* fluxes among
different GBM cells, leading to the distribution of [Ca>*]; away from
damaged cells to all the other cells connected to it by the TMs.
However, it is possible that GBM cells also have an intrinsic
resistance — originating from their altered genomic landscape — to
the elevation of [Ca®'];, as we argue in the present paper.

Mitochondria accumulate large amounts of Ca>" and contribute
to the maintenance of a low resting [Ca?"]; (Foskett and Philipson,
2015): if [Ca®']; exceeds a threshold in the micromolar range, cells
trigger metabolic pathways leading to cell death (Liu et al., 2015).
Ca?" influx into mitochondria is mediated by mitochondrial Ca>"
uniporter (MCU), and genetic ablation of Mcu decreases
mitochondrial Ca?' uptake (Hamilton et al., 2018), while
persistent MCU activity enhances mitochondrial Ca?" uptake
(Dong et al., 2017). It has been proposed that cancer stem cells
share several properties of adult neural stem cells, in particular
altered Ca?* regulation (Leclerc et al., 2016). On the basis of a
bioinformatics analysis, several genes involved in Ca®>" regulation
with altered expression in GBM cells have been identified, among
which MCU has been found to be overexpressed (Robil et al., 2015).
There is now considerable evidence suggesting crucial roles for
MCU and its regulators in cancer (Mammucari et al., 2017), but the
exact function of MCU in GBM cells has not yet been fully
described or understood.

To perform measurements of Ca?>" dynamics and [Ca®'];,
we looked for U87 GBM cells connected by TMs in a single layer
(Fig. 1A), in which Ca®* measurements are feasible and reliable. We
also observed TMs in cultures of the U251, T98G GBM cell lines and
in glioblastoma stem cells (GSCs) from patients cultured in adhesion.
We analysed Ca?* transients in the somas and TMs of U87 cells using
the fluorescent Ca?" probe Fluo-4 AM and with ratiometric Ca>*
imaging using Fluo-4 AM and Fura Red AM, providing a quantitative
measure of Ca®" transients (Assinger et al., 2015). Our results show
some unusual properties of Ca*>* dynamics in GBM cells: first,
spontaneously occurring transients originating in the middle of TMs
did not always propagate to the somas of connected cells, but large
Ca?* waves originating in the somas propagated along the TMs more
easily; second, spontaneous Ca?" transients in U87 cells and GSCs
from patients could reach values up to 1-3 uM for long durations and
not lead to cell death; and third, MCU, a protein involved in the influx
of Ca®" into the mitochondria, is overexpressed in GBM cells.

Our results suggest that the mitochondrial [Ca?'] overload after
overexpression of MCU, causes large and unusual [Ca®'];
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dynamics. Moreover, a higher MCU level in GBM cells promotes
cell proliferation, which is an important factor contributing to GBM
malignancy, possibly through activation of the Ca?"-calmodulin
complex and calmodulin-dependent protein kinase II (CaMKII)
(Fischer et al., 2013), and specific transcription factors, such as
members of the cAMP response element-binding protein (CREB)
family (Shanmughapriya et al., 2015).

RESULTS

TMs connecting separated GBM cells

The proliferation and migration of cultured GBM cells were
followed by live-cell imaging, in which an image was acquired
every 1 or 2 min for several days. When GBM cells were imaged
under bright-field illumination, thin structures connecting two
GBM cells reminiscent of tumour TMs were detected (Fig. 2A).
When GBM cells were either stained with the fluorescent membrane
marker Vybrant™ DiD or labelled with the fluorescent probe
mCherry, TMs were better visualized, and their dynamics could be
followed for several hours (Fig. 2B,C).

Often, GBM cells retracted all their processes and assumed a
rounded shape, which was followed by the emergence of two
lobes, preceding cell division (Fig. 2D, 0 min). During mitosis, on
several occasions, a thick structure with a width of several microns
formed, and within tens of minutes, when the two GBM cells
started to move apart, one to six TMs could be clearly seen
(Fig. 2D, 10 min; Movie 1). The TMs formed in this way could be
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observed for several hours (Fig. 2D). In most cases, TMs formed
during mitosis, but we occasionally also observed the formation
of TMs following an encounter between two distinct U87 GBM
cells (Fig. S1 and Movie 2). During such collisions, the two cells
joined very closely, and following this apparent fusion, they
separated again, leaving between them connecting TMs. This
phenomenon — never observed in normal, healthy neurons —
suggests a transient fusion of the cellular membrane of the two
GBM cells.

We followed individual TMs for up to 5-6 h, and, at later times,
the TMs were usually lost, either because of dye bleaching or
because of disruption following the vigorous GBM cell motion. The
mean duration of TM persistence in our experimental conditions
was 6747 min, and the TM lengths varied from a few microns to
more than 100 um (Fig. 2F), equivalent to approximately three
times the diameter of the GBM cell body. Some TMs extended up to
100-200 pm following GBM cell motion, and some TMs persisted
for several hours (Fig. 2E,F).

Ca?* transients in GBM soma

U87 GBM cells were seeded on 15-mm coverslips at a density of
2.0x10* cells, and Ca®' transients in their somas were analysed
using the Ca*" indicator Fluo-4 AM. GBM cells moved during the
Ca?'-imaging experiments, and often in 5-10 min, their somas
could move by 1-3 pm. Therefore, we analysed Ca®>* dynamics only
in cells that did not move during the experiment.

0 1 I;I:I ztllo :M;l:l
Time (s)

—Fluo-4 C
—Fura-Red 25
2 s
2
w15
['4
1
0.5+
400 500 600 0 100 200 300 400 500 600

Time (s)

i " n

10° 10

Free Ca2* (nM)

Fig. 1. Ca?* calibration method. (A) U87 GBM cells transduced with mCherry. The red outlined area represents a typical region of interest (ROI) used to
measure the emitted fluorescence in GBM cells loaded with Fluo-4 AM and Fura Red AM. (B) Time course of the emitted fluorescence by Fluo-4 AM (F1 blue line)
and by Fura Red AM (F2 red line) from the ROl of A. The upward and downward signals indicate the optical recordings of the spontaneous Ca?* transients. (C) The
fluorescence ratio R obtained from the data shown in B. The amplitude of transients of R=F1/F2 is less affected by dye bleaching than in F1 and F2. (D) Estimation
of the parameters used in Egn 3 to obtain the value of [Ca?*]; from R. Each coloured dot represents values from a single U87 GBM cell. Data are from 32 different
GBM cells in three distinct experimental sessions, and the values obtained for Ky, Rmin and Ryax are 810.3 nM, 0.56 and 4.60, respectively.
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Fig. 2. Tumour microtubes (TMs) connect U87 GBM cells. (A) A differential interference contrast (DIC) image of U87 GBM cells. (B) Fluorescence
image of U87 GBM cells stained with the fluorescent membrane marker Vybrant™ DiD. (C) Fluorescence image of U87 GBM cells labelled with mCherry.

(D) A sequence of fluorescence images of U87 cells stained with Vybrant™ DiD undergoing mitosis. The red arrows in A-D point to TMs, which are more visible

when stained by a fluorescent label. (E) Distribution of the durations of TMs. (F) Distribution of the lengths of TMs. The data in E and F were collected from

146 U87 GBM cells in three distinct experimental sessions.

During the first day of culture (Day 1), the great majority of U87
cells remained isolated, and only a small fraction of them was
connected by TMs; only occasional Ca®" transients could be
detected (Fig. 3A). After culture for 2-3 days (Day 2 and Day 3),
more cells had become connected by TMs and had formed a
functional network. On Day 2 and Day 3, spontaneous Ca>"
waves with durations of ~1 min could be detected; these waves
were almost periodic but exhibited low synchrony (Fig. 3B,C).
The amplitude of these optical signals was large, and the value of DF/F,
could exceed 1 (Fig. 3B,C,E). After culture for 4 days (Day 4), the
GBM cells had formed a morphologically connected dense layer,
and only a few TMs could be detected; the Ca®" transients had
become shorter and weaker, with a DF/F, value less than 0.5
(Fig. 3D,E).

Ca?* transients in TMs

As represented in Fig. 3E, the properties of the Ca" transients
changed with time after the U87 GBM cells were moved into
culture dishes: initially, the cells were isolated, with very few
connecting TMs (Day 1), but the fraction of connected cells
increased following proliferation (Day 2 and Day 3), and when
tumour spheres started to form, the number of visible TMs dropped
substantially (Day 4). Similarly, the amplitude and duration of the
measured optical transients changed from Day 1 to Day 4
(Fig. 3E), and spontaneous Ca’>" waves had a larger amplitude

on Day 2 and Day 3 than on Day 1 and Day 4, which suggests that
the Ca®" elevation was higher. For these reasons, Ca>" transients
were analysed in detail on Day 2 and Day 3.

In several cases, Ca®" transients propagated with a delay varying
from 1 to 10 s to a nearby cell, but with a reduced amplitude. In
other cases, a small Ca?* transient originating in a distal process was
amplified and propagated to the soma. The propagation of Ca?*
transients between morphologically connected cells was not always
bi-directional, especially in cells connected by TMs (Fig. 4A,C): we
often observed the presence of spontaneous localized Ca®"
transients in TMs with stereotypical shapes and amplitudes (see
orange shading in the red trace in Fig. 4B). However, these
transients often did not propagate to the neighbouring portions of
the same TM. These experiments were performed with the single
Ca®" indicator Fluo-4 AM, and, given the high motility of GBM
cells and of the connecting TMs, localized optical transients could
be caused by a small motion of the TM itself rather than by a
genuine Ca?" hotspot. Therefore, we moved to ratiometric Ca>"
imaging based on Fluo-4 AM and Fura Red AM (Assinger et al.,
2015); in this method, an increase in [Ca®"]; causes an increase in
the fluorescence emitted by Fluo-4 AM but a decrease in the
fluorescence emitted by Fura Red AM (Fig. 1B).

Using ratiometric Ca?>* imaging, we determined the complexity
of Ca®" propagation along TMs connecting the somas of two GBM
cells. Large Ca®" transients originating in the soma of one of the two
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Fig. 3. Spontaneous Ca?* transients in U87 cells. (A-D) Optical traces from U87 cells loaded with the Ca?* indicator Fluo-4 AM after cultivation for 1 (A), 2 (B),
3 (C) and 4 (D) days. (E) Distribution of cells connected by TMs (left), amplitude of fluorescent signals during spontaneous optical transients (DF/F) (middle)
and duration of optical transients (right) as a function of days in culture. The data in E were collected from 160 U87 GBM cells in three distinct experimental
sessions. The duration of optical transients was measured as the time during which DF/F, was larger than 0.3 times the peak amplitude of the optical
transient. **P<0.01, ***P<0.001. n.s., not significant.

cells propagated along the TM (see the initial large increase in R in The presence of Ca®" hotspots along TMs could originate from
the red and blue traces in Fig. 4D). Frequently, following this the presence of local barriers preventing the free diffusion of Ca".
conventional Ca®" propagation, we observed a Ca’’ transient Barriers to free diffusion along TMs could be formed by
originating in the middle of the same TM that remained localized mitochondria operating in these narrow structures (Bindocci et al.,
and did not propagate to the two ends of the TM (see optical 2017). Therefore, we analysed the presence of mitochondria in the
transients in the blue trace within the orange shading in Fig. 4D). TMs (Fig. 4E) using the dye MitoTracker Red FM (Fig. 4F). We
Similar observations obtained in the other seven TMs suggest that found clear spots of the dye in the middle of TMs, indicating the
large Ca" transients originating in GBM cell somas are global presence of mitochondria in restricted regions of TMs. These
events that can invade the entire cell and propagate along the TMs,  mitochondrial hotspots were also highly dynamic and could move
but small Ca®* transients originating in TMs do not easily propagate  along the TM with a velocity of ~1 um/min (compare the 0 min and
and represent localized hotspots. 15 min images in Fig. 4F; Movie 3).

Q
O
c
a
1%
(V]
©
Y
Y—
(©)
©
c
—
>
(®)
-_



http://movie.biologists.com/video/10.1242/jcs.237503/video-3

RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs237503. doi:10.1242/jcs.237503

Calcium Imaging (Fluo-4)

Yr—hotspots

etric Calcium Imaging (Fluo-4 & Fura red)

“%—hotspots

*

300 400 500 600
Time (s)

200

0 min

b el Mitochondria

5 um

Fig. 4. Properties of Ca2* transients in TMs. (A) Fluorescent image of U87 GBM cells loaded with Fluo-4 AM. (B) Optical transients (DF/F) from the three
regions along the TM outlined in colours in A. The red stars indicate the localized optical signals that did not propagate along the TM. (C) As in A, but GBM
cells were loaded with both Fluo-4 AM and Fura Red AM to perform ratiometric Ca?* imaging. (D) Time course of R from the red and blue regions shown in C. The
initial large optical signal propagated from the red to the blue region, while the optical transients shown in the orange boxes remained confined to the blue region in the
middle of the TM. (E) DIC image of a TM connecting two U87 GBM cells, and TMis indicated by an arrow. (F) Magnified images of the staining of mitochondria labelled

with MitoTracker Red FM, and mitochondria are indicated by arrows.

[Ca?*]; transients reach higher levels in GBM cells than in
human astrocytes (HAs)

The use of ratiometric Ca>" imaging not only allows us to verify
and rule out possible artefacts caused by cell motion but also
enables quantitative estimation of increases in [Ca®']; (see
Materials and Methods). We examined spontaneous Ca>" waves
in HAs (Fig. 5A), U87 cells (Fig. 5B) and GSCs from patients
(Fig. 5C) when these cells had formed monolayers in the dishes
(Day 2 and Day 3). We often observed global intermittent
behaviour in these monolayers: large, synchronous Ca?* transients

appeared in most of the visualized cells, but at different times, the
Ca®" waves were completely asynchronous. This intermittency
between a state with highly synchronous Ca®* waves and a state
with randomly occurring Ca?* transients was typical of cells
connected by TMs.

In healthy HAs, the spontaneous Ca>" waves reached maximal
values below 1 uM (pCa<6 and corresponding to values of R
between 2.5 and 3). We never observed [Ca?']; elevations above
1 uM in HAs other than those triggering cell death. In U87 cells,
the elevation of [Ca?"]; was much more significant, and the value
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Fig. 5. Intracellular Ca* levels in HAs, U87 GBM cells and GSCs from patients. (A—C) Representative spontaneous intracellular Ca®* waves measured
with ratiometric Ca?* imaging in HAs (A), U87 GBM cells (B) and GSCs from patients (C). (D) Average basal values of R in HAs, U87 GBM cells and GSCs.
(E) Distribution of the peak values of R during spontaneous Ca?* waves in HAs, U87 GBM cells and GSCs. (F) Distribution of AR during spontaneous Ca?* waves
in HAs, U87 GBM cells and GSCs. The data in D—F were collected from three distinct experimental sessions. In D, the data represent the meanzs.d. ***P<0.001.

n.s., not significant.

of R could increase from values of ~1 to 3.5 and occasionally close
to 4 (Fig. 5B). On the basis of the calibration curve (see Fig. 1D),
[Ca%']; increased to values exceeding 1uM during the
spontaneous Ca®" waves. In GSCs from patients, we observed
spontaneous Ca®* waves reaching peak values above 1 uM, and often
[Ca?']; remained elevated for several minutes (Fig. 5C). Following
this unusual [Ca®']; elevation, a resting level of ~100 nM was
reached in several minutes without changes in morphology
or motility.

Given the uncertainty in estimating the exact value of [Ca®'];
from R, we compared changes in R and not in [Ca®"]; in different
cell types. The mean resting level of R was close to 1 in HAs and
slightly greater in U87 cells and GSCs (Fig. 5D). The change in R
(AR) and the maximal value of R at the peak of the spontaneous
Ca®" waves were significantly higher in U87 GBM cells than in HAs
or GSCs (Fig. SE,F). Both AR and the peak values of R were higher
in GSCs than in HAs, but to a lesser extent. Based on these results,
we conclude that [Ca?"]; in U87 cells and in GSCs from patients can
reach levels much higher than those in HAs without causing any
signs of cell death.

Comparison of the expression of MCU in HAs, U87 GBM and
GSCs

There are several indications that Ca>* regulation and homeostasis
are different in cancer cells than in normal healthy cells, particularly
in glioma and GBM (Farfariello et al., 2015; Marchi and Pinton,
2016). Indeed, a recent bioinformatics analysis (Robil et al., 2015)
identified higher levels of expression of several genes related to
Ca?*, which were collectively referred to as the Ca®" toolbox, in
cancer cells. This toolbox contains several tens of genes, some of
which could be involved in helping GBM cells to sustain higher
levels of [Ca®"]; than those in other cells: a gene that is highly
expressed in GBM cell lines but expressed at lower levels in normal
brain tissues is MCU. In addition, some proteins of the S100 family
of Ca?"-binding proteins are overexpressed in brain tumours;
namely, SI00A2, S100A4, SI00A8 and S100A11, and have been
reported as markers of tumorigenicity (Rand et al., 2008).
Therefore, we used western blotting and immunofluorescence to
verify whether the overexpression of MCU could be responsible for
the resistance and tolerance of GBM cells to unusual elevation of
[Ca®™]; (Fig. 6).
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Fig. 6. The mitochondrial Ca?* uniporter (MCU) in HAs, U87 GBM cells and GSCs from patients. (A) Representative confocal images showing the
expression of MCU in HAs, U87 GBM cells and GSCs from patients; MitoTracker Red was used to identify mitochondria. (B) Western blot showing MCU
expression in HAs, U87 GBM cells and GSCs. (C) MCU quantification using p-actin as a housekeeping protein. The data are from three distinct experimental

sessions and represent the meants.d. **P<0.01, ***P<0.001.

Immunofluorescence analysis showed vigorous staining for
MCU in HAs, U87 GBM cells and GSCs from patients (Fig. 6A).
Co-staining with the mitochondrial marker MitoTracker Red
indicated a strong colocalization, confirming MCU localization in
the mitochondria. Moreover, western blot analysis showed that the
relative expression level of MCU in U87 cells was approximately
twice that observed in HAs (Fig. 6B,C). In GSCs from patients, the
expression level of MCU was also higher than that in HAs, but to a
lesser extent.

MCU expression level influences [Ca2*]; and cell proliferation

A key question is the source of the observed Ca** transients: does
the rise in [Ca®"]; originate from the extracellular medium or is it
released from internal stores, such as mitochondria? Therefore, we
analysed Ca?" waves in U87 GBM and HA cells following the
removal of extracellular Ca®". The cells were treated with a Ca*-

free Dulbecco’s modified Eagle medium (DMEM) and ratiometric
Ca?" imaging was performed at different time points. In US7 GBM
cells, following 1 h of Ca?*-free treatment, the Ca>" waves started to
decrease in frequency (compare Fig. 7A and B), while the basal
level of R decreased from a mean value of ~1 to 0.6 (Fig. 7G),
corresponding to a drop in [Ca**]; from 100 nM to 10 nM. After 4 h,
only occasional Ca?* waves could be seen (Fig. 7C), and the basal
level of [Ca?*]; dropped to less than 10 nM. In HAs, the trend was
consistent: following Ca?'-free treatment the frequency of Ca?*
waves (Fig. 7D-F) and the basal level of R decreased (Fig. 7H).
These observations suggest that internal Ca®" stores are very
efficient, and for several hours, they are an alternative source to the
extracellular medium as a Ca* reservoir.

Next, we analysed the effects of MCU silencing on U887 GBM
cells, and MCU overexpression on HAs, after transfection with short
hairpin RNA (shRNA) for MCU (sh-MCU) and pDEST40-MCU-
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Fig. 7. The removal of extracellular Ca?* reduced Ca?* transients and [Ca?*]; in U87 GBM and HA cells. (A-F) Representative spontaneous intracellular
Ca?* waves measured with ratiometric Ca* imaging in U87 GBM and HA cells in the control (A,D) or Ca?*-free (B,C,E,F) medium. (G,H) Average basal
values of R in U87 GBM (G) and HA (H) cells. The data in G and H are from three distinct experimental sessions and represent the meants.d. **P<0.01,

***P<0.001. n.s., not significant.

VS-HIS, respectively. We observed that, 48 h after transfection,
MCU expression in U87 GBM cells was reduced by 70% in the sh-
MCU group (Fig. 8A) compared to what was measured in the non-
target ShRNA vector as a negative control (sh-NC) group, whereas it
increased by 90% in HAs (Fig. 8B) compared to what was measured
in the control cells.

Since MCU level influences the dynamics of spontaneous Ca>*
waves, we performed ratiometric Ca>* measurements and compared
the data obtained from U87 GBM to those obtained from HAs under
control conditions, and to those from cells after silencing or
overexpression of MCU. After these treatments, spontaneous Ca>*
waves were still present in HAs and U887 GBM cells. Following
MCU silencing or overexpression, the mean basal level of R was not
influenced in U87 GBM cells or in HAs (Fig. 8C). MCU silencing
caused a decrease in the mean peak R in U87 GBM from a value of
~2.5 to 2 (Fig. 8D), corresponding to a decrease in [Ca®*]; from
700 nM to 400 nM. The mean peak R in HAs increased from a value
of ~1 to 1.5 after MCU overexpression (Fig. 8D). Previously, it was
reported that cytoplasmic Ca>* peaks were reduced or enhanced by
MCU overexpression and silencing in cardiomyocytes, respectively
(Drago et al., 2012), whereas the opposite occurs within the
mitochondrial matrix. Differences between Drago et al.’s findings
and our results are likely caused by the fact that our ratiometric Ca>*-
imaging experiments were based on measuring the fluorescence

emitted from the whole GBM, without distinguishing among the
different intracellular compartments. Therefore, we performed
ratiometric Ca?*-imaging experiments with U87 GBM cells stained
with Fluo-4 AM, Fura Red AM and MitoTracker Red (Fig. S2A), and
analysed Ca®" waves in nucleus, mitochondria and cytoplasm, as
described in Fig. S2. After MCU silencing in U87 GBM, during Ca>*
waves the peak R in mitochondria decreased significantly (Fig. S2B),
which is consistent with Drago et al.’s conclusion, and the peak R was
slightly decreased in the nucleus and slightly increased in the
cytoplasm. In HAs we did not observe any significant difference in
the compartments following MCU overexpression (Fig. S2C).

To test the effect of MCU on proliferation, we plated the same
numbers of HAs and U87 cells in 96-well plates and analysed the
proliferation rate using the alamarBlue® cell viability assay (see
Materials and Methods). Two days after transfection, the
proliferation rate was reduced by 15% in U87 GBM cells, and by
20% in HAs (Fig. 8E). These results show that both MCU silencing
in U87 GBM cells and MCU overexpression in HAs significantly
reduce cell proliferation. In order to understand if the reduced
proliferation is associated with cell death, we carried out
fluorescence-activated cell sorting (FACS) analysis. In particular,
we used co-staining with Annexin V and propidium iodide (PI) to
quantify live, early apoptotic, late apoptotic and necrotic cells
(Fig. 8F). The percentage of dead cells and types of cell death were
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Fig. 8. The effects of the MCU expression level on U87 GBM and HA cells. (A,B) MCU expression was detected by western blotting (left) and relative protein
levels were quantified (right) in U87 GBM cells after MCU silencing (A) and in HAs after MCU overexpression (B). (C,D) Average basal values of R (C) and
peak R (D) in U87 GBM cells and HAs after transfection for 48 h. (E) Results from alamarBlue® cell viability assay in U87 GBM cells and HAs after transfection.
(F) Representative dot plots of U87 GBM cells and HAs after transfection and staining for Annexin V and PI. (G,H) Fraction of live and dead cells in U87 GBM (G)
and HA (H) cells. (1,J) Fraction of cells in necrosis, late apoptosis and early apoptosis in U87 GBM (I) and HA (J) cells. The data are from three distinct experimental
sessions and represent the meanzs.d. *P<0.05, **P<0.01, ***P<0.001. Control, empty vector control; MCU, vector-expressing MCU; n.s., not significant;

sh-MCU, shRNA targeting MCU; sh-NC, shRNA negative control.

not significantly different between the sh-MCU group of U§7 GBM
cells after MCU silencing and the sh-NC group (Fig. 8G,H).
Interestingly, dead cells increased instead from 20% to 45% in HAs
following MCU overexpression, and the cell death was mainly due
to late apoptosis (Fig. 81,J).

Taken together, these results suggest that MCU silencing in U87
GBM decreases spontaneous Ca®" oscillations and cell proliferation
without triggering cell death. Conversely, MCU overexpression in

HAs slightly increases Ca®" levels but causes cell death, suggesting
that HAs cannot tolerate high MCU levels.

DISCUSSION

Ca?" is an intracellular second messenger controlling fundamental
cellular processes, such as gene transcription, cell cycle regulation
and cell proliferation, and an overload of [Ca?*]; triggers cell death
(Zhivotovsky and Orrenius, 2011). The present investigation
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illustrates three novel observations regarding Ca?* regulation in
GBM cells: first, Ca>" waves were propagated in networks of cells
connected by TMs in a complex way with variable directions and
modes; second, in the U887 GBM cell line and in GSCs from
patients, the basal level of [Ca®']; was ~100 nM, but, during
spontaneous waves, [Ca®']; reached an unusual high level above
1 uM for long periods without triggering cell death; and third, the
levels of a protein involved in mitochondrial Ca®" regulation, MCU,
was altered in GBM cells compared to healthy HAs. Moreover, our
analysis shows that MCU silencing decreases cell proliferation
and alters [Ca®']; dynamics in U87 GBM cells, and MCU
overexpression in HAs increases [Ca?"];, inducing also cell death.
Our findings delineate an interplay between the high level of MCU,
large unusual [Ca?']; and proliferation ability, which is a potential
factor in GBM malignancy, possibly caused by activation of the
Ca?"-calmodulin complex, CaMKII and specific transcription
factors regulated by [Ca®'];, such as the CREB family members
(Shanmughapriya et al., 2015). Indeed, a sustained activation of
CaMKII and CREB have been demonstrated to promote
proliferation (Steven and Seliger, 2016).

Ca?* signalling and propagation along TMs

Ca®" propagation along TMs connecting different GBM cells is
characterized by the occurrence of hotspots, where spontancous
increases in [Ca”*]; remain localized and do not propagate (Fig. 4).
These hotspots were observed with the common Ca?* dye Fluo-4
AM (Fig. 4A,B) and were confirmed by ratiometric Ca®>" imaging
(Fig. 4C,D). Similar Ca®>" hotspots have also been observed in fine
neurites of healthy astrocytes (Bindocci et al., 2017), and the
existence of these hotspots requires the existence of functional
barriers at their borders. These barriers are likely to be composed of
buffering organelles, such as mitochondria and/or Ca®* buffers, i.e.
proteins acting as local Ca?" sinks (Schwaller, 2010). These buffers
can be quickly saturated, and, under these circumstances, the
barriers do not operate and will allow Ca?" waves to propagate
freely. Mobile mitochondria are the most likely candidates for this
role (Agarwal et al., 2017; Jackson and Robinson, 2015), and their
presence (see Fig. 4F) in TMs explains the observed behaviour. A
propagating large Ca?>* wave will saturate the Ca®'-buffering
capacity of mitochondria and be likely to diffuse (Fig. 4B,D), while
a small Ca®" hotspot originating in the middle of a TM will remain
confined in the TM because the diffusing Ca>* will be completely
absorbed by the mitochondria.

It is important to observe that propagation of Ca®" transients in
the soma and along TMs is different: Ca®" transients within the
soma of GBM propagate easily while Ca®>' transients can be
blocked along TMs and fine GBM neurites. This different
behaviour is a consequence of the presence of buffering
organelles in TMs (Fig. 4F), where mobile mitochondria can
block Ca?* transients, which does not occur in GBM soma because
of their larger size.

Assemblages of GBM cells appear to function as groups of
elements with variable coupling, leading to an intermittent
behaviour in which synchronous Ca®" waves are interspersed with
asynchronous Ca”" waves. This intermittent behaviour can be seen
within different compartments present in the same cell or in
networks of cells.

Unusual elevation of [Ca?*]; during spontaneous waves

Changes in [Ca?"]; can be quantified by using ratiometric Ca>" dyes
such as Fura-2 (Harley et al., 2010; Shin et al., 2018) or using two
dyes with different emission wavelengths, such as Fluo-4 AM and

Fura Red AM (Assinger et al., 2015). These procedures enable
quantitative determination of [Ca®];, but a caveat must be
recognized: the calibration procedure to transform the measured
ratio into absolute [Ca®>']; could be affected by the presence of
intracellular compartments and is less accurate for [Ca®']; exceeding
~1 uM than for lower levels. Therefore, we did not determine the
exact highest [Ca®']; reached during the spontaneous waves but
estimated it to be in the order of 3—5 uM.

It is commonly accepted that, at steady state, the basal level of
[Ca?*]; is determined by Ca®" influx and extrusion through the
plasma membrane and is independent of the intracellular buffering
capacity, i.e. the capacity of mitochondria and other organelles able
to sequester and release Ca>*. However, a large buffering capacity
prolongs the time taken to reach the steady state and introduces
unexpected dynamics. In U7 GBM and HA cells, large Ca*>* waves
were observed for 1-2h after removal of extracellular Ca®",
indicating that, in cells, mitochondria and other organelles are
excellent sources and sinks of Ca".

These observations suggest a complex origin and control of Ca?*
transients: indeed the observation that large Ca®' transients are
observed even following removal of extracellular Ca®* for 1h
(Fig. 7B,E) indicates that the release of Ca®* from intracellular stores
contribute to the large Ca®" transients. Prolonged removal of
extracellular Ca?>* — for more than 4 h — abolishes most of these
transients (Fig. 7C,F), suggesting that extracellular Ca>* plays an
important role. Therefore, these transients have a dual and
complex origin, i.e. release form intracellular stores and entry
from the extracellular medium likely through Ca®’-permeable
ionic channels.

There is agreement that basal [Ca“"]; varies between 100 nM and
300 nM in different cells and that changes in [Ca®']; underlie
fundamental biological processes. For example, during
phototransduction in vertebrate photoreceptors, [Ca®"]; decreases,
and this drop is responsible for light adaptation (Krizaj and
Copenhagen, 2002); in addition, local increases in [Ca®']; are
required for transmitter release at synapses (Koch and Dell’orco,
2013). Relatively small increases in [Ca®']; can be beneficial to cells
by promoting the mitochondrial Ca®" uptake machinery and thus
making it more efficient (Basso et al., 2018). When [Ca®'];
increases above the micromolar level, cell death can be initiated
(Tombal et al., 2002). The precise dangerous level of [Ca?*"]; varies
in different cell types, and the mechanisms through which elevation
of [Ca®"]; promotes cell death include activation of Ca®*-dependent
proteases, nitric oxide synthases, the CREB family of Ca?*-
dependent transcription factors, caspases and calpain proteins (Caro
and Cederbaum, 2002; Teich et al., 2015). The Ca?" sensitivity of
many of these proteins is in the micromolar range (Caro and
Cederbaum, 2002); for this reason, to avoid triggering cell death, it
is important to limit sustained increases in [Ca®']; to below 1 uM.

As shown in Fig. 5, in U87 GBM cells and in GSCs from patients,
[Ca?"]; increased above 1uM without leading to cell death.
Conversely, overexpression of MCU in HAs increased [Ca>*]; and
led to cell death (Fig. 8I). These results suggest that GBM cells
might have molecular mechanisms that enable them to
accommodate large increases in [Ca®"];, implying the existence of
a larger pool of intracellular buffering organelles or Ca>*-buffering
proteins in GBM cells than in normal cells. These mechanisms
could be complemented by an efficient mechanism of Ca?*
extrusion, and the overexpression of key anti-apoptotic signals
(Ziegler et al., 2008), such as members of the BCL2 family (Belmar
and Fesik, 2015), that inhibit the activity of caspase-3, caspase-7
and caspase-9.

2+]i
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The role of MCU in Ca?* transients

Greater mitochondrial buffering capacity caused by higher levels of
MCU could have contributed to the presence of Ca®>" hotspots along
TMs and the unusual levels of [Ca®']; observed in GBM cells
compared to normal cells during the spontaneous Ca>" waves. One
way to rapidly neutralize transient elevations in [Ca®']; is by
sequestering the Ca®" into various intracellular stores of Ca>*, such
as those in the endoplasmic reticulum (ER) and the Ca®" matrix
inside the mitochondria. MCU plays a key role in sequestering
[Ca®*]; by promoting [Ca®"]; accumulation in the mitochondrial
matrix, and mitochondrial Ca>" elevation favours drug resistance
and tumour maintenance in cancer cells (Vultur et al., 2018). MCU
is characterized by a low Ca®>" affinity [dissociation constant
(KD)=20-30 uM] and is normally closed. However, when
surrounding Ca®" levels are high enough to form high-[Ca®'];
(~10 pM) microdomains in close proximity to the mouth of the ER,
MCU can be activated to take up Ca** into mitochondria (Arruda
and Hotamisligil, 2015; Villalobos et al., 2017). Upregulation of
MCU has been demonstrated in different cancers, such as breast
cancer (Hall et al., 2014) and hepatocellular carcinoma (Ren et al.,
2018), and MCU silencing can reduce mitochondrial Ca®" uptake
and metastatic cell motility and potentiate cell death, suggesting that
MCU overexpression protects cancer cells from apoptosis (Curry
et al., 2013; Tosatto et al., 2016).

An elevated level of [Ca®']; is expected to activate several
transcription factors involved in the regulation of cell division and
proliferation, such as the CREB family (Shanmughapriya et al.,
2015). In GBM cells, the spontaneous Ca>" waves started from a
basal level of ~100 nM and reached a peak at 1-3 uM or higher.
Following MCU silencing, spontaneous Ca’>" waves were still
present and GBM cells had reduced proliferation. These findings
indicate that the spontaneous Ca>" waves from 100 nM to 1-3 pM
or higher could be responsible for the high proliferation in GBM
cells. Therefore, the key hallmark of GBM malignancy, abnormal
rate of proliferation, is caused — to some extent — by the observed
high MCU level and unusual elevation of [Ca®*];.

In addition, MCU transcription is controlled by the CREB
transcription factors and CREB binding to the MCU promoter,
which is regulated by [Ca®>'];. Therefore, we can deduce that, in
GBM, there is also a positive feedback between the level of MCU
and spontaneous Ca’" transients.

Conclusions

In conclusion, our study elucidates how high MCU level and large
Ca?" transients are linked to malignancy in GBM. Indeed, an unusual
elevation of Ca®>" transients is expected to activate biochemical
pathways involved in cell proliferation, the key hallmark of GBM
malignancy. Since cell proliferation is reduced when MCU is silenced,
targeting the MCU complex and intracellular Ca>* regulation could be
a new unexplored strategy for the treatment of GBM.

MATERIALS AND METHODS

Cell culture

HAs (#N7805100, Thermo Fisher Scientific) and U87 GBM cells
(#89081402, Sigma-Aldrich) were cultured in DMEM supplemented with
10% fetal bovine serum (FBS; Invitrogen, Life Technologies, Gaithersburg,
MD), 1% PenStrep (100 U/ml penicillin and 100 pg/ml streptomycin;
Invitrogen). For HAs, 1% N-2 Supplement (Thermo Fisher Scientific) was
added to the culture medium and all plates used to culture HAs were covered
with Geltrex™ matrix (Thermo Fisher Scientific). The mCherry-labelled
U87 GBM cells were kindly provided by Prof. Antonello Mallamaci
(Neurobiology Sector, International School for Advanced Studies, Trieste,
Italy). U87 GBM cells were acutely infected at a concentration of 500 cells/

ul by a mix containing lentiviral vector, LV_Pgklp-mCherry, at a
multiplicity of infection of 6.

To obtain human GSCs, human GBM samples were collected by the
Neurosurgery Department of the Azienda Ospedaliera Universitaria of
Udine, after informed consent was obtained, in accordance with the
Declaration of Helsinki, and with approval by the Independent Ethics
Committee of the University Hospital of Udine (Approval 196/2014Em).
Human GSCs were expanded in adherent culture following the protocol
optimized by Dirk’s group to maintain undifferentiated GSCs in adherent
condition (Andolfi et al., 2014; Bourkoula et al., 2014; Pollard et al., 2009).
Briefly, tissue samples were mechanically enzymatically dissociated and
single-cell suspensions were cultured with adhesion on laminin-coated
dishes in a growing medium composed of the following: Neurobasal™-A
Medium (#10888, Gibco by Invitrogen) supplemented with 2 mM L-
glutamine (#G7513, Sigma-Aldrich), 1x N2 supplement [7.5% bovine
serum albumin (BSA), 0.63 ug/ml progesterone, 1.6 mg/ml putrescine
dihydrochloride, 0.52 pg/ml sodium selenite], 25 pg/ml insulin (#12643,
Sigma-Aldrich), 1x penicillin-streptomycin (#15140122, Gibco by
Invitrogen), 100 pg/ml h-apo-transferrin (#P4333, Sigma-Aldrich), 1x B-
27 supplement (#17504-044, Gibco by Invitrogen), 20 ng/ml h-FGF-basic
(#100-18B, Peprotech), 20 ng/ml h-EGF (#AF-100-15, Peprotech).

All the cells were cultured in an incubator at 37°C, 5%0,/5% CO,, 95%
relative humidity and medium was replaced every 3 days. Once 70—-80% of
confluence had been reached, the cells were re-plated at a density of
2.5%10%/cm?.

Transfection

pDEST40-MCU-VS5-HIS was Addgene plasmid #31731, deposited by
Vamsi Mootha, and sh-MCU was obtained from Sigma-Aldrich
(#SHCLNG-NM_138357). Twenty-four hours after plating the cells, HA
cells were transfected with pDEST40-MCU-V5-HIS using the empty vector
as a control; U87 GBM cells were transfected with sh-MCU using non-
target SARNA vector as a negative control (sh-NC). Lipofectamine 3000®
transfection reagent (Invitrogen) was used following the manufacturer’s
protocol. Forty-eight hours after transfection, the following tests were
carried out.

Live-cell imaging

Cells were plated at a density of 8.0x10* cells into 35-mm dishes with a glass
bottom and cultured for 2 days. Before optical recording, cells were stained
with 5 pl/ml Vybrant™ DiD Cell-Labelling Solution (Thermo Fisher
Scientific) for 20 min and then washed with a warm medium. In specific
experiments, cells were stained with 25 nM mitochondrion-selective probe
MitoTracker® Red FM (Thermo Fisher Scientific) for 30 min and then
washed with warm medium. Live-cell imaging experiments were performed
on an epi-fluorescence microscope (Olympus 1X-83, Olympus) equipped
with a chamber incubator (Okolab, Pozzuoli, Italy) and light-emitting diode
(LED) illumination (A=590 nm for mCherry and MitoTracker; A=660 nm
for Vybrant™ DiD). During all imaging experiments, cells were kept at 37°C,
5% CO, and 95% humidity. Time-lapse images were taken with 500 ms of
exposure time and one image was taken every 1 or 2 min. Images were
acquired with a charge-coupled device (CCD) sensor at 12-bit depth (ORCA-
D2, Hamamatsu) using a 20x% air objective (Olympus, NA=0.75) or a 40x oil
objective (Olympus, NA=1.3) with a spatial resolution of 1280x960 pixels.

Ca?* imaging

In Ca?"-imaging experiments, 2.0x10* cells were plated on a flat coverslip
and cultured for 1-6 days, and subsequently were loaded with the
membrane-permeable Ca?" dye Fluo-4 AM (Life Technologies) by
incubation with 4 uM Fluo-4 AM (dissolved in anhydrous DMSO, 4 mM
stock solution) and Pluronic F-127 20% solution in DMSO (Life
Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM NaCl, 3 mM
KCl, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose and 10 mM Hepes,
pH 7.4) at 37°C for 30 min. After incubation, the cultures were washed with
Ringer’s solution for 20 min and then transferred to the stage of a Nikon
Eclipse Ti-U inverted microscope equipped with a piezoelectric table
(Nano-ZI Series 500 um range, Mad City Labs), an HBO 103 W/2 mercury
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short arc lamp (Osram, Munich, Germany), a mirror unit (465-495 nm
excitation bandpass filter, 505 nm dichroic, 515-555 nm emission bandpass
filter) and an Electron Multiplier CCD Camera C9100-13 (Hamamatsu
Photonics, Japan). Ca?"-imaging recordings were performed at room
temperature and images were acquired using the NIS Element software
(Nikon, Japan) with an S-Fluor 20%/0.75 NA objective, at a sampling rate of
3—-10 Hz, with a spatial resolution of 256x256 pixels for 15 min. To avoid
saturation of the signals, excitation light intensity was attenuated by ND4
and ND8 neutral density filters (Nikon, Tokyo, Japan).

For ratiometric Ca®*-imaging experiments, cells were loaded with 1.5 uM
Fluo-4 AM [dissolved in anhydrous DMSO (Sigma-Aldrich), 1.5 mM stock
solution], 2.5 uM Fura Red AM [dissolved in anhydrous DMSO (Sigma-
Aldrich), 2.5 mM stock solution] and 1 pl Pluronic F-127 20% solution in
DMSO (Life Technologies) in 1 ml Ringer’s solution for 30 min. After
incubation, the cultures were washed with Ringer’s solution for 20 min and
then transferred to the stage of an epi-fluorescence microscope (Olympus
1X-83, Olympus) equipped with a chamber incubator (Okolab, Pozzuoli,
Italy), LED illumination (A=490 nm for both Fluo-4 AM and Fura Red AM)
and a CCD camera (ORCA-D2, Hamamatsu) with a dual sensor to record
the fluorescence images from Fluo-4 AM (520+17.5 nm) and Fura Red
AM (640+37.5 nm) simultaneously. During all imaging experiments, cells
were kept at 37°C, 5% CO, and 95% humidity. Time-lapse images were
taken with 300 ms of exposure time. All acquisitions were operated with a
20x air objective (Olympus, NA=0.75) or a 40x oil objective (Olympus,
NA=1.3).

Immunofluorescence

Cells were grown on coverslips for 2 days and subsequently washed with
ice-cold PBS, then fixed with 4% paraformaldehyde for 10 min at room
temperature, followed by permeabilization with PBS plus 0.1% Triton
X-100, blocked with 3% BSA and incubated overnight with primary
antibody anti-MCU mouse monoclonal (1:100; ab219827, Abcam,
Cambridge, UK). The cells were then washed with PBS three times for
S min each, and incubated with Alexa Fluor 488-labelled goat anti-mouse
secondary antibody (1:400; Life Technologies) at room temperature for 1 h.
The cells were examined with a confocal microscope (Nikon A1R).

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM,
NaCl, 5mM EDTA, pH 8.0, 30 mM NaF, 1 mM Na3;VO,, 40 mM
B-glycerophosphate, 0.1 mM PMSF, protease inhibitors, 10% glycerol
and 1% Nonidet-P40). Whole-cell extracts were fractionated by SDS-PAGE
and transferred to a nitrocellulose membrane using a transfer apparatus
according to the manufacturer’s protocols (Bio-Rad). After incubation with
3% in TBST (10 mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.5% Tween 20) for
1 h, the membrane was washed once with TBST and incubated with
antibodies against MCU (1:500) at 4°C overnight and horseradish
peroxidase (HRP)-conjugated actin (1:3000) at room temperature for
15 min. Membranes were washed three times for 10 min and incubated with
a 1:3000 dilution of HRP-conjugated anti-mouse for 2 h. Blots were washed
with TBST three times and developed with an ECL system (Amersham
Biosciences) according to the manufacturer’s protocols.

Quantification of cell viability

The alamarBlue® (Thermo Fisher Scientific) assay was performed to
evaluate the metabolic activity of U87 cells with and without MCU
silencing, and HA cells with and without MCU overexpression. After
transfection for 48 h, cells were washed in PBS pre-warmed at 37°C, after
which 10% alamarBlue® in growth medium was added. After 4h of
incubation at 37°C, absorbance was measured at 570/600 nm wavelengths
and percentage cell viability compared with the control group was calculated
following the manufacturer’s instructions.

Analysis of cell death was performed using the Annexin V-FITC
Apoptosis Detection Kit (BioLegend) following the manufacturer’s
instructions. Briefly, cells, resuspended in Binding Buffer at a cell density
of 2-5x10°/ml were first stained with Annexin V-FITC (A-V) and, after
washing, with PI (1 pg/ml). Cells were then analysed by FACSCanto III
(BD Biosciences), using FACSDiva software. On the basis of PI and A-V

staining, cells were considered live cells (PI7/A-V ™), cells in early apoptosis
(PI7/A-V™), cells in late apoptosis (PI*/A-V™") or necrotic cells (PI'/A-V™).

Quantification and analysis of Ca?*-imaging data

Acquired images were processed with the ImagelJ software. The somas or
sections of TMs were localized in a specific region of interest (ROL see red
outlined area in Fig. 1A), and a dark region in which no cells were visible
was selected to compute the background, which was then subtracted from
the whole image. Ca" transients of each cell signal were extracted by setting
a threshold equal to three times the s.d. of the baseline. The decay of /,(7)
was fitted to a cubic spline ¥(¢) interpolating /,(f) at 10 or 20 points. Y(¢) was
then added to the original optical signal to compensate for dye bleaching,
and the fractional optical signal was calculated as follows:

DF _Y(t)+ I (1) )
Fy Ip(0) 7
where /,(0) is the fluorescence intensity at the beginning of the recording.
For ratiometric Ca®" imaging, image sequences from Fluo-4 AM and
Fura Red AM labelling were separated by ImageJ. A ROI for subtracting the
background and ROIs around the cell bodies were then selected. Mean grey
values from two channels were measured over time as shown in Fig. 1B and
the amplitude of optical signals from the two dyes decayed because of
bleaching. After background subtraction, F'1 (cellular green emission by
Fluo-4 AM) and F2 (cellular red emission by Fura Red AM) were used to
calculate the fluorescence ratio R as follows:

R=F1/F2. 2)

The time course of R was less affected by dye bleaching (Fig. 1C) because
bleaching had almost the same time constant for Fluo-4 AM and Fura Red
AM. When F1 increased and concomitantly F2 decreased, as in Fig. 1B,
there is a genuine increase in [Ca*'];. If F1 and F2 do not have changes with
a similar time course with opposite polarity, fluorescent changes are usually
caused by artefacts most commonly by the motion of visualized cells. GBM
cells usually move significantly and in order to observe genuine changes of
[Ca?"]; it is necessary to use ratiometric Ca>" imaging

[Ca?"]; measurements were performed as previously described (Assinger
et al., 2015). Briefly, fluorescent cells were treated with ionomycin (5 pM)
and R was measured with free Ca?* ranging from 0 to 28,000 nM by mixing
Calcium Calibration Buffer 10 mM CaEGTA and Calcium Calibration
Buffer zero (10 mM K,EGTA) (Life Technologies) at different ratios. The
following equation was used to determine [Ca®*]; (Assinger et al., 2015):

[Ca®"), = Ky X (R — Ryin)/ (Rax — R), (3)

where K, R,,,; and R,,,, were obtained during Ca?" calibration experiments.
In the calibration experiment illustrated in Fig. 1D, the obtained values of
Ky, Ryin and R, were 810.3 nM, 0.56 and 4.60, respectively, which were
obtained from averaging data of 32 GBM cells from three distinct
experimental sessions.

Statistical analysis

Data are shown as the mean=s.d. from at least three culture preparations. The
quantified data were analysed with one-way analysis of variance (ANOVA)
or two-way ANOVA, followed by Bonferroni post-hoc comparisons, using
GraphPad Prism version 6.01. The number of replicas and statistical tests
used for each experiment is specified in the figure legends or in the Results
section. Significance was set to *P<0.05, **P<0.01 and ***P<0.001.
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150 min

Figure S1. Frames of the formation of TMs following encounter of two GBM. (A-F)
A sequence of fluorescence images of U887 GBM cells labelled with mCherry forming

TM. The red arrows in F point to a TM.
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Figure S2. The effects of the MCU level on calcium levels of nucleus, mitochondria
and cytoplasm in U87 GBM and HA cells. (A) Cells were co-stained by Fluo-4, Fura-
red and Mitotracker. Relative peak R from nucleus, mitochondria and cytoplasm in U87
GBM (B) and HA (C) after transfection for 48 hours. The nucleus was identified as the
region corresponding to the dark hole visible following Mitotracker staining,
mitocondria were identified as the bright regions following Mitotracker staining and
the cytoplasm as the regions stained by Fluo-4 and Fura-red but with a low or absent
staining of Mitotracker. The data are from three distinct experimental sessions and

represent the mean =SD. *p<0.05.
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Movie 1. The formation of TMs following mitosis of Vybrant™ DiD labelled U87
GBM cells. Images were acquired at 1 min interval and played at 10 frames per second.

Scale bar = 20 um, time shown in h:min. This video corresponds to Figure 2D.
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http://movie.biologists.com/video/10.1242/jcs.237503/video-1
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B supp-3.avi

Movie 2. The formation of TMs following encounter of two U87 GBM cells labeled
with mCherry by infecting with LV_Pgklp-mCherry. Images were acquired at 1 min
interval and played at 20 frames per second. Scale bar = 30 um, time shown in h:min.

This video corresponds to Figure S1.
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Movie 3. The motion of mitochondria in U887 GBM cells stained with MitoTracker.
Images were acquired at 30 s interval and played at 10 frames per second. This video

corresponds to Figure 4F.
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Supplementary material

MCU silencing suppresses cell proliferation by arresting cell
cycle progression

In our research published in Journal of Cell Science, MCU knockdown by shRNA
in U87 GBM cells decreases calcium signal level (Fig. 8D) and proliferation (Fig.
8E) after 48 h treatment. In order to determine how MCU deletion affects cell
proliferation via cell cycle progression, we carried out FACS analysis to detect
DNA content in U87 GBM cells with and without MCU silencing. Simply, U87
GBM cells were transfected by a mix of lentiviral vector and pLKO.5-puro sh-
MCU/pLKO.5-puro Non-Target shRNA. Cells were grown to confluence and
maintained in a post-confluent state for 24 h, then split and plated in 6-well plates
with a density of 106 cells per well. After cultured in growth medium (DMEM with
10% FBS) for the indicated times, the cells were harvested, fixed with 75% ice-
cold ethanol overnight, stained with propidium iodide (PI, stock solution 50 pg/mL)
and analysed in a Flow Cytometer (Thermofisher). At O h, the fractions of U87
GBM cells in G1 phase were similar no matter with or without MCU knockdown
(Figure S3 A and B). 24 h after plated, 10% of MCU knockdown U87 GBM cells
entered S phase compared to 17 % of U87 GBM cells without MCU knockdown
(Figure S3 C and D). All these results suggest that MCU silencing impaired S
phase entry of U87 GBM cells, and cells were arrested at the G1/S transition.

According to previous researches, mitochondria convert from isolated,
fragmented elements into a hyper fused, giant network at G1/S transition [1], and
progression to S phase is correlated with greater mitochondrial ATP production
than any other cell cycle stage [1, 2]. Koval [3] and co-workers demonstrated that
wild type fibroblasts showed cytosolic Ca?* concentrations and mitochondrial
Ca?* uptake increased after release from growth arrest in parallel with a rise in
oxygen consumption rate, but these changes did not occur in MCU™~ cells, which
suggesting that MCU is required to adapt mitochondrial ATP production to
energy demands during the cell cycle. In our research, MCU silencing induced

mitochondrial Ca?* decrease and cytosolic Ca?* increase (as shown in Figure S2
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B), which is consistent to Koval's results [3], suggesting that MCU knockdown
decreases U87 GBM cells proliferation, one major hallmark of GBM malignancy,
by reducing mitochondrial Ca?* uptake, suppressing ATP production and

arresting cell cycle progression.
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Figure S3. Downregulation of MCU in U87 GBM cells obstructs cell cycle
progression by suppressing the G1/S transition. Representative FACS
analysis for DNA content in U87 GBM cells at 0 h (A) and 24 h (C) post-
plating. B and D, Cell cycle phase distribution of U87 GBM cells. The data
are from three distinct experimental sessions and represent the meanzts.d.,
*P<0.05, *P<0.01, **P<0.001 compared with control group.

Cyclin D1 is one of the members of cell cycle proteins whose characteristic is
that the protein level changes dramatically throughout the cell cycle and is an
essential regulator of the G1/S transition. Cyclin D1 forms an active complex with
its interacting partner cyclin-dependent kinase 4 (CDK4), and this cyclin

D1/CDK4 complex can phosphorylate the retinoblastoma protein (Rb) to disable
42



their function as transcriptional suppressors and allow activation of E2F-
dependent transcription to promote S phase entry and transcriptional activation
of genes that control cell cycle progression [4, 5]. Moreover, the cyclin E1 / CDK2
complex plays a similar role [6]. To determine whether cyclin D1 and cyclin E1
were involved in regulating the cell progression,leading to the decrease of cell
proliferation in U87 GBM cells after MCU knockdown, we used gRT-PCR to
guantify their mRNA expression levels, and the primer sequences were shown in
Supplementary Table 1. Target gene expression was normalized to GAPDH
expression as an internal standard and calculated as fold induction compared to

controls.

Supplementary Table 1. Primer sequences used for qRT-PCR.

Gene Forward primer (5' to 3') Reverse primer (5' to 3)

TGTGCCCTCTGATGATGTTAC
MCU AG GTTCACGCCGGGATGGT

Cyclin D1 | GCCCTCTGTGCCACAGATGT | GAAGCGTGTGAGGCGGTAGT

Cyclin E1 | CCAGGAAGAGGAAGGCAAAC | CCTGTCGATTTTGGCCATTT

CGACCGCTGAGTTATCCACA
Cdc42 A TCTCAGGCACCCACTTTTCTTT

AAGCTGACTCCCATCACCTAT | CGAGGGGCTGAGACATTTACA
CCG ACA

Racl

GAPDH GGGAAGGTGAAGGTCGGAGT | GGGGTCATTGATGGCAACA

After MCU silencing, the expression level of cyclin D1 decreased significantly
(Figure S6 A), while cyclin E1 was not influenced too much (Figure S6 A), which
suggests that cyclin D1 plays a role in MCU knockdown induced cell proliferation
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reduction in U87 GBM cells. Previous researches proved silencing of cyclin D1
sensitized ovarian cancer cells to olaparib and induced cell cycle G1 arrest [7],
which confirms the role cyclin D1 plays in cancer and inspires us new ideas in

tumour treatment.
MCU silencing reduces cell migration

Another main hallmark of brain tumour malignancy is the high motility capacity of
GBM cells, which facilitates metastasis and development of brain tumours, and
increases the difficulty of complete surgical resection. We used the transwell
assay to analyse the effect of MCU silencing on U87 GBM cell migration.
Specifically, 5 x 10° U87 GBM cells in DMEM medium (without FBS) were
seeded to the top chambers of 12-well transwell plates (Millipore; 8 um pore size),
and 10% FBS DMEM medium was added to the well. After 24 h of incubation,
cells in the top of the chamber (non-migrating cells) were removed from the
chambers, and cells in the bottom of the chamber (migrating cells) were fixed
with 4% PFA for 20 min and stained with 5% crystal violet for 30 min in room
temperature. The migrated cells were counted with a microscope, as shown in
Figure S4 A and B, and the migrated cells reduced from 340 cells per field to 180
cells per field after MCU silencing in U87 GBM cells, with almost 50% reduction.
According to our previous research, 24 h after MCU knockdown would not
significantly suppress U87 GBM cell proliferation, but 48 h did. These results
suggest that the reduction of migrated cells in 24 h is due to the repress of cell

migration, but not due to cell proliferation inhibition.
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Figure S4. MCU silencing reduces transwell migration of U87 GBM cells. A,
Representative images of transwell migration assay of U87 GBM cells with
or without MCU silencing 24 h after seeding the cells. B, Graphical
representation of migrated U87 GBM cells with or without MCU silencing,
MCU silencing cells show reduction in transwell migration, compared to
shRNA negative control. The data are from three distinct experimental

sessions and represent the meanzs.d., **P<0.001 compared with control

group.

We also analysed cell motility with live-cell imaging setup. Simply, mCherry-

labelled U887 GBM cells were transfected with sh-MCU/Non-Target shRNA. Live-

cell imaging experiments were performed on an epi-fluorescence microscope

(Olympus 1X-83, Olympus) equipped with an imaging chamber incubator (Okolab,

Pozzuoli, Italy) and LED illumination (A=590 nm for mCherry). During all imaging
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experiments, cells were kept at 37°C, 5.0% CO2 and 95% humidity. Time-lapse
images were taken with 500 ms of exposure time and one image per minute. The
videos were analysed using the Fiji plugin TrackMate, which allows the selection
of regions of interest (ROIs) for every cell and obtain the average velocities for

each cell. We calculated shape descriptor circularity:
Circularity = 41r*area/perimeter’2;

For circularity, a value of 1.0 indicates a perfect circle. As the value approaches
0.0, it indicates an increasingly elongated shape.

The velocity of random motility of U87 GBM cells recorded with live-cell imaging
was not significantly influenced after MCU knockdown (Figure S5A). The average
cell areas for two groups of cells were similar, approximately 1300 um? (Figure
S5B). However, circularity in wild type U87 GBM cells can reach a lower value
compared with the cells with MCU knockdown (Figure S5C). This indicates U87
GBM cells tend to be rounder after MCU knockdown, sharp and fine structures
degraded. In our transwell assay, the capacity of going through transwell
chamber for U87 GBM cells decreased after MCU knockdown. The pore size is 8
Mm, so if the cells want to pass, they need to squeeze the cell body. As shown in
Figure S5D, wild type U87GBM cell can change its shape and squeeze its width
from 20 pm (left panel) to 10 um (right panel). When GBM cells invade
surrounding tissues, invasive glioma cells alter the cell shape and volume in
order to move through differently sized spaces, including the extremely small
spaces in the normal brain [8]. So the capacity of changing the shape is

beneficial to their invasion.

In situ studies of human glioma cells demonstrate that when injected into the
brain, the vast majority (>85%) of glioma cells move into contact with a blood
vessel even though the space is small [9]. And the recruitment of glioma cells to
blood vessels occurs through bradykinin, which can bind to bradykinin two
receptors (B2Rs), activates these G protein-coupled receptors (GPCRs) and

causes inositol-1,4,5-trisphosphate receptor 3 (IP3R3)-dependent increases in
46



[Ca?*]i in glioma cells [10]. The changes in [Ca?']i activate downstream ion

channels that support cell shape and volume changes that are necessary for cell

invasion.
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Figure S5. Effects of MCU silencing on velocity and shape of U887 GBM
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knockdown compared with that in sh-MCU cells. D, Cell shape changes

over time. Scale bar: 10 um.

Rho-family (Ras homolog) GTPases [11] are primary regulators of dynamic actin
cytoskeletal assembly and rearrangement that are the basis for normal cell-cell
adhesion, cell migration and even transformation. Ras-related C3 botulinum toxin
substrate 1 (Racl) and cell division control protein 42 (Cdc42) as the best-
studied Rho family members have been proved to control cytoskeletal
remodelling, including the formation and retraction of lamellipodia and filopodia,

and regulate cell shape and cell mobility [12].

We hypothesized that MCU might play a role in regulating these two Rho
GTPases and analysed gene expression levels of Racl and Cdc42 by qRT-PCR.
As we discussed in Figure S4 A and B, for MCU downregulated U87 GBM cells,
the transwell migration rate decreased significantly. Meanwhile, the mRNA
expression level of Racl was reduced (Figure S6 B). It has been demonstrated
that Racl depletion/inhibition in GBM cells disrupted the disassembly of cell
adhesion concomitant with defects in the actin web and switched the proportion
of stable cell adhesion complex, thus reduced cell motility [13]. However, the
gene expression level of Cdc42 was not significantly influenced in our research
(Figure S6 B).

In previous research, Prudent’s group [14] silenced MCU in the highly migrating
breast cancer cell line and abolished the intact mitochondrial Ca?* uptake, which
deactivated Racl and RhoA, as a consequence, induced cytoskeleton stiffness,
focal adhesion dynamics and cell migration defects, which is consistent to what
we have observed in U87 GBM cells. On the other hand, mitochondrial Ca?*
entry through MCU can stimulate increased ATP production. Wu and colleagues
[15] demonstrated that MCU was essential for rapidly increasing mitochondrial
Ca?* in pacemaker cells, and MCU enhanced ATP production was required in a

specific subcellular compartment prior to each heartbeat. In these cases, site-
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specific productions of ATP may be required for Actin cytoskeleton remodelling

during cell migration.
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Figure S6. Effect of MCU silencing on cell proliferation and migration-
related pathways in U87 GBM cells. A, gRT-PCR was used to detect mRNA
expression levels of cell proliferation-related pathways cyclin D1 and cyclin
El. B, qRT-PCR was used to detect mRNA expression levels of cell
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migration-related pathways Cdc42 and Racl. The data are from three
distinct experimental sessions and represent the meanzs.d., *P<0.05,
***P<0.001 compared with control group.

These results indicate that MCU silencing decreased mitochondrial Ca?* uptake
in U87 GBM cells and repressed the two main GBM malignancy hallmarks: cell
proliferation and migration. In conclusion, MCU silencing decreased U87 GBM
cell proliferation by arresting cells in the G1 phase with cyclin D1 downregulated
and reduced the capacity of cell motility by influencing Racl. MCU showed an
increased expression level in GBM cells compared with that in healthy human
astrocyte, to develop reagents and gene treatment methods targeting on MCU

may supply a new direction in the overcoming the lethal brain tumours.
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A Fully 3D Interconnected Graphene—Carbon Nanotube Web
Allows the Study of Glioma Infiltration in Bioengineered

3D Cortex-Like Networks

Miao Xiao, Xiaoyun Li, Qin Song, Qi Zhang, Marco Lazzarino, Guosheng Cheng,*

Francesco Paolo Ulloa Severino,* and Vincent Torre*

Currently available 3D assemblies based on carbon nanotubes (CNTs) lag far
behind their 2D CNT-based bricks and require major improvements for biolo-
gical applications. By using Fe nanoparticles confined to the interlamination
of graphite as catalyst, a fully 3D interconnected CNT web is obtained through
the pores of graphene foam (GCNT web) by in situ chemical vapor deposition.
This 3D GCNT web has a thickness up to 1.5 mm and a completely geometric,
mechanical and electrical interconnectivity. Dissociated cortical cells cultured
inside the GCNT web form a functional 3D cortex-like network exhibiting a
spontaneous electrical activity that is closer to what is observed in vivo. By
coculturing and fluorescently labeling glioma and healthy cortical cells with
different colors, a new in vitro model is obtained to investigate malignant
glioma infiltration. This model allows the 3D trajectories and velocity
distribution of individual infiltrating glioma to be reconstructed with an
unprecedented precision. The model is cost effective and allows a quantitative
and rigorous screening of anticancer drugs. The fully 3D interconnected GCNT
web is biocompatible and is an ideal tool to study 3D biological processes in
vitro representing a pivotal step toward precise and personalized medicine.

The brain is formed by an intricate assembly of cellular
networks, where neurons are embedded in an extracellular
matrix (ECM) consisting of a dense 3D mesh of proteins that

provides complex chemical, electrical, and
mechanical signaling.! Given this com-
plexity as well as the limitations of in vivo
studies,?! it is important to develop in vitro
models able to recapitulate the brain con-
nectivity at various levels and, ultimately,
provide a mimic of the human brain suit-
able for preclinical applications.*! Toward
this goal, several 3D supporting materials
or scaffolds have been developed, tested,
and applied.™ But further progress is
needed: the combination of new mate-
rials with biotechnology can provide 3D
tissue engineering with the tools to make
a major step toward precise and person-
alized medicine.’! Biomaterials from
natural components,® such as collagen
hyaluronic acid and Matrigel, have been
widely used for 3D cultures. However,
scaffolds made of synthetic materials, such
as poly(lactic-co-glycolic acid) and others,
exhibit better long-term performance.!
Emerging carbon-based materials, espe-

cially carbon nanotubes (CNTs)® have been widely utilized
to produce scaffolds with improved mechanical strength and
conductivity.”) CNTs with their 1D hollow structure and good
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electrical properties allow intensive interactions with and
among cells, which boost electrical signaling,'¥ modulate
neuronal growth,'] and guide the functional reconnection of
segregated spinal cord slices.[*! Different kinds of assemblies
based on CNTs have been realized for a variety of applications
(Figure Sla—c, Supporting Information). In terms of biological
applications, 2D CNT-based bricks such as forests of vertically
aligned CNTs, /2! films of CNT building blocks,") and extended
2D meshes of CNT3l have been deposited on different sub-
strates to form dense blocks useful for several applications,
but cells could not migrate into the deep layers of these CNT
assemblies. On the other hand, CNTs embedded in hydrogel or
porous organic structures! can host 3D cellular assemblies but
do not have well-defined mechanical or electrical connections.
Genuine 3D networks of CNTs have been produced by chemical
infiltrating aqueous CNT dispersion into porous ceramic./’”!
However, there is no additional crosslinking existing between
the individual CNTs so that the electrical and mechanical con-
nectivity is random and not fully controlled. Therefore, the
first motivation of the present work is the development of a 3D
web of CNTs with a fully geometric, electrical, and mechanical
interconnectivity allowing the reconstruction of in vitro neu-
ronal networks mimicking the in vivo brain connectivity which
could be used for the screening of drugs against a variety of
diseases, /% such as malignant glioma infiltration.

Malignant glioma is composed of mutated glia cells that
generate brain tumors.['”! The motility and ability of malignant
glioma to migrate is at the basis of metastases in healthy brain
regions. In terms of malignancy, malignant glioma kills 94.5%
of patients within 5 years after diagnosis.I'®l Malignant glioma
uses different roots to infiltrate the brain,'”1%! and its malig-
nancy also stems from its ability to recover from surgical resec-
tion and its resistance to chemo and radio therapies.?”! At the
moment, orthotopic models based on xenografts of malignant
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glioma cells on the whole brain of rats or mice are thought to
be the best way to quantify malignant glioma infiltration. How-
ever, orthotopic models suffer from the use of immune-com-
promised animals and the obtained results could be affected
also by species-differences.?!l Therefore, the second motiva-
tion of the present work is the development of in vitro models
able to recapitulate the complex biology of malignant glioma
infiltration.*?!

Graphene foams (GFs) have high mechanical rigidity, can
reach more than one millimeter in height, and are biocompat-
ible, promoting the differentiation of neural stem cells in neu-
rons/?’ and the synchronization of neuronal network activity.*?]
However, GFs have large pores ranging from 100 to 300 um in
diameter.?" Consequently, the cellular assemblies that grow
inside them are not dense.?! To combine the advantages of
both GF and CNTs, we constructed a hybrid scaffold made by
graphene foam in situ growing carbon nanotubes to fill the
pores.

A summary of the process for the fabrication of 3D CNT
web through the pores of graphene foam (GCNT web) is illus-
trated in Figure 1la. Commercial 3D porous nickel foam!?’!
was used to prepare 3D GFs with a chemical vapor deposition
(CVD) system. CH, molecules was heated to 950 °C diffused
into the Ni lattice and released carbon atoms that subsequently
precipitated as graphene on the Ni surface during the cooling
process.??) Then, the 3D graphene/nickel foam was used to
support the in situ growth of CNTs. Iron nanoparticles were
confined to the interlamination of graphite using the inter-
calated FeCls—graphite compound®”! as a catalyst during CNT
growth. The catalyst was loaded upstream of the vapor flow,
beside the graphene/nickel foam (Figure 1a, left panel). The
CVD chamber was first heated to 1050 °C and was protected
with a stream of Ar so that FeCl; evaporated and the Fe atoms
were captured by the GF. Afterward, the CNTs grew in situ on
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Figure 1. The fabrication and physical properties of GCNT web. a) Schematic illustration of the procedure for the in situ growth of CNTs inside GF
scaffold. b) Representative SEM image of the GCNT web from the cross-section. c,d) Representative SEM images of the GCNT web with low- and
high-magnification of the CNT web from the top view (inset: the optical images of porous nickel, graphene/nickel foam, and GCNT web). e) Typical
Raman spectra acquired on the GF (green) and the GCNT web (magenta).
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the surface of the graphene skeleton under an appropriate ratio
of CH, and H,, which formed a monolithic graphene-CNT
hybrid with microscale graphene skeletons and a 3D nanoscale
CNT web inside. The GCNT web was finally obtained after wet
etching of the Ni template (Figure 1a, right). The CNTs adhered
well onto the GF even after having been exposed to ultrasound
at 150 W for 30 min. The optical images of porous nickel, gra-
phene/nickel foam, and GCNT web (Figure 1c, inset) indicated
highly functional structures. Scanning electron microscopy
(SEM) images showed that the GCNT web presented a fully
interconnected structure, where the CNT5 filled up the pores
of the GF, creating a web (Figure 1c) with a variable pore size
distribution, ranging from hundreds of nanometers to tens of
micrometers (Figure 1d). Moreover, the SEM image from the
cross-section of the GCNT web presented a genuine 3D CNT
interconnectivity along the z-direction and the GCNT web
thickness could reach 1.5 mm according to the Ni template
(Figure 1b). Compared to the previous GF scaffolds, these new
GCNT web have a higher modulus of elasticity and conductivity
(Figure S2a,b, Supporting Information), which are beneficial
for neuronal proliferation, migration, and differentiation.[®!
Raman spectra (Figure le) acquired on GF (green trace) and
GCNT web (magenta trace) presented few-layer graphene
and CNTs features identified as three characteristic peaks.[’]
Besides, the spectrum of GF showed a strongly suppressed
defect-related D band, indicating an overall high quality of gra-
phene. The D peak (<1348 cm™) associated with sp3-hybridized
carbon atoms showed disordered carbon atoms and was attri-
buted to the presence of CNTs.3% To the best of our knowledge,
this is the first time that GFs with CNTs filling the pores have
been successfully realized. Reported graphene—CNT hybrids
either have a dense CNT mesh grown coaxially around the
GF skeletonP!l or have thin nanoneedles on the surface of
the GF skeleton.l??l These processes improve the surface area-
to-volume ratio and enrich the skeleton surface topology, but
they do not provide a strong interconnectivity between CNTs.
If compared to the previous assemblies based on CNTs
(Figure Sla—c, Supporting Information), the GCNT web
represents for the first time a genuine 3D monolithic CNT
web with a fully interconnected structure leaving inner spaces
between CNTs from hundreds of nanometers to tens of microm-
eters, which match the biological dimensions. The productive
growth of CNTs allows highly crosslinked nanotubes to form fully
geometric and mechanical interconnectivity. Because of the inter-
connected graphene skeleton and the in situ growth of CNTs, the
CNT web also has a strong electrical connectivity.

The 3D GCNT web offers neuronal culture compatibility,
where the dense CNT web provides the physical support to
guide neuronal growth in a genuine 3D manner that is not
restricted to a 2D flat culture. Confocal images of cortical
cultures stained with phalloidin, an actin marker, and Hoe-
chst, a nuclear marker, show that neurons grew primarily on
the skeleton of GF (Figure S3c, Supporting Information) and
developed in 3D following the skeleton’s topology. In contrast,
neurons grown inside the GCNT web formed a denser net-
work (Figure 2b), extending along the CNT web and filling the
GF pores. SEM imaging of these cultures show that neurons
pervaded the CNTs and that neurite outgrowth was guided
by the overall CNT orientation (Figure 2c). The staining of
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neuronal axons and dendrites using SMI_312 and MAP2 as
markers shows that neurons extended both axons and dendrites
in all directions, developing a dense 3D network reminiscent
of a native neural tissue (Figure 2a and Movie S1, Supporting
Information).

The staining of axons with SMI_312 from a cross-section
of the GCNT web shows the formation of a neuronal network
(Figure 2f) extending up to 635 micrometers indicating that
neurons penetrate through the entire 3D GCNT web. In addi-
tion, the almost uniform staining along the z-axis for several
hundred of micrometers (Figure 2g) proves that we have a 3D
neuronal network with a homogeneous density and there is
no major difference between shallow and deeper layers. The
same conclusion is obtained by SEM cross-section views of
GCNT web (Figure 2h) showing cortical cells embedded over
the entire z-axis. More interesting, the cortical cells could not
only grow along the CNTs but also twine around the CNTs
(Figure 2h, inset). The lower porosity of the GCNT web enables
the retention of a larger number of neurons and glia inside the
GCNT web, better mimicking the in vivo situation. After 8 d in
culture (DIV 8), the nuclei count showed a fourfold increase in
cell density in GCNT web compared to GFs (Figure 2d). A mor-
phometric analysis using confocal microscopy indicated that
the average volume occupied by every single cell on the GCNT
web was 50% higher than that observed on GFs (Figure 2e).

Calcium plays a critical role in regulating neuronal network
activities by participating in the synaptic transmission between
neurons, controlling vesicle release.}3! To investigate whether
neurons grown in the 3D GCNT web are alive and functionally
active, we performed calcium imaging experiments using the
calcium indicator Fluo-4 AM as previously described.*! Fluo-
rescent images showed clear bright spots associated with the cell
body of neurons and glia (Figure S4a, Supporting Information),
which were located on the graphene skeleton but were also seen
as suspended inside CNT web pores. Spontaneous calcium
transients (DF/F) associated with the electrical firing of neurons
were obtained by acquiring images at 3-5 Hz for 10-20 min
(Movie S2, Supporting Information). At DIV 8, synchronous
calcium transients with an amplitude of up to 1.5 DF/F
were observed (Figure 2i); they had a sharp rising phase and
a relatively slower decline, similar to the transients obtained
from spiking neurons but not those from glial cell bodies
(Figure S4b, Supporting Information). At DIV 15 (Figure 2j),
calcium transients had a lower degree of synchrony, as shown
by the raster plots (Figure 2m) and crosscorrelation matrices
(Figure 2n). Similar results were also observed on GF scaffolds!*
(Figure S5, Supporting Information). During the early stages of
development, specifically from DIV 2 to 4, the neuronal net-
works had a very low level of activity on both the GF and GCNT
web. At DIV 6, the frequency and mean correlation coefficient
(Figure S5f,g, Supporting Information) had a threefold increase
and further increased over time. The bursting rate of neuronal
growth inside the GCNT web was always higher than that of
the growth on GF (Figure S5f, Supporting Information), even
after DIV 15. A significant increase in burst frequency could be
seen after DIV 15 inside the GCNT web (Figure 2k). Cortical
networks grown inside the GCNT web at DIV 8 also showed a
higher degree of synchrony than those grown inside the GF. As
expected from the dynamics of the cortical network in vivo,?*
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Figure 2. 3D functional cortex-like network is bioengineered inside 3D GCNT web. a) Representative staining for neurites (with MAP2, left) and axons
(with SMI_312, middle) inside GCNT web after 8 d of culture and 3D reconstruction of the neuronal network (right). b) Actin staining of cortical cells
after 8 d of culture inside the GCNT web. ¢) SEM images of cortical cells (white arrow heads) trapped into CNTs web. d) Box plot of cell density for
cortical cultures grown inside the GCNT web and GF scaffolds (Unpaired t-test; n =10 and n = 11, respectively). e) Box plot of occupied volume by
cortical cells grown inside the GCNT web and GF scaffolds (Unpaired t-test; n =8 for both the GF and GCNT web). f) Staining of axons (with SMI_312)
acquired from a cross-section of the GCNT web along the z-direction. Scale bar = 50 um. g) The overall intensity distribution of the axon staining along
the z-axis. h) SEM image of the GCNT web embedded with cortical cells acquired from the cross-section (inset: a cortical cell twined around a CNT).
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Figure 3. a) Staining for aggrecan and laminin proteins secreted by neurons cultured inside 3D GCNT web. b) An example of fluorescently labeled
U87MG cells seeded inside the GCNT web. c) A representative live cell imaging experiment with fluorescently labeled U87MG cells (in red) and cortical
cells (in cyan) obtained at different times. d,e) Cell velocity distribution and average velocities of malignant glioma cultured on coverslip (n =156 cells),
the GCNT web (n =176 cells), and the cortex-like network (n =171 cells, unpaired t-test).

after 15 DIV, the degree of synchrony decreased in networks
cultured inside the GF and GCNT web (Figure 21). Therefore,
cortical cells inside the GCNT web grow in all directions to
form through-space connectivity and functional properties that
resemble the synchronized dynamical activity of in vivo net-
works.** In contrast to conventional GF and CNT scaffolds,
the 3D GCNT web provides an appropriate microenvironment
for neuronal network formation, such as neuron anchoring,
cellular compartments, and cortical mechanical properties.
Considering the brain complexity, our fully 3D interconnected
GCNT web presents a major improvement for the study of the
physiological and pathological processes in the brain.

An essential component of all 3D cellular assemblies is the
ECM, which has the role of orchestrating the interactions between
individual cells and the surrounding microenvironment.*’!

The ECM is formed by different kinds of secreted molecules
arranged in a 3D mesh and is not easily revealed in in vitro
investigations with typical flat dishes. ECM proteins are impor-
tant for retaining the network connectivity of a mature neu-
ronal networkP®l and constitute the matrix through which
brain tumors, such as malignant glioma, travel to invade brain
regions.’’! To verify whether cortical cells cultured on GCNT
web secrete and produce the proteins forming the ECM, we
stained the 3D coculture with standard markers for aggrecan and
laminin. Aggrecan is an important protein specifically secreted
by neurons that forms the perineuronal net,*® whereas laminin
is a key component of the basal lamina, which influences adhe-
sion, migration, differentiation and survival.?¥) Confocal images
of neurons stained with specific antibodies against aggrecan and
laminin (Figure 3a and Figure S6a, Supporting Information)

i,j) Superimposed optical traces (three of them are shown separately at the bottom) obtained from neuronal cultures grown inside the GCNT web at
DIV 8 and 15. k) Comparison of the frequency inside the GF and GCNT web at DIV 8 and 15 (n =8 for GF, n =10 for GCNT web at DIV 8; n =6 for GF,
n=6for GCNT web at DIV 15). |) Comparison of the crosscorrelation at DIV 8 and 15 (n = 8 for GF and GCNT web at DIV 8; n =6 for GF and n =5 for
GCNT web at DIV 15; two-way analysis of variance (ANOVA), Sidak’s test). m) Representative raster plot of the peaks of calcium transients from cortical
cultures grown inside the GCNT web at DIV 8 obtained from 16 different neurons. n) Representative crosscorrelation matrices of calcium transients

from neuronal networks cultured inside the GCNT web at DIV 8 and 15.
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show a rich presence of the two proteins inside the GF and
GCNT web, but the ratio between aggrecan and laminin on the
GCNT web (73.5 £ 4.2%) is lower than that on GF (97.0 £ 5.5%)
(Figure S6c, Supporting Information). A 3D reconstruction from
serial images taken with confocal microscope allows us to visu-
alize the 3D organization of the ECM (Figure 3a and Figure S6b,
Supporting Information). We found that the degree of colocali-
zation of aggrecan and laminin was higher inside the GCNT
web than inside the GF (Figure S6d, Supporting Information),
indicating that colocalization in 2D and 3D is different. The 3D
GCNT web can provide an exact 3D visualization of the ECM
secreted by different cells, particularly by brain cancer cells,
and can resolve the fine mechanical details of cell motility. In
this way, it will be possible to link the mechanical and chemical
abnormalities of the ECM to brain cancer invasion.

The basic mechanisms of cell motion on 2D flat culture are
generally understood, and several methods have been developed
to visualize and analyze cell migration in 2D. Nevertheless,
in vivo cells grown in a 3D environment can follow different
migration strategies, and 2D cultures cannot adequately repli-
cate the complex in vivo tumor microenvironment; therefore,
2D cultures are poor predictors of tumor cell behavior in vivo.[*%
To gain detailed insights into glioma cells infiltration in an
intact brain, experimental models that recapitulate the highly
complex 3D in vivo environment are needed, and therefore,
we cultured U87MG cells inside the GCNT web. U87MG cells
were genetically labeled with the red fluorophore mCherry, and
their 3D motion was investigated with 3D time-lapse imaging.
In these experiments, we acquired a stack of 20 images with
z-steps of 3 um every 3 min. Glioma grown inside the GCNT
web (Figure 3b and Movie S3, Supporting Information) moved
rapidly, and in a time window of just 10 min, they could move
over several micrometers. During their motion, they squeezed,
modifying their shape (see the U87MG cells indicated by aster-
isks). From the acquired stack of images, we recovered the 3D
trajectories (Figure 4a, left panel, and Figure S7a, Supporting
Information) using the Fiji plugin TrackMate as previously
described™!] over periods of time of up to 6-24 h. From these
trajectories, the velocity of the movements along the x-, y-,
and z-axes distribution and the velocity of the cells during this
period were computed. A comparison of the velocity of glioma
in 2D and in 3D (Figure 3d,e) showed that glioma moved with a
lower velocity inside the GCNT web than on 2D flat dishes. Our
3D trajectories are very similar to those obtained with a recently
proposed method based on label-free 3D single cell tracking.*?!
Similarly to what we observed in human primary macrophages
in 3D biometric matrices,*? the migration velocity of US7MG
cells along the z-axis is lower than the lateral velocity along the
x and y-axes (Figure 4b,c).

Brain cancer infiltration occurs in a 3D environment com-
posed of healthy cortical tissue, i.e., neurons, glia cells, blood
vessels, and the ECM. Therefore, U87MG cells were cocultured
with rat cortical cells, comprising both neurons and glia cells.
Having verified that cortical cells grown inside the GCNT web
produce ECM proteins, we compared glioma motility in the
GCNT web and the GCNT-web-based cortex-like network. Before
seeding inside the GCNT web, cortical cells were labeled with
the fluorescent probe DiD, which intercalates in the lipid mem-
branes. In this way, it was possible to distinguish red fluorescent
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U87MG cells from healthy cyan cortical cells (Figure 3c). Their
motions were investigated by 3D time-lapse imaging, lasting
from several hours up to 2 d. U87MG infiltrated the 3D network
formed by neurons and glia cells, often sliding along the thin
CNTs in a way reminiscent of what they do along blood vessels!'”]
in the intact brain (Movie S4, Supporting Information). U87MG
moved much more than neurons and glia cells, which appeared
to be stable. The presence of cortical cells significantly slows
down the motion of glioma (Figure 3d,e).

Our data show that the migration velocity of malignant
glioma cells depends on the environment where they are cul-
tured; this velocity decreases inside the GCNT web, and it
decreases even more when glioma cells are cocultured with cor-
tical cells. The obvious question, therefore, is how different is
the action of drugs on glioma migration inside the GCNT web
and in the presence of cortical cells? We compared the effect of
the metabolic inhibitor blebbistatin on the migration of glioma
cells in these three environments. Blebbistatin is a small mol-
ecule that inhibits both nonmuscle myosin II and smooth
muscle myosin 11,3 and it has already been used as a blocker
for brain cancer infiltration.[**] The effect of blebbistatin on the
migration of fluorescently labeled U87MG on the flat 2D dish
was observed with conventional live cell imaging (Figure 4f
and Figure S7b, Supporting Information). The 3D trajectories
of US7MG (Figure 4a) were obtained over a 4 h period before
the application of 50 x 107° M blebbistatin and over another 4 h
period after the addition of the drug. From the 3D trajectories,
we derived the mean velocity (averaged on time and among all
cells) before and after the addition of 50 x 10~° M blebbistatin
(Figure 4f). Upon application of 50 x 107® m blebbistatin, the
mean velocity of U87MG decreased by almost 34% inside the
GCNT web and to a lower extent (approximately 23%) in our
cortex-like network.

From the 3D trajectories, we also computed the velocity of
the movement along the three axes (x, y, and z) with the aim
of determining the existence of differences in the velocity in
the lateral (x- and y-axes) and axial direction (z-axis). In the
absence of coculture with cortical cells, the addition of blebbi-
statin decreased the velocity in all three directions (Figure 4b).
On the other hand, when U87MG cells were cocultured inside
the GCNT web with cortical cells (Figure 4c), we observed a sig-
nificant difference in the velocity only along the x- and y-axes
(p < 0.001, Kolmogorov—Smirnov test) but not on the z-axis
(p = 0.9467, Kolmogorov—Smirnov test), indicating that blebbi-
statin reduces primarily the lateral velocity. Therefore, our
results suggest an involvement of the extracellular environment
in malignant glioma motility, and in turn, a reduced effect of
blebbistatin in the presence of cortical cells compared to the
GCNT web alone (Figure 4d.e).

The recent advances in in vitro 3D culture technologies
including organoids, spheroid cultures and primary cells
grafted directly into biologically relevant matrix preparations
and appropriate cortical slices*! have opened new avenues
for the development of more physiological cancer models.*®!
The ability of these models to accurately replicate the complex
microenvironmental and extracellular conditions prevailing in
the brain allows us to visualize brain cancer infiltration, such
as in an arthotopic xenograph of malignant glioma in the
mouse brain.*’l Nevertheless, none of these approaches allow

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Blebbistatin performed properly on the glioma infiltration model constructed by the cortex-like network. a) 3D map for reconstructing tra-
jectories of glioma infiltration during almost 6 h of live cell imaging pre- and postblebbistatin inside the single GCNT web and the cortex-like network.
b,c) Cell movement velocity distribution along x, y, and z inside the single GCNT web and the cortex-like network preblebbistatin (blue) and post-
blebbistatin (yellow). d) Distribution of absolute cell velocities of glioma preblebbistatin (blue) and postblebbistatin (yellow). e) The same as in (d) but
inside the cortex-like network. f) Comparison of the effect of blebbistatin on the absolute glioma velocity grown on a flat coverslip, GCNT web and
the cortex-like network (preblebbistatin: coverslip n =156 cells; GCNT web without cortex n = 176; with cortex n = 171 cells, postblebbistatin: coverslip
n =144 cells; GCNT web without cortex n = 179 cells; with cortex n = 149 cells, two-way ANOVA, Sidak’s test).

the recovery of the 3D motion of individual glioma which could
provide a 3D map of overall invasion. The combination of our
3D GCNT web with live cell imaging of fluorescently labeled
glioma cells and cortical cells allows exact recovery of the 3D
trajectories of individual malignant glioma infiltration and
quantification of the effect of drugs.

In summary, we have fabricated a 3D monolithic porous
GCNT web with fully geometric, mechanical and electrical
interconnectivity by in situ CVD growth of interconnected
CNT web into the GF pores. The 3D GCNT web provides a
novel biomaterial to construct a 3D cortex-like network which
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1806132 (7 of 9)

responds to dense neuronal network and functional activity
closer to the in vivo conditions. The cortex-like network allows to
study brain connectivity and neuronal dysfunction and, further,
to construct an ideal glioma infiltration model to map the 3D
overall invasion, which could be an additional and more visible
technology for preclinical therapeutic approaches screening.
Future developments already in process include the analysis
of the 3D motion of malignant glioma from patients in our
model and the comparison of ECM secreted by different kinds
of malignant glioma cells. The application of 3D GCNT web in
cancer model construction also represents an important step
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toward precise and personalized medicine. Indeed, it is pos-
sible to derive cortical cells from the stem cells of a patient and
to screen drugs that can block the infiltration of brain cancer
cells obtained from the same patient. Therefore, our system is
not only a novel platform for live cell imaging achievement but
also a new route toward the findings of improved methods to
eradicate tumors without affecting the host’s cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Materials and Methods

Synthesis processes of intercalated FeCls-graphite. Intercalated FeCls-graphite was
synthesized using a reported two-zone vapour transport method®*. Graphite flakes (1 g,
99.8%, ABCR Karlsruhe, Germany) and anhydrous FeCl; powder (5.6 g, Alfa Aesar) were
mixed in a two-zone reactive container. Then, the container was heated at 380°C for 24 hours
in a muffle furnace (TM-0912P, China). After having naturally cooled down to room
temperature, the as-synthesized compound was used as the catalyst in CNT growth.

Synthesis processes of GCNT web. The GCNT web were fabricated by a two-step chemical
vapour deposition (CVD) process in a horizontal tube furnace (Thermcraft, USA), including
the growth of GF and GCNT web. The pre-cleaned porous Ni foam (PPl 10010, Alantum
Advanced Technology Materials, China) was placed in a 1-inch-diameter quartz tube that was
pre-mounted in the furnace. During the preparation of GF, the Ni foam was first annealed at
950°C for 10 minutes under H, (100 sccm) and Ar (100 sccm) atmosphere to clean their
surfaces and eliminate surface oxidation layers. Next, 50 sccm of H, and CH, was introduced
into the CVD system for 30 minutes, following by cooling to room temperature to allow
graphene to grow on the Ni scaffold surfaces. The prepared GFs were cut at a width of 1 cm
to be the carrier of CNTs. During the growth of CNTSs, the as-synthesized intercalated FeCls-
graphite powder was loaded upstream and next to the GF in a rail boat, which was then
transferred into the middle of a quartz tube. Approximately 160 sccm of H, and 40 sccm of

CH4was introduced into the CVD system for 15 minutes after the furnace was heated to 1050
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°C under the protection of Ar (200 sccm). The samples were then submerged into a FeCl3 (1
M) solution for 48 hours to chemically etch Ni from the Ni foam. Then, the samples were
immersed into hot HNOg3 at 80 °C for 2 hours. After complete etching, the GCNT web were
washed with deionized water until the pH was 7. The GCNT web samples were finally dried
at 60 °Cin air.

Morphological, structural and physical property characterizations of GCNT web.
Morphological and structural characterizations of the 3D-CG samples were investigated by
field-emission scanning electron microscopy (SEM) equipped with an energy dispersive
spectrometer (EDS) (Quanta 400 FEG, FEI, USA). The crystallinity and number of the layer
presented within graphene were examined by a Raman spectrometer (LabRAMHRS00,
HORIBA, France). In the mechanical property characterization, a compression test was
carried out by a high-precision mechanical testing system (Instron 3365, USA). Conductivity
was performed using an Agilent B1500A semi-conductor device analyser (Agilent
Technologies Inc., USA).

Neuronal network preparation and culture. Cortical neurons from Wistar rats (P1-P3)
were prepared in accordance with the guidelines of the Italian Animal Welfare Act, and their
use was approved by the Local Veterinary Service, the SISSA Ethics Committee board and
the National Ministry of Health (Permit Number: 630-111/14) in accordance with the European
Union guidelines for animal care (d.1.116/92; 86/609/C.E.). To minimize the suffering of
animals, the rats were anaesthetized with CO, and sacrificed by decapitation quickly. During
the culture process, substrates, including 3D GFs and 3D GCNT web, were first cleaned with
0, plasma and sterilized with ultraviolet rays (UV). Then, they were coated with 50 pg mL™
poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA) overnight, immersed in culture
medium overnight and coated with Matrigel just before cell seeding (Corning, Tewksbury
MA, USA). The samples for ECM protein immunocytochemical staining were not coated

with Matrigel. Dissociated cells were plated at a concentration of 2.4 x 10° cells MI™ on 3D
2
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GF and 3D GCNT web in a drop of minimum essential medium (MEM) with GlutaMAXTM

supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies,
Gaithersburg, MD, USA), 0.6% D-glucose, 15 mM Hepes, 0.1 mg ml™ apo-transferrin, 30 pg
ml™ insulin, 0.1 pg mI™ D-biotin, 1 uM vitamin B12 (all from Sigma-Aldrich), and 2.5 pg ml’
! gentamycin (Life Technologies). After 1 hour Neurobasal supplemented with 2% of B-27,
10 mM Glutamax (all from ThermoFisher) and 0.5 uM Gentamycin (Sigma) was added as a
culture medium. Half of the medium was changed every week. Neuronal cultures were
maintained in an incubator at 37 °C, 5% CO, and 95% relative humidity.

Morphological and immunocytochemical analysis. Cells were fixed in 4%
paraformaldehyde containing 0.15% picric acid in phosphate-buffered saline (PBS), saturated
with 0.1 M glycine, permeabilized with 0.1% Triton X-100, saturated with 0.5% BSA (all
from Sigma-Aldrich) in PBS and then incubated with phalloidin Alexa Fluor® 488 (Life
Technologies) for 30 minutes or o.n. at 4°C with primary antibodies: rabbit polyclonal against
MAP2, rabbit polyclonal against aggrecan and mouse monoclonal against laminin (all from
Sigma-Aldrich) and SMI 312 mouse monoclonal antibodies (Covance, Berkeley, CA). The
secondary antibodies were goat anti-rabbit Alexa Fluor® 488, goat anti-mouse Alexa Fluor®
488, (all from Life Technologies), biotin conjugated goat anti-mouse and goat anti-rabbit
(Sigma); the incubation time was 3 hours at room temperature (20-22 °C). When a biotin
conjugated secondary antibody was used, another incubation of 1 hour with streptavidin
Alexa Fluor® 647 (Life Technology) was performed. Nuclei were stained with 2 pug ml™ PBS
Hoechst 33342 (Sigma-Aldrich) for 5 minutes. Samples were mounted in Vectashield (Vector
Laboratories) on 1-mm thick coverslips with a homemade adaptor of PDMS to host the 3D
samples. The cells were examined using a Nikon C2 confocal microscope to acquire higher
quality images. The fluorescence images were collected with a 20X magnification and 0.5 NA

objective. Each image was acquired with z-steps of 2 um. Analysis and 3D reconstruction of
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the image stack were accomplished using NIS-Elements AR software (Nikon), Volocity
(PerkinElmer), and the open source image-processing package Fiji (http:/fiji.sc/Fiji).
Calcium imaging acquisition procedures. The cultured cells at 2, 3, 4, 6, 8, and 15 days in
vitro (DIV 2, 3, 4, 6, 8, and 15, respectively) were loaded with a membrane-permeable
calcium dye Fluo4-AM (Life Technologies) by incubating them with 4 uM Fluo4-AM
(dissolved in anhydrous DMSO (Sigma-Aldrich), stock solution 4 mM) and Pluronic F-127
20% solution in DMSO (Life Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM
NaCl, 3 mM KCI, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose and 10 mM Hepes, pH 7.4)
at 37°C for 1 hour. After incubation, the cultures were washed with Ringer’s solution for 30
minutes and then transferred to the stage of a Nikon Eclipse Ti-U inverted microscope
equipped with a piezoelectric table (Nano-ZI Series 500 um range, Mad City Labs), an HBO
103 W/2 mercury short arc lamp (Osram, Munich, Germany), a mirror unit (exciter filter BP
465-495 nm, dichroic 505 nm, emission filter BP 515-555) and an Electron Multiplier CCD
Camera C9100-13 (Hamamatsu Photonics, Japan). The calcium imaging recordings were
performed at RT, and images were acquired using the NIS Element software (Nikon, Japan)
with an S-Fluor 20x/0.75 NA objective at a sampling rate of 3-5 Hz with a spatial resolution
of 256x256 pixels for 10 minutes. To avoid saturation of the signals, excitation light intensity
was attenuated by ND4 and ND8 neutral density filters (Nikon).

Calcium imaging processing and analysis. The initial video was processed with ImageJ (U.
S. National Institutes of Health, Bethesda, MA) software. The image sequences were then
analysed as previously described. Briefly, neurons were localized, and an appropriate region
of interest (ROI) was selected to subtract the background. Appropriate ROIs around the cells
bodies were then selected. The time course of the fluorescence intensity, I(t), in this ROl was
displayed, and any decay, which is a consequence of dye bleaching, was evaluated. The Ca**
transients of each cell signal were extracted in a semi-automatic manner by selecting a

threshold for the smallest detectable peak that was equal to three times the standard deviation
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of the baseline. Subsequently, the decay of I+(t) was fitted to a cubic spline (Y (t)) interpolating
I¢(t) at 10 or 20 points. Y(t) was then added to the original optical signal to compensate for
dye bleaching, and the fractional optical signal was calculated as follows:

AFJF = (Y(t) + If(t))/ 1f(0) 1)

where 1¢(0) is the fluorescence intensity at the beginning of the recording.

Computation of raster plot and correlation coefficient of Calcium transient occurrence.
The times, tj, at which transient peaks occurred are presented in a conventional raster plot. To
isolate the smaller transients from the larger ones, single traces were considered
independently. The amplitude distribution of peaks was calculated to separate the two
different classes of events. Based on this distribution, a threshold was set to approximately
30% of the maximum amplitude. All peaks under the threshold were considered small
transients, whereas all other peaks were considered to be large calcium transients.

The correlation coefficient of the calcium transients for neuron i and neuron j (ocrij) was
computed as follows. The total recording time, Ty, Was divided into N intervals (1..,n,...,N)
of a duration 4¢. Thus, if fi, and fj, are the numbers of calcium transients of neuron i and
neuron j in the time interval 4¢,, then we have the following equation:

ooy, = ——nfinfin ?)

Yo S 2 (EarR)

where ocrij depends on 4t and varies between 0 and 1. The range of explored values of 47 was
20s.

Live cell imaging of U87MG culture and co-culture system. U87MG purchased from
SIGMA (#89081402) were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies,
Gaithersburg, MD, USA), 1% PenStrep (100 U mL™ penicillium and 100 pg mL*
streptomycin, Invitrogen) and passaged every 3 days. The mCherry-labelled U87TMG cells

were kindly provided by the laboratory of Prof. Antonello Mallamaci from the International
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School of Advanced Studies. US7MG cells were acutely infected at a concentration of 500
cells uL™* by a mix containing a lentiviral vector, LV_Pgklp-mCherry, at a multiplicity of
infection (m.o.i.)=6. This m.o.i. is sufficient to infect almost all US7MG cells in these
conditions.

When required, US7MG cells were treated with 1Xtrypsin-EDTA (0.05% trypsin and 0.02%
EDTA, Sigma) and suspended in the culture medium. Approximately 2.0x10* U87MG cells
were plated on a flat coverslip, 3D GCNT web and 3D GCNT web with cortex cells that had
been cultured for 5 days, and then, the co-culture system was cultured in the incubator at 37°C,
5% CO, and 95% relative humidity for two days, and the recording experiments were started.
Before seeding US7MG cells, the cortex cells were stained with Vybrant™ DiD Cell-
Labeling Solution (5 pL mL™, Thermo Fisher) for 20 minutes and then washed with a warm
medium. During the imaging experiment, blebbistatin (Sigma) was administered to the cells at
a final concentration of 50 yuM in the culture medium.

Living cell imaging acquisition procedures and analysis. Live cell imaging experiments
were performed on an epi-fluorescence microscope (Olympus 1X-83, Olympus) equipped
with an imaging chamber incubator (Okolab, Pozzuoli, Italy) and LED illumination (A=590
nm for mCherry, A=660 nm for Vybrant DiD). During all imaging experiments, cells were
kept at 37°C, 5.0% CO; and 95% humidity. Time-lapse images were taken with 500 ms of
exposure time. When Z-stack images were acquired for 3D motion tracking, we recorded a
stack of 20 images with z-steps of 3 um every 3 minutes. All acquisitions were done with a
CCD sensor at 12-bit depth (ORCA-D2, Hamamatsu) and operated with a 20X air objective
(Olympus, NA=0.75).

The videos were analysed using the Fiji plugin TrackMate>®, which allows the selection of
regions of interest (ROIs) for every cell in 3D. It also allows us to follow the centroid of the
3D ROI over time and obtain the average velocities and 3D coordinates. Once the cell ID, xyz

positions and time points were extracted, the trajectories and velocities on the three axes (X, v,
6
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and z) were visualized by plotting the coordinates using Matlab 2015. To calculate and plot
the velocities on every single axis (x, y, and z), we established a 5-point numerical

differentiation formula (see Matlab code) as follows:

flxp] = L= 2zerlea hi+?f g +Hil=f [+ 201] @

Using this approach, we could evaluate the different velocities of U87MG cells in the
presence and absence of cortical cells and before and after the administration of the drug
blebbistatin.

Statistical analysis. Data are shown as the mean + s.e.m. from at least three neuronal culture
preparations from different animals. For the morphological analysis of immunofluorescence
images, n refers to the number of images analysed. The quantified activity (IEI and cross-
correlation) and morphological data were analysed with the ANOVA test followed by post-
hoc comparisons using the software Sygma Plot 10.0. Differences between two groups were
evaluated with an unpaired t-test (Statistica 6.0 — StatSoft Italy). The number of replicas and
statistical tests used for each experiment is mentioned in the respective figure legends or in

the Results section. Significance was set to *p < 0.05, **p < 0.01 and ***p < 0.001.
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Supporting Figures

a b

Extended 2D CNT mesh 3D CNT forest grown on GF

S. Usmani et al. Science Advances 2016, 2. G. Zhu et al. Nanoscale 2014, 6, 1079.

3D CNT-ceramic network 3D;GCNT web

F. Schutt et al. Nature communications 2017, 8, 1215.

Figure S1. Representative CNT structures reported in the literature.
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Figure S2. Physical properties of GCNT web. a) Strain-stress curves acquired from
compressed test on GCNT web and GF. b) I-V curves acquired from four points electrical test

on GCNT web and GF.
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Figure S3. 3D cortical culture embedded into GF scaffolds. a-b) Staining for axons (with
SMI_312) and neurites (with MAP2) on GF c¢) Actin staining of cortical cells after 8 days of
culture on GF scaffold. The intricate mesh made by neuronal processes inside the GCNT web

is more extended than the network formed on GF.
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Figure S4. Typical calcium transients from glial cells and neurons. a) Representative
fluorescence image of a neuronal culture loaded with Fluo-4 AM grown on a GCNT web.
Orange (blue) circles indicate selected regions corresponding to the soma (neurite/process) of
both neuron and glia cell. b) Optical transients from glia have a slow time course (upper
portion of the panel) and those from neurons (lower portion) have a faster rising phase.
Occasionally the neuronal fast transients can be contaminated from slow signals coming from

glia cells often positioned below the neurons.
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Figure S5. Spontaneous activity dynamics of 3D cortical cultures. a) Representative
fluorescent image of a neuronal culture loaded with Fluo-4 AM grown in a GF scaffold. Olive
circles indicate regions selected for the recovery of calcium transients. b-c) Representative
superimposed optical traces (3 of them are shown separately in the bottom) obtained from the
3D neuronal network cultured on GF at DIV 8 and 15 respectively. The insets in the top
portion of both panels show on an expanded time scale the synchronized calcium transients.
d) Raster plot of the peaks of optical transients at DIV 8 and 15 for 9 and 11 different neurons
respectively. e) Cross-correlation matrices of calcium transients from neuronal networks
cultured on GF at DIV 8 and 15 respectively. f) Frequency of calcium transients from cortical
cultures grown on GF and GCNT web at different developmental stages. g) Mean correlation
coefficient of calcium transients from cortical cultures grown on GF and GCNT web at

different developmental stages.
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Figure S6. The 3D ECM secreted by cortical cells grown on GF scaffolds. a) Representative
staining of aggrecan (left panel) and laminin (middle panel) secreted by cortical cells cultured
in 3D GF scaffold. b) 3D reconstruction of laminin and aggrecan, which form the ECM

secreted by cortical cells grown on GF. ¢) Ratio of production of aggrecan versus laminin on
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GF and GCNT web. Collected data from 4 and 6 different stains in GF and GCNT web,
respectively. d) Colocalization ratio between aggrecan and laminin on GF and GCNT web.
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Figure S7. a) Representative trajectory of a U87MG infiltration inside GCNT web. b)

Velocity distribution of glioma cultured on coverslip under the treatment of blebbistatin.

n=156 cells for pre-blebbistatin and n=144 cells for post-blebbistatin.
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Supporting Movies

z=108micron

Movie S1. 3D reconstruction of cortical neuronal network embedded in GCNT web at DIV 8.
Images were acquired by Nikon C2 confocal microscope with a 20X magnification and 0.5
NA objective. Each image was acquired with z-steps of 2 um.

02:42 min:sec

Movie S2. Calcium imaging from neuronal culture loaded with 4 uM Fluo-4-AM calcium
indicator in 3D GCNT web at DIV 8. Images were acquired with 20X and 0.75 NA objective,
5 Hz, a spatial resolution of 256 x 256 pixels and for 10 min. The movie reproduction has

been made using 100 frames per second.
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Movie S3. Living cell imaging from U87 GBM cells labeled with the red fluorophore
mCherry by infecting with LV_Pgklp-mCherry cultured in 3D GCNT web. Images were
taken with a 20X and 0.75 NA air objective, 2 Hz. Stack of 20 images with z-steps of 3 um

every 3 minutes.

Movie S4. Living cell imaging from U87 GBM cells labeled with the red fluorophore
mCherry by infecting with LV_Pgk1p-mCherry and cortical cells labeled with the fluorescent
probe DiD co-cultured in 3D GCNT web. Images were taken with a 20X and 0.75 NA air

objective, 2 Hz. Stack of 20 images with z-steps of 3 um every 3 minutes.
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3.3 Molecular mechanisms of the blockage of glioblastoma

motility

In collaboration with Alessandra Magistrato at SISSA and her student we
performed an investigation of the action of three inhibitors of the small GTPAse
Racl and Cdc42. | performed the wet analysis and the group of Alessandra
Magistrato performed the molecular dynamic simulations. The wet analysis was
performed in collaboration with Jing Xu and therefore the same manuscript is

presented in the PhD thesis of both of us.

In what follow | have reported a very preliminary draft of the manuscript, which

we will complete in the next months, hopefully before the end of the present year.
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Molecular mechanisms of the blockage

of glioblastoma motility

Abstract

Glioblastoma (GBM) is the most common and lethal brain tumor. GBM have a
remarkable degree of motility and are able to infiltrate in the healthy brain. In
order to perform a rational-based drug-repositioning study we have used known
inhibitors of two small Rho GTPase, Racl and Cdc42, which are upregulated in
GBM and are involved in signaling processes underlying the orchestration of the
cytoskeleton and therefore in cellular motility. The selected inhibitors (R-ketorolac
and ML141 for Cdc42 as well as R-ketorolac and EHT 1864 for Racl) have been
successfully employed to reduce the infiltration propensity of the GBM. All-atoms
simulations have unprecedentedly disclosed the binding poses of these drugs on
the target proteins, providing a rationale at atomic-level of detail of their non-

competitive inhibition mechanism.
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Introduction
Glioblastoma (GBM; World Health Organization grade IV glioma) is the most

common and lethal intrinsic tumor. Unlike other solid tumor cell types, GBM
invades the surrounding brain and in contrast with other kind of cancers, GBM
rarely metastasizes to other organs. Although several attempts, for instance
using several drugs such as bevacizumab or immunotherapies [1-3], have been
made to stop and counteract GBM infiltration, GBM treatment is still mainly
focused and primarily limited to surgical resection followed by concurrent
radiation therapy with some chemotherapic reagent such temozolomide [4, 5].
GBM represents one of the most comprehensively genomically characterized
cancer types [6, 7], leading to recognition of groups of tumors defined by four
distinct transcription profiles (proneural, neural, classical, and mesenchymal).
Mutations leading to the transformation of healthy astrocytes into malignant
glioma and/or GBM [5] are very diverse and indeed there are at least the four
above mentioned different transcription profiles at the basis of brain tumors.

The molecular mechanisms at the basis of cellular motility are similar in all cells
and in healthy cells and neurons as well as in malignant GBM. The process of
polymerization of actin filaments is the main source of cellular motion and
protrusion, which is regulated and controlled by several proteins such as Actin
related protein 2/3 complex (Arp2/3), cofilin, formin and molecular motors, such
as myosin, dynein, controlling different features of cellular motility [8]. A key role
in cellular motility and migration is played by the small GTP-ases, which are
presented in all migrating cells. Rho family GTPase has distinct and specific roles
in the regulation of growth, maintenance and retraction of growth cones (GCs) [9].
The mammalian typical Rho GTPase family consists of three subfamilies, Rho
subfamily (RhoA, RhoB and RhoC), Rac subfamily (Racl, Rac2, Rac3 and RacG)
and Cdc42 subfamily (Cdc42, RhoQ and RhoJ) [10]. RhoA, Racl and Cdc42 are
well-studied members of Rho GTPase family controlling distinct cytoskeletal
elements. Activation of Racl stimulates actin polymerization to form lamellipodia

[11], Cdc42 induces the polymerization of actin to form filopodia and Rho
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regulates the bundling of actin filaments into stress fibers and the formation of

focal adhesion complexes [12].

The GTP-binding proteins of Rho family are activated by a variety of growth
factors, cytokines, adhesion molecules, hormones, integrins, G-proteins and the
other biologically active substances [13, 14]. Biochemical approaches have
shown that Rho GTPase also involves crosstalk. Depending upon the
concentration and localization of these Rho GTPases, mammalian cells show
different morphology, movement and behavior [15]. GTPase work via a cyclic
mechanism in which they pass from an active guanine triphosphate (GTP) bound
form, to an inactive Guanine Diphospate (GDP) bound form after the GTP
hydrolysis occurs fostered by the GTPase-activating protein (GAP), in which the
GEF enhance the exchange of the GTP/GDP nucleotide.

At the basis of the present manuscript there is the biological observation that the
cellular motility - allowing cells to move, migrate and infiltrate - is in essence very
similar in all kind of cells and is primarily based on the orchestration of the
cytoskeleton and of a variety of adhesion molecules. The proteins involved in
these biological processes as well as their inhibitors are known and in the
present manuscript we focus on three inhibitors of cellular motility, i.e. ML141,
EHT 1864 and R-ketorolac. These inhibitors will be employed to monitor their
ability to reduce cellular motility. Complementarily, Molecular Dynamics (MD)
simulations have been instrumental to have a better understanding of their
binding mode and mechanisms of the action of these inhibitors from an atomic-
level perspective. Our outcomes remark the importance of abrogating the cellular
mobility in infiltrative tumor types like GBM, and provide a fundamental advance
in understanding the mechanism of small molecules inhibitors of Rho GTPase,

which are of pivotal importance to devise novel more effective drug-candidates.
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Results

According to The Cancer Genome Atlas (TCGA) (cancergenome.nih.gov), the
analysis of the expression level of proteins involved cellular motility in normal
tissue and GBM is here reported in Figure 1A and C for Racl and Cdc42 and
showing that Racl and Cdc42 are both upregulated in primary and recurrent
tumors. The overexpression of these two proteins is strongly related to a lower

survival time of the patient (Figure 1 B and D).

Cdc42 and Racl are primarily involved in cellular motility [16] and their
upregulation leads to a higher infiltration ability of malignant GBM to invade the
healthy tissue. We selected three inhibitors R-ketorolac, ML141 and EHT 1864 to
carry out an in silico investigation of the binding of these drugs to Cdc42 and to
Racl (R-ketorolac and ML141 for Cdc42 as well as R-ketorolac and EHT 1864
for Racl) and their effect on the migration and infiltration of GBM. These three
inhibitors have a rather different structure (Figure 1E) both in size and in
chemical properties. R-ketorolac contains a carboxylic moiety, which, being
negatively charged at physiological pH, will enter into cells - and inside GBM -

much more slowly that ML141, who is neutral, and of EHT 1864, who is

positively charged. R-ketorolac is known to affect the activity of both Racl and
Cdc42, with the following half inhibitory concentrations (IC50): R-ketorolac 0.57
MM and 1.01 uM for Racl and Cdc42, respectively [17]. Conversely, ML141 and
EHT 1864 are exclusive inhibitors of Cdc42 (IC50 of 0.20 yM) [18] and Racl
(IC50 1-5 uM) [19, 20], respectively. These values of IC50 refer to biochemical
assay in which the target proteins and the inhibitors have been purified and are in
a solution. In the next section we will examine the effect of these inhibitors on the
migration of GBM and the effective concentration are higher because of the more

complex conditions.
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Figure 1 - Analysis of Racl and Cdc42 in GBM: differential expression and association
to patient survival in The Cancer Genome Atlas (TCGA) data. A and C, Racl (A) and
Cdc42 (C) is significantly overexpressed in glioma tumor samples, compared to matched
normal brain tissue. P-value calculated using DESeq2. B. GBM patients with higher
Racl expression are associated to higher risk than patients with lower Racl expression.

D, Low-grade glioma patients with higher Cdc42 expression are associated to higher risk
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than patients with lower Cdc42 expression P-value calculated using log-rank test. E,
Sketch of R-ketorolac, ML141 and EHT 1864 molecular structure.

The action of the inhibitors on GBM migration

We analysed GBM cell line U87 which is very often used for understanding
properties of high grade GBM. Migration and infiltration were studied by the
transwell assay (Figure 2 and 3) and by live cell imaging (Figure 4 and 5). The
transwell migration assay is a standard method of measuring cell movement
through an empty space. The transwell assay is based on the use of a hollow
plastic chamber sealed at one end with a porous membrane. The chamber is
suspended over a larger well which containing a specific medium. Migrating cells,
i.e. infiltrating GBM are plated inside the chamber and allowed to migrate through
the pores to the other side of the membrane. Migrated cells are fixed after a
given time, stained and counted. Live cell imaging methods visualize individual
cells in a dish and take an image every minute and in this way can follow the
motility of individual cells. These two methods are complementary: live cell
imaging require a substantial illumination of the cells under investigation and
cannot be used for experiments lasting several days, while the transwell assay
can be used over several days with only minor side effects on the investigated
cells (Figure 2). The elongated and fusiform shapes in Figure 2 are the profile of
the migrating U87 GBM in control conditions (first column) and in the presence of
1, 10 and 20 uM of EHT 1864 (second, third and fourth column). The assay was
conducted for three days (first, second and third row in Figure 2). Visual
inspection shows that more GBM cells are able to invade into the empty space at
later days and that this migration is reduced by increasing amount of EHT 1864.
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Figure 2 — Racl inhibitor EHT 1864 reduces transwell migration of U87 GBM cells.
Transwell assay was conducted for three days (first, second and third row) in the
presence of 0, 1, 10 and 20 uM of EHT 1864 (first, second, third and fourth column).

The number of GBM present in the empty space at different days obtained by
crystal violet and calculated with image J, and we found that 1 yM EHT 1864 has
a small effect on GBM migration but 20 yM EHT 1864 almost halved the number
of migrating GBM both for the GBM cell line U87 on day 2 and day 3 (Figure 2).

We also computed the number of migrating cells per field at different days and in
the presence of different amount of the tested inhibitors. Collected data from at
least three different experiments show that 50 yM ML141 blocked almost
completely migration at Dayl (Figure 3B), while the action of EHT 1864 (Figure
3A) and of R-ketorolac (Figure 3C) was more prominent at Day2. This
observation is consistent with the more pronounced ability of ML141 to cross the

lipid membrane and act on the interior of cells.
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Figure 3 - Three inhibitors EHT 1864 (A), ML141 (B) and R-ketorolac (C) inhibit U87

GBM cell migration in transwell assay depending on concentration and time of treatment.

At later days, such as Day3 we observed often a higher number of cells per field
(comparing Day3 and Day2 for EHT 1864 in Figure 2) than at previous days

because GBM replicates. Collected data indicate that the concentration of the

inhibitors blocking half of the GBM motility is approximately 20, 30 and 50 yM for
EHT 1864, ML141 and R-ketorolac, respectively.
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Figure 4 - ML141 inhibits U87 GBM cells motility analyzed with live cell imaging. A and
B, Live cell imaging frames at different recording time points were merged before and
after 50 uM of ML141 treatment. Red indicates cells at T=0 min, cyan indicates the same
cells at T=60 min. When two channels are co-localized, they appear white and indicating
immobilizing cells. C and D, Migration trajectories before and after 50 yM of ML141

treatment were reconstructed.
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Figure 5 — Effect of ML141 on velocities of U87 GBM cells. A-C, Mean velocity was
significantly decreased by 20 uM (B) and 50 uM (C) of ML141. Data were shown as
mean = sem, **p<0.01. D-F, Velocity distribution of U87 GBM cells before and after 10,
20 and 50 uM ML141 treatment.

We looked also to the action of these inhibitors with live cell imaging (Figure 4
and Figure 5) and we observed a very rapid action of ML141 on GBM motility:
the addition of 50 yM halved the motility with some minutes and similarly EHT
1864 had a rather fast action. In contrast, we could not detect a fast action of R-
ketorolac, presumably because of the presence of the carboxylic group which
limits its ability to cross the lipid membrane. The inhibitory action of R-ketorolac is

best seen with the transwell assay and requires at least 24 hours.

Live cell imaging allows the tracking over time of an individual migrating GBM
and therefore provides an estimate of the mean velocity of migrating cells. As
GBM cells replicate very efficiently, both the transwell assay and live cell imaging
are not exempt of limitations: in the presence of a high replication activity the

transwell assay can underestimate the effect of an inhibitor and the live cell
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imaging tracking can be confused during a mitosis. Nevertheless, the
combination of the two assays provides a reliable characterization of the effect of

the used inhibitors on GBM motility.

Molecular mechanism of inhibition from molecular
simulations

According to the experiments reported above the tested inhibitors (Figure 3),
known to target the Racl and Cdc42 proteins, were able to reduce the migration
and/or the infiltration propensity of the U87 cell lines. As such, we employed
docking and all atom explicitly solvated classical MD simulations to unveil the

molecular mechanism of inhibition of the above mentioned inhibitors.

Identification of the inhibitor’s binding pose via docking and
Molecular Dynamics simulations

Since all drugs are known to exert a non-competitive inhibition mechanism (i.e.
the do exert inhibition of the small-molecule inhibitor without competing with their
natural cofactor (i.e. Guanine Triphosphate (GTP) cofactor), we have initially
identified possible binding cavities, distinct from the GTP binding site, possibly
able to host these small molecule. This search was done considering both the
GTP and GDP-bound form of the proteins, which represent their active and
inactive form, respectively. In the GDP-bound form of the proteins, we identified
by using site detector algorithms two cavities (sites 1 and 2) on Cdc42 and only
one cavity (Site 1) on Racl potentially able to bind the inhibitors. No cavity was
instead present in the GTP bound form of the protein. In order, to assess the
druggability of these pockets, we docked the investigated inhibitors on sitel,
which flanks the GTP binding cavity. Remarkably only the R-enantiomer of R-
ketorolac and of ML141 could be docked in this site, consistently with
experimental findings showing inhibitory activity on Rho GTPases, exclusively for
this enantiomer. The binding stability of the drug, was monitored by performing
100-400 ns long MD simulations for each drug/GTPase adduct. Site 2, identified
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exclusively for Cdc42, is rather small and flexible. As a result, all molecules
docked in this site rapidly dissociated within the first 30 ns MD simulations. This
first set of simulations unprecedentedly allowed to predict the binding pose of R-
ketorolac and ML141 on Cdc42 and that of R-ketorolac and EHT 1864 on Racl
(Figure 6). In the following we perform systematic analysis to unravel the

molecular mechanism exerted by the used inhibitors on the small Rho GTPases.

Inhibition mechanism of Cdc42

We initially focused in dissecting the inhibition mechanism of the two investigated
Cdc42 inhibitors. (Figure 6A and B). Different non-competitive mechanisms may
be operative for small Rho GTPases depending if the inhibitors exert their action
by interfering with the GTP or GEF biding [20]. Our set of simulations predict that
the carboxylic moiety of R-ketorolac coordinates the Mg?* ion. This coordination
may weaken the interaction of the metal ion with the GDP phosphates. This
coordination may facilitate the release of GDP cofactor release from Cdc42
and/or preventing the binding of a new GTP molecule in an optimal position to
undergo a new cycle. Thus, consistently with experimental evidences, R-
ketorolac, can be classified as a GTP binding inhibitor, possibly. Additionally, the
aromatic ring of R-ketorolac lies in the vicinity of the switch Il region, where the
GEF proteins have been demonstrated to bind in crystallographic studies,

possibly interfering with the binding of these proteins (Figure 6).

At variance of R-ketorolac, the binding pose of ML141 predicted from docking
and MD simulations reveals that the drug protrudes towards the Mg?* ion site
with its amine moiety (Figure 6B). Its interaction with the Mg2+ ion and with the
pocket flanking the GDP binding site confirm its interference also with the
GDP/GTP binding, as suggested experimentally. Also one of the aromatic ring of
ML141 heads toward the small cavity lined by switch Il also approaches the GEF
binding pocket nearby the Phe56 residue (Figure 6).

90



We next inspected the impact of R-ketorolac and ML141 on the structural and
functional properties of Cdc42, by monitoring the RMSF of the drug/protein
adduct as compared to that of the Cdc42 protein per se. Ostensibly, the regions
mostly affected by drug binding are those corresponding to switches | and Il for
R-ketorolac, whose flexibility surprisingly increase upon drug binding. In contrast,
ML141 only slightly affects the switch I. In order to understand how drug binding
could impact the internal motion of the protein we also computed the per-residue
cross-correlation matrix (CCM). Positive regions of the CCM indicate dynamically
coupled regions, associated to a lock step motion of the protein, while negative
regions indicate the negatively correlated motion with the corresponding parts of
the protein moving in an opposite manner [21]. The CCM of the GDP bound-
Cdc42 shows a dynamical coupling of two functionally relevant regions, switch |
and switch Il, with switch | being moving in a lockstep motion with al, a4, 6 and
B1, while being negatively correlated with ai (Figure 7A) and switch Il being
negatively correlated with switch I, B1 and ai. This is consistent with an
opening/closing motion of the switch | disclosed by the essential dynamics of the
proteins (Figure 8), which capture the most relevant slow vibrational motion of
the protein. The observed movement of the GDP-bound Cdc42 is most likely
instrumental to the loading/release of the GTP/GDP cofactor, and to engage the
interactions with the variety of protein effectors that mediate the small Rho
GTPase signaling. To monitor the impact of the R-ketorolac and ML141 binding
on these internal motion of Cdc42 we also computed the CCM of the drug-bound
protein. This CCM, plotted as a difference with respect to the undrugged form of
the protein (Figure 7B, C), reveals that both drugs dampen the overall internal
motion of the Cdc42 (Figure 8) thus preventing the GTP/GDP exchange and Rho

GTPase activation.

The computed binding free energy (AGso) of both drugs to Cdc42 revealed that
the binding of R-ketorolac to Cdc42 (AGp, of -154 + 5 kcal/mol) is energetically
favored with respect to that of ML141 (AGp, of -45 + 6 kcal/mol). The electrostatic
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interactions between the negatively charged carboxyl moiety of R-ketorolac and
the Mg?* ion markedly contribute to the AGy. In addition, residues Lys16 and
Val36 stabilize drug binding by establishing electrostatic and hydrophobic
interactions, respectively. We remark that the computed AGb are calculated rely
on force fields and neglect the electronic rearrangements of the charge density
induced by the Mg?* ions (charge transfer and polarization effects) to the
coordinating ligands. As a result, the calculated AGy is most likely overestimated
[22]. In addition to Lys16 also Phe37, Ala59 and Tyr64 contribute to the AGp of
ML141 by establishing hydrophobic interactions. Surprisingly, none of the two
drugs establishes persistent H-bonds with their binding pocket.

As a further check we monitored if ML141 could bind at the Cdc42/GEF interface.
Indeed, small molecules able of stabilizing the GEF/GTPase adduct may
permanently inactivate the GTPase cycle. Among the GEF proteins known to
bind to Cdc42 we selected Dock9 since an X-ray structure of this protein in
complex with Cdc42 is available. Thus, ML141 was docked in a cavity at the
interface of Cdc42/Dock9, and the resulting binding pose of ML141 resulted to be
stable in MD simulations. The binding of ML141 had a limited impact on the
Cdc42/Dock9 flexibility (i.e. does not markedly affected the RMSF of the two
switch regions, which, in the adduct, are locked by Dock9). Upon ML141 binding
an increase of positive correlation of the two Cdc42 switches is observed (Figure
7D), underlining a partial recovery of Cdc42 internal motion which, counteracts
the stability of Dock9 binding. Consistently, the AGp, of ML141 at the
Dock9/Cdc42 interface is smaller than in the single Cdc42 protein (AGyp = -28 £ 3
kcal/mol) being stabilized by hydrophobic and electrostatic interactions with
residues GIn342, Glu403, respectively, from Dock9 and with hydrophobic
interactions with Leu67 from Cdc42. This suggests that ML141 most likely bind to
site 1 of Cdc42 protein, in line with its activity as nucleotide binding inhibitors

suggested experimentally.

92



Figure 6 — Binding pose of R-ketorolac (R-keto, A) and ML141 (B) on Cdc42, R-keto
(C) and EHT 1864, (D) on Racl. Cdc42 and Racl are shown in gray and blue new
cartoons, respectively, switch | (from residue 27 to residue 37) and Il (from residue
59 to residue 73) in lime and mauve, respectively, Mg?* ions is pictured in orange van
deer Waals sphere and Guanine diphosphate (GDP) and the inhibitors are shown as
licorice and colored by atom name. In C the hydrogen bond between R-keto and

Tyr32 (depicted as blue balls and sticks) of Racl is shown.
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Figure 7 — Per-residue cross correlation matrix (CCM) of Guanine diphosphate (GDP)-
bound Cdc42 (A). Difference between the per-residue CCM of GDP-bound Cdc42 in
complex with R-ketorolac (B) and ML141 (C) and Cdc42 and the CCM of GDP-bound
Cdc42 without drug. Difference between the per-residue CCM of GDP-bound Cdc42 in
upon binding of Dock9 and ML141 and the CCM of GDP-bound Cdc42 alone (D). The
Pearson’s cross correlation coefficients vary from -1 (anticorrelated motion, blue) to +1
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(correlated motion, red). Horizontal and vertical lines define different regions of the
protein: B1 (residues 1 to 10), a1 (residues 16 to 26), B2 (residues 38 to 47), B3
(residues 49 to 58), B4 (residues 77 to 84), a3 (residues 87 to 106), B5 (residues 110 to
116), ai (residues 123 to 132), a4 (residues 139 to 150), B6 (residues 153 to 158), a5
(residues 165 to 177). Domain partitioning of Cdc42 is shown in E and F. Residues
corresponding to switch | and Il are highlighted by red lines.

Figure 8 — Porcupine plot representing the essential dynamics of Cdc42 in the GDP-
bound form (A), in complex with R-ketorolac (B), with ML141 (C). Cdc42 is depicted in
gray new cartoons, with switch | and Il highlighted in lime and mauve, respectively. The
arrows indicate the direction of the motion, their length and color (from blue to red) is

representative of the motion amplitude.
Inhibition Mechanism of Racl

The same simulation protocol was also instrumental to elucidate the binding
mode and the inhibition mechanism of R-ketorolac and EHT 1864 to Racl. Also
in this case docking and MD simulations predict that both drugs bind nearby the
GDP binding site. R-ketorolac coordinates the Mg?* ion with its carboxylic moiety,
similarly to what observed in Cdc42, while EHT 1864 occupies the cavity
between the GDP molecule and switch | (Figure 6). In spite of the structural
similarity of Cdc42 and Racl, the pocket lined by switch Il is smaller in Racl that
in Cdc42 due to the presence of Trp56 in the first as compared to Phe56 in the
latter. As a result, the aromatic ring of R-ketorolac in Racl lines switch |, being
stabilized by 1r-stacking interaction with the GDP cofactor (Figure 6). Consistently
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with the binding poses observed, both drugs upon binding to Racl (Figure 6C
and D) principally perturb switch I. Interestingly, the binding of the studied
inhibitors locks the internal dynamics of the protein, hampering the
opening/closing motion of the switch loops, (Figure 9) upon R-ketorolac binding.
Conversely, EHT 1864 does not interfere with the Rac1’s internal dynamics. The
CCM of both systems also highlights marked differences. While R-ketorolac
introduces small changes in the per-residue CCM (Figure 10), EHT 1864 largely
perturbs the protein dynamics increasing the negatively/positively coupled

motions of switch | and Il respectively (Figure 10).

Figure 9 — Porcupine plot representing the essential dynamics of Racl in the free GDP
bound form (A), in complex with R-ketorolac (B), in complex with EHT 1864 (C). Cdc42
is depicted in blue new cartoons, with switch | and Il highlighted in lime and mauve,
respectively. The arrows indicate the direction of the motion, their length and color (from
blue to red) is representative of the motion amplitude.
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Figure 10 — Per-residue correlation matrix (CCM) for the GDP bound form of Racl (A).
Difference between the per residue CCM of GDP-bound Racl in complex with R-
ketorolac (B) and EHT 1864, charge +1 (C) and the same form of the protein without
drugs. Difference between the per-residue CCM of GDP-bound Racl in complex with
Dock2 and EHT 1864, charge +1, and the same form of the protein without drugs (D).
The Pearson’s cross correlation coefficients vary from -1 (blue, anti-correlated motion) to
+1 (red, correlated motion). Horizontal and vertical lines define different regions of the
protein: B1 (residues 1 to 10), a1 (residues 16 to 26), B2 (residues 38 to 47), B3

(residues 49 to 58), 4 (residues 77 to 84), a3 (residues 87 to 106), 5 (residues 110 to
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116), ai (residues 123 to 132), a4 (residues 139 to 150), B6 (residues 153 to 158), a5
(residues 165 to 177). Domain partitioning of Racl is shown in E and F. Switch | and Il

are highlighted by red lines under the matrices.

The calculated AGes reveal that R-ketorolac binds more strongly than EH1864 to
Rac1 (AGp=-182 % 7 kcal/mol and AGp=-62 + 9 kcal/mol for R-ketorolac and EHT
1864, respectively) and that R-ketorolac has a larger binding affinity towards
Racl than to Cdc42, consistently with its higher potency (lower ICso) [20].
Similarly to its binding pose in Cdc42, the binding of R-ketorolac is mostly due to
the electrostatic interactions of its carboxyl moiety with the Mg?* ions, being here
further stabilized by electrostatic interactions with Tyr32, and by hydrophobic
interactions with Cys18 and Pro29. Its binding pose is also stabilized by a
persistent H-bond formed between the hydroxyl group of Tyr32 and its carbonyl
oxygen. In contrast, the binding of EHT 1864, mostly establishes hydrophobic
interactions with the binding pocket and electrostatic interactions between its
amine moiety of the drug and Asp38.

As in the Cdc42 case, we also monitored if EHT 1864 could bind at the interface
of Racl and a specific GEF, i.e. Dock2 for which a crystal structure was available.
Docking simulations followed by MD simulation confirmed once more the
presence of a druggable pocket at the Racl/Dock?2 interface. The binding of EHT
1864 at this site induces a slight increase of the switch | flexibility. Consistently,
the CCM of the Racl/EHT 1864 adduct registers an increase of the positive
correlation (Figure 10) of this critical region. Therefore, the binding of EHT 1864
at the Racl1/Dock2 is not effective in blocking functional dynamics of protein, but
rather destabilized the Rcal/Dock2 adduct. This is further confirmed by a
decrease of the AGy (-28 + 6 kcal/mol) with respect to that of EHT 1864 binding
to Racl. Constituently with its suggested activity as nucleotide binding inhibitor
EHT 1864 most likely targets the Racl rather than the Rcal/Dock2 adduct.
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Discussion

The present study illustrates the effect of three inhibitors R-ketorolac, ML141 and
EHT 1864 on the migration and motility of GBM and a detailed analysis based on
all-atom simulations elucidates the binding pose and the mechanism of these
inhibitors on two small GTPases, Cdc42 and Racl, involved in cellular motility.
The complementary use of the two approaches provide a better insight and it is

important also to clearly understand their differences.

In vivo and in silico comparison

In the experimental analysis shown in Figure 2-5, the inhibitors are added to the
extracellular medium bathing the GBM and therefore these drugs must cross the
cellular membrane before interacting with Racl and Cdc42. Therefore, it is
expected that the concentration of the inhibitors halving half of the migration
K1zmigration t0 be different from the concentration inhibiting half of Racl and Cdc42
activity in in vitro conditions. From the transwell experiments performed in U87
GBM cell line we have estimated that Ki/2migration to be approximately 20, 30 and
50 uM for EHT 1864, ML141 and R-ketorolac, respectively. For EHT 1864, the
corresponding values obtained in vitro conditions are 1-5 pM [19], and 20 yM on
MDA-MB-231 and MCF-7 breast cancer cells [23]. For ML141, 2 uM in vitro
conditions [24], 3 uM for 50% reduction on ovarian cancer cell migration [18]. R-
ketorolac against Rac1 and Cdc42 in Hela cells with values of 0.57 yM and 1.01
MM [25], respectively. The reduced efficacy of the compounds, as compared to in
vitro tests and migration characteristics in other cell line types, suggest that other
pathways may also be relevant to stop the infiltration and migration propensities
of the GBM.

Switches, binding and docking sites in Cdc42 and Racl

The set of docking and MD simulations performed supply a molecular basis for
the inhibition mechanism exerted by the known GTPase inhibitors tested in this
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study. R-ketorolac, bearing a carboxylic moiety, coordinates the Mg?* ions, in line
with the high affinity of carboxylic moieties towards Mg?* ions observed in protein
enzymes. Its binding may reduce the binding strength of GDP towards the Mg?*
metal triggering GDP dissociation and inactivating the small Rho GTPase
function by hampering the GDP/GTP exchange. Nevertheless, the binding of R-
ketorolac is slightly different in Cdc42 and Racl, where in the first both switch |
and Il regions are lined by the drug hampering the opening/closing motion of the
cavity and possibly affecting also the interactions with the GEF proteins in Cdc42.
Conversely, when binding to Racl R-ketorolac exclusively affects the switch I,
which is less involved in the GEF interaction/stabilization. The discussed
difference in the binding poses is also confirmed also by the predicted binding
mode of ML141 and EHT 1864, the first heading towards the switch Il cavity,
while the second being mainly and mostly lined by switch I. While ML141
engages strong interactions with the cavity and hampers the typical
opening/closing motion of the switches I/ll, which necessary to GTP/GDP
upload/release. Conversely, in spite of its larger size EHT 1864, does not
completely freeze the movement of Racl. Being Rho GTPases at the cross road
of an intricate signaling interactome and being their action co-adjuvated by
several interacting partners, we have attempted at predicting if/how the binding of
the studied inhibitors could differently affect the interactions with selected
proteins. Notably, by superimposing the drug-bound form of Rac1/Cdc42 proteins
with selected Rho GTPase partners, for which the crystal structure in complex
with their partner GTPase is available, it emerges that R-ketorolac and EHT 1864
appears to counteract the binding of specific Racl protein partner, plexin B1 [26].
P-Rex1 and Epithelial cell transforming protein 2 (ETC2) [27], among the others
which are involved in GBM migration and invasive propensity, while affecting to a
lower extent the interaction with a typical GEF such as Dock2. Conversely the
binding of both R-ketorolac and ML141 appears to potentially have an impact
even on GEF (Dock9) binding.
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Specific actions of R-ketorolac, ML141 and EHT 1864

Migration and motility in cells is regulated by a complex and highly
interconnected network of proteins. Therefore, pharmacological inhibition of

these proteins simultaneously could be of therapeutic benefit.

R-ketorolac is an inhibitor both of Racl and Cdc42, while ML141 is more specific
for Cdc42 and EHT 1864 inhibits Racl preferentially. According to previous
research, in melanoma Racl is not only overexpressed but also mutated [28].
The knockdown of Racl in melanoma cells depresses the formation of
invadopodia [29], and in this case decreases its capacity to promote cancer
metastasis. The already approved drug R-ketorolac and in particular its R-
enantiomer inhibits Racl and Cdc4 in ovarian cancer [30], and potentially
contributes to the observed survival benefit. This observation suggest to use the
same drug for treating glioma/GBM at their early stages also in the case of brain
cancer. R-ketorolac is a drug already approved by the US Food and Drug
Administration (FDA) in 1989, while ML141 and EHT 1864 not yet at the moment.
Therefore, to study the molecular mechanism and working concentration of these

three inhibitors will benefit the clinical promotion and use.
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Materials and methods

Cell culture

U87 GBM cells (#89081402, Sigma-Aldrich) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS; Invitrogen, Life Technologies,
Gaithersburg, MD), 1% PenStrep (100 U/ml penicillin and 100 pug/ml streptomycin;
Invitrogen). The GFP-labelled U87 GBM cells were infected by a mix containing
lentiviral vector, LV-GFP. All the cells were cultured in an incubator at 37<C, 5% COz,
95% relative humidity and medium was replaced every 3 days. Once 70-80% of

confluence had been reached, the cells were re-plated at a density of 2.5>10%/cm?.

Transwell assay

5 x 10° U87 GBM cells in DMEM medium (without FBS) were seeded to the top
chambers of 12-well transwell plates (Millipore; 8 um pore size), and 10% FBS
DMEM medium was added to the well. Inhibitors were employed in both the
chamber and the well. After incubation for indicated time, cells in the top of the
chamber (non-migrating cells) were removed from the chambers, and cells in the
bottom of the chamber (migrating cells) were fixed with 4% PFA for 20 min and
stained with 5% crystal violet for 30 min in room temperature. The migrated cells

were counted with a microscope.

Live-cell imaging

GFP labelled U87 GBM cells were plated at a density of 8.0x10* cells into 35-mm
dishes with a glass bottom and cultured for 1 day. Live-cell imaging experiments
were performed on an epi-fluorescence microscope (Nikon Ti2-E) equipped with
a chamber incubator and light-emitting diode (LED) illumination (A=490 nm for).
During all imaging experiments, cells were kept at 37°C, 5% CO2 and 95%
humidity. Time-lapse images were taken with 50 ms of exposure time and one

image was taken every 2 min. The videos were analysed using the Fiji plugin
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TrackMate [31], which allows the selection of regions of interest (ROIs) for every

cell and obtain the average velocities for each cell.

Computational model building

The starting configurations for the building the models of the Cdc42 and Racl
proteins were taken from the crystal structures deposited in the protein data bank
(PDB) (PDBId 5CJP and 2YIN, for Cdc42 and Racl, respectively). Conversely, in
order to investigate the binding of the drug at the interface with the specific GEF
proteins, we used the crystal structures of Dock9/Cdc42 and Dock2/Racl
complexes with Cdc42 and Racl deposited in the PDB (PDB id 2WMO and
2YIN). For each system the protein structures were prepared, and the
protonation state of the ionizable residues was determined by using Schodinger

software suite.

Since the investigated inhibitors are known to act via a non-competitive
mechanism (i.e. they do not compete with the GTP substrate) we initially looked
for possible binding pockets able to host the inhibitors studies here, following an
already established computational protocol [32]. To this aim we used the SiteMap
[33] and FTMap softwares [34]. The search of druggable pockets was carried on
the crystal structure of the proteins and on selected frames of the equilibrated
molecular dynamics (MD) trajectories of each protein in the Guanine triphosphate
(GTP) and Guanine diphosphate (GDP) bound state. As a result, we identified
two possible druggable pockets on Cdc42 and one pocket on Racl. Docking
simulations of the experimentally tested inhibitors were then performed to find a
binding pose of the drugs on these pockets, following an ensemble docking
approach [35]. Namely, we used as target protein structures: (i) the crystal
structure of Racl and Cdc42 in the free form and the protein structure in complex
with their specific GEFs, (ii) a representative of the equilibrated part of the
simulation trajectory selected by a cluster analysis; (iii) a visually selected

trajectory frame of the GDP- bound form of the proteins in which the pockets
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were able to accommodate the studied inhibitors. Prior to performing docking
simulations, each drug was prepared considering all possible protonation states.

Docking simulations were done with the Glide program of the Schédinger suite.

As a result, the R-ketorolac was considered in its negative, R-ML141 in its
neutral and EHT 1864 in its positive form, which are predicted to be the most

abundant at physiological pH.

Molecular dynamics (MD) simulations

The topology of the system was built with the Amber2018 tool tleap using the
amber ff1ILDN force field (FF) [36]. The parameters of the GTP and GDP
cofactors and of the tested drugs were built according to the following procedure:
each molecule was subjected to a structure minimization using the Jaguar
program at density functional theory (DFT) B3LYP level of theory and the 6-
31G** basis set. Next, electrostatic potential (ESP) derived charges were
computed according to the Merz-Kolmann partitioning scheme using the
Gaussian software (Gaussian 09, R. A. G. |., Wallingford CT, 2016). With the
same basis set, and converted in RESP charges with the resp module of amber
tools 2018. For the other FF parameters the general amber force field (Gaff) was
employed [37]. For the Mg?* ion present in the active site we used the Agvist
parameters [38]. The systems were solvated by adding a layer of 10 Angstrom of
TIP3P water molecules [39] and neutralized with Na* ions, using the Joung and
Cheatman parameters [40]. This lead to a total number of 44662 atoms for GDP-
bound Cdc42, 35813 atoms for GDP-bound Cdc42 in complex with R-ketorolac,
36611 atoms for GDP-bound Cdc42 in complex withML141; 92293 atoms for
GDP-bound in complex with Cdc42 and Dock9 ; 92310 atoms for for GDP-bound
Cdc42 in complex with ML141 and Dock9; 34986 atoms for GDP-bound Racl,
34739 atoms for GDP-bound Racl +R-ketorolac, 34415 atoms for GDP-bound
Racl in complex with EHT 1864; 95331 atoms for GDP-bound Racl in complex
with Dock2 and 95156 atoms for GDP-bound Racl in complex with Dock2 + EHT
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1864. Overall ten different systems were simulated and extensively analyzed in
this study. The system topology was then converted to the GROMACS format
with the acpype software [41].

A short minimization was run before annealing the system to 300K. The pressure
was equilibrated to latm using the Berendsen barostat. In the simulations with
the drugs, after equilibration the position of the drug in the binding site was
restrained for 30 ns and subsequently a production run was started removing the
constraint. For all simulations the pressure was kept to equilibrium value with the
Parrinello-Rahman barostat [42] while the temperature was controlled with the
velocity rescale thermostat [43]. The length of the simulations of Cdc42 and Racl

without drugs is 440 ns.
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Analysis

The root mean square deviation (RMSD), the root mean square fluctuation
(RMSF), the principal component analysis (PCA) and the per residue correlation
matrix were derived using both GROMACS2018 [44] and Amber 18 programs
[45]. In particular the GROMACS2018 tools were used to compute the RMSD
(gmx rms) and RMSF (gmx rmsf), while the hydrogen (H)-bonds and cross
correlation matrix were computed with the AMBER2018 tool cpptraj. A cluster
analysis was performed with the GROMACS2018 cluster tool using the algorithm
described in Daura’s report [46]. Only Ca atoms of each residue were considered
to compute RMSD, RMSF and correlation matrix. To compute the RMSD the
whole trajectory was used, while all other properties were evaluated on a stable
(almost flat RMDS) final 100 ns part of the whole trajectory. The PCA was
performed with the GROMACS 2018 tools (gmx covar, gmx anaeig). To obtain
the PCs we applied the following protocol: the trajectory was first fitted on the
reference structure to remove translational and rotational motion, then the mass-
weighted covariance matrix was computed for the Ca atoms and diagonalized
[21]. The eigenvectors exhibiting the largest eigenvalues pinpoint the most
relevant motions sampled during the simulation, which is also referred to as

principal components (PCs) [47].

The motion along the first eigenvector (essential dynamics), i.e. the vector
corresponding to the largest eigenvalue, is commonly referred as essential
dynamics and represents the most relevant motion of the system. This was
visualized with the VMD program, and arrows highlighting the direction of motion

were drawn using the porcupineplot.tcl plugin of the VMD program.

Energetic analysis.

Binding free energies between the proteins and selected ligands (AGb) were
calculated by using the Molecular Mechanics-Generalized Born Surface Area
(MM-GBSA) method [48] with Amber18 also using the per-residue decomposition
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tool to gain a direct view of how each residue lining the binding site contributes to
drug-binding. The value of the igb flag was set to 2 and a salt concentration of
0.1 M was used. MM-GBSA calculations were performed on 100 equally distant
frames the last 100 ns part of the equilibrated MD trajectory, following a protocol
used in previous studies. The conformational entropic contribution of the free
energy was not considered, as this term usually does not improve the quality of
the results [49]. For what concerns the energetic contribution of each residue in
the protein we used a threshold of 1 kcal/mol, absolute value, above which one
residue was considered as significant in favoring/disfavoring the binding of the

drug.
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4. Conclusion and Future Perspectives

During my PhD, | mainly focused on clarifying the relations between Ca?* level,

Ca?* related pathway MCU and GBM malignancy.

Firstly, | established experimental parameters to measure intracellular Ca?* by
co-staining cells with Fluo-4 AM and Fura Red AM calcium indicators
simultaneously and carried out ratiometric calcium imaging experiment with the
live-cell imaging setup. This method allows us to record Ca?* signals, meanwhile,

to obtain absolute Ca2* concentration.

Secondly, by comparing Ca?* levels in three different cells (human astrocytes,
U87 GBM cell line, primary GBM stem cells from patients), we have shown that
Ca?* signal level in GBM cells is higher than that in healthy human astrocyte,

which is positively correlated to MCU expression levels.

Thirdly, MCU overexpression/knockdown changes intracellular Ca?* signal
dynamics, confirming that MCU takes part in Ca?* signal regulation. In particular,
MCU silencing in GBM cells dramatically reversed the high proliferation capacity
by blocking the cell G1/S transition via declining the transcriptional activation
function of cyclin D1 pathway [66, 67].

Fourthly, MCU silencing in U87 GBM cells prevented GBM migration by targeting
Racl.

Altogether, these results indicate that targeting MCU may be an attractive
candidate for GBM treatment. | conclude my thesis by pointing out the crucial
role of Ca?* regulation in GBM malignancy, which could lead to potential drugs.
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