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The Role of Promyelocytic Leukemia Protein in Glioblastoma Physiology

Glioblastoma is the most malignant brain cancer among adults, according to the World Health
Organization (WHO). It is characterized by excessive proliferation and infiltration, along with
extensive inter- and intra-tumoral heterogeneity. Current standard therapy includes maximal
safe surgical resection, followed by concurrent radiation and/or Glioblastoma adjuvant
chemotherapy. However, in spite of intensive treatment, patients have a poor prognosis, due to
the high recurrence potential of Glioblastoma. Identifying Glioblastoma biomarkers could help
diagnose the disease earlier, characterize specific features regarding the tumor physiology and
aggressiveness and even help in building new therapeutic strategies.

There is recent evidence suggesting, high expression of the Promyelocytic Leukemia Protein
(PML), a tumor suppressor and cell regulator, in primary Glioblastoma samples. PML is expressed
in all tissues and implicated in various ways to cancer biology. In brain, PML participates in the
physiological migration of the neural progenitor cells, which have been also hypothesized to
serve as the cell of origin of Glioblastoma. Recent studies in PML knocked-down mice indicate a
common PML-mediated migratory pathway in both adult neurogenesis and Glioblastoma
invasion within the central nervous system.

In this work, the invasive capacity of the well-described T98G and U87MG Glioblastoma cell lines
is being explored. The role of PML in Glioblastoma pathophysiology, regarding the cell growth
and invasive properties of the tumor, is investigated under PML overexpression in the U87MG
cells. A combined in vitro-in silico approach is presented by using three dimensional biological
models and translating biological observations in order to initialize, parametrize and validate a
discrete mathematical model. The PML-mediated effects are estimated and visualized using
conventional optical, along with light sheet fluorescence and confocal microscopy and the
Glioblastoma tumor evolution is simulated in silico, in order to differentiate the observed
biological phenomena.

Our overall findings indicate that PML overexpression suppresses cell proliferation, while it
induces the invasive capacity of the U87MG Glioblastoma cells, by regulating distinct cellular
mechanisms. Elucidating further the role of PML in Glioblastoma physiology could set PML as a
potential biomarker of the tumor physiology and as a therapeutic target aiming at eliminating
multiple sub-clones depending on their proliferative and/or invasive phenotype within the
heterogeneous Glioblastoma tumor mass.
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To NMowPBAdactwpa eival kapkivog tou eykedalou kal cUpdwva pe Ttov Naykooulo Opyaviouo
Yyeiag Bewpeitat o mo Suopevig kat kakonBng kapkivog Tou eykepaAou yia Tov avBpwrmo. Omwg
KABe kapkivog xapaktnpiletal and akatdoxeto mMoAAAmAacLaoUO Kal dtnOnon kabwg Kal anod
TOAU uPnAn etepoyévela. H Beparmeia mou akoAouBeital HEXPL OTLYUNG YLt TNV AVILUETWIILON
TOu Oykou elval n aodpaléatepn duvatr oAk adaipeon Tou KOPKLVIKOU LOTOU, n omola otn
OUVEXELa akoAouBeital and xnueloBepamneia. Qotdé00, TO MPOCSOKIUO OPLO TWV AcOevwVY e
MotBAdoctwpa mapapével oAU xapnAo, kabwg umdpxel vPnAn mbavotnta umotponnig. H
tautomnoinon Blo-delktwv ywa to MNopAdctwua Ba pmopovos SuvnTikd vo cUPPBAAEL otnv
KaAUTEPN Kol €ykalpn Sldyvwon tng vooou, KaBwE Kol OTOV MPOCSLOPLOUO CUYKEKPLUEV WV
XOPAKTNPLOTIKWVY TNG dUONE TOU OyKou KABe aoBevoug.

Npoodateg peAéteg avadelkvoouv vPnAn ékdpaon tng MPWTEivNG TG MPOUUEAOKUTAPLKNG
Aevyaiuiag (MMA) og uPnAd MOCOOTO MPWTOYEVWY SelypATwy acBevwv pe MotpAdactwua. H
MMA eilvol Pl OYKOKOTOOTOATIKY TipwTteivn, n omola €xel GpUCLOAOYIKO POAO KUTTOPLKOU
puBuiotr. Ekppaletal oe GAOUC TOUC LOTOUG TOU OPYOVLIOUOU KL EXEL CUCXETLOTEL He Sladopoug
TUTIOUG KOpKivou. 2Ztov eykédaro, n MMA cuppeTEXeL oTn PUCLOAOYLKN HETAVACTEUCN TWV
VEUPOPAQOTWY KATA TN VEUPOYEVEGH, OO TOV KPOTAPLKO OTOoV 0odppnTikd Aofo, Omou Kot
Sladopomnolovvtal.  IUpudwva pHe Oewpieg mou mepypddouv TNV avamtuén Tou
MotBAactwpatog, Bewpeital OTL oL VEUPOPAACTEG AVAKOUV OE LA OUAda KUTTAPWY, Ta omoia
SuvNTIKA UIMoPOoUV VO CUVTEAEOOUV WG TA OPXLKA KUTTAPO amd TO Omoio TPOKUTTEL N VOOOC.
MNpoodateg €peuveg o€ yovidLOKA avacuvOUAOHUEVA TIOVTIKIO OTOL OMola QMOCLWTETAL N
ékppaon ™G MMA, mpoteivouv OTL N PUOLOAOYLK KUTTAPLK HUETAVAOTEUCN KOTA TNV
VEUPOYEVEDN Kal n dNBnon Twv Kuttdpwv oto MNolofAdcTwa evOEXETAL va EAEyXOVTaL ATTO €va
KOLVO KUTTOPLKO LOVOTIATL TO Omoio eA€yxetat amo tnv MMA.

Ze autv tnv epyacia, peAetatat n SinOntkn wavotnta twv T98G kat twv U87MG
MoLoBAACTWHATIKWY KUTTOPOCELPWV. ITN CUVEXELX EEEpEUVATAL pOAOG TNG MpwTEivng MMA otnv
naBoduaotoroyia tou MoloBAacTtwpatog 6cov adopd TV avamtuén kot tn dtnon tou oykou
otav autr umepekppaletal. Itnv mapovoa SouAsld akoAouBeital pwa in vitro-in silico
T(POCEyyLlon, otnv omolia xpnolwuonotibnkav tplodldotata BLoAoylkd HOVTEAQ Kal pETAdpaAch
TwV PalvouéEVWY, LE OKOTIO TNV apXLKOTIOLNON, TOPAUETPOTIOINGCN KAl EMIKUPWIOiNON €VOG
TIPOPBAETTIKOU HABNUATIKOU LOVTEAOU yLa ToV Kapkivo. Ta BloAoyikd dalvopeva HeAETHONKav
LE TEXVIKEC CUMBATIKAC, KABWC Kal cuveoTlakng ¢pOopilouoag UIKPOOKOTILAC KAl LLKPOOKOTILOG
Aemtn¢ 6éopnc ¢GUAAOU WTOC. 3TN OCUVEXELD, N OvATTuén TOU OYyKOU TIPOCOUOLWONKE
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The Role of Promyelocytic Leukemia Protein in Glioblastoma Physiology

UTTOAOYLOTIKA. ME OKOTO TNV &LaKPLTONMOoinon Kal amopdévwon Twv  GaWVOUEVWY  TIoU
napatnprRdnkav.

Ta eupriuata autng TG Souleldg umodelkvuouv OtL N NMMA avactéAAEL TNV avamtuén Ttwv
KAPKLVIKWV KUTTAPWV MOoLoBAACTWHATOS KL EVIOXUEL TNV UETOVACTEUTIKN TOUG LOLOTNTA HECW
510 opETIKWY, SLAKPLTWVY KUTTOPLIKWYVY UNXAVIOUWV. H mepattépw PeAETN Tou poAou tng MMA otn
duololoyia tou MotofAactwpato¢ Ba pnopovoe va avadeifel tnv mpwteivn auti wg mBavo
Blo-6elktn yLa T SLAyvwon Kal To Xapaktnplopd Tou 0ykou. AKOWN, N TaUTomnoinon tou poAou
™m¢ NMMA otnv €€€AEn tou [AoloBAACTWHATOC MUTMOPEL va TNV KATAOTAOEL OTOXO TNG
QVTLKOPKLVIKNAG Beparmeiag, pe okomo va e€aleiel Toug SinBNTIKOUG patvotuToug Tou OYKoU
TIOU GUXVA GUVTEAOUV OTNV UTIOTPOTIH TNG VOCOU.
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Glioblastoma (GB) is the most malignant and aggressive primary brain tumor, classified as grade
IV according to the World Health Organization (WHO; Louis et al., 2016). It is associated with a
median survival of 12-15 months (Hou et al., 2006) and it can appear without a previous tumor
diagnosis (primary) or through progression from lower grade tumors (secondary) (Mullins et al.,
2013). GB most frequently occurs in frontal, temporal (Larjavaara et al., 2007; Zada et al., 2012)
and cerebellar (Zada et al., 2012) regions, accounting for more than 60% of the adult brain tumors
(Hanif et al., 2017).

GBs usually occur de novo (primary glioblastomas) in elderly patients, without exhibiting any signs
of a previous less malignant lesion (Ohgaki and Kleihues, 2013). Secondary GBs, on the other
hand, develop from a lower grade glioma usually of astrocytic nature (diffuse or anaplastic
astrocytoma) and evident typically in younger patients (Ohgaki and Kleihues, 2013).

M.Sc. THESIS | MARIA TAMPAKAKI
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1.1. GB HETEROGENEITY

GBs are characterized by extensive inter-patient heterogeneity, exhibiting molecular and cellular
diverse phenotypic profiles among patients (Aum et al., 2015). Furthermore, molecular and
genetic intra-tumor heterogeneity has also been observed in GBs (Bonavia et al., 2011), creating
multiple cellularly distinct sub-populations that coexist within the same tumor (Aum et al., 2015;
Sun and Yu, 2015; Oraiopoulou et al., 2018). The different tumor clones can cooperate to help
each other survive or compete for nutrients, oxygen and space, resulting in evolutionary
prevalence of the best adjustable clone (Bonavia et al., 2011). Even though the wide
heterogeneity in GB includes important information regarding the tumor evolution (Sun and Yu,
2015), it limits substantially the development of effective treatment (Aum et al., 2015; Sun and
Yu, 2015; Oraiopoulou et al., 2018) and increases the possibility of recurrence (Aum et al., 2015).

1.2. GB MIGRATION, INVASION, INFILTRATION

On the microscopic-cellular level, the GB migrating cells have the ability to move, usually with
the formation of specific membrane protrusions called invadopodia (Mallawaaratchy et al.,
2015), and detach from the original tumor core spreading into the neighboring healthy brain
tissue (Oraiopoulou et al., 2018). They preferentially travel along distinct anatomical structures
pre-existing in the brain parenchyma known as “Scherer’s secondary structures” (Holland, 2000;
Claes et al., 2007) which include the blood vessels, the meninges and the ganglia nerve tracts
(Holland, 2000; Claes et al., 2007). GB invasion can be observed on the mesoscopic level and
involves the process of direct expansion of the tumor bulk and penetration of GB migrating cells
into the surrounding tissue (Koh et al., 2018). GB extra-cranial metastasis is rare (Ngrgxe et al.,
2016); however, in contrast to other brain tumors, infiltration is considered a typical clinical
evidence of GB diffusion (Claes et al., 2007; Montana, 2016). This macroscopic process describes
to ability of GB migrating cells to invade individually or in small clusters and diffuse into the
adjacent healthy brain parenchyma (Claes et al., 2007; Montana, 2016).

1.3. CELL LINES

In order to study the GB tumor pathophysiology and identify specific molecular and cellular
mechanisms contributing to oncogenesis or tumor maintenance, a variety of biological models
have been applied in GB research (Grotzer et al., 2016; Klinghammer et al., 2017; Oraiopoulou et
al., 2017, 2018). However, the evolutionary process that tumors undergo during clonal selection
can only be approached with biological models that maintain the intrinsic tumoral heterogeneity
(Mullins et al., 2013; Klinghammer et al., 2017; Oraiopoulou et al., 2018). Therefore, the latest
trends in GB research employ patient-derived, primary cell lines, that better resemble the
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heterogeneous nature and the complexity of the disease and they are closer to the original tumor
(Mullins et al., 2013; Oraiopoulou et al., 2017).

Secondary cell lines, on the other hand, have been extensively used in GB research since they are
well profiled, easily manipulated (Klinghammer et al., 2017) and suitable to study specific cellular
mechanisms (Klinghammer et al., 2017; Oraiopoulou et al., 2017) or to be used as a control of
the patient-derived cells (Oraiopoulou et al., 2017, 2018). U87MG (Aaberg-Jessen et al., 2011;
Oraiopoulou et al., 2017) and T98G (Stein, 1979; Matsumura et al., 2000) are two well-known GB
secondary cell lines, which are representative of most common GB proliferative and invasive
phenotypes and therefore often used in GB experimental models. Especially the T98G cell line is
highly representative of the GB invasive behavior in in vitro, ex vivo and in vivo studies, due to
cell-to-cell/matrix adhesion, epithelial-to-mesenchymal transition (EMT) and metabolic and
microenvironmental factors (Ramao et al., 2012; Adamski et al., 2017). All secondary lines tend
to differ from the tumor of origin due to clonal selection, hence they are characterized by less
phenotypic heterogeneity and higher level of differentiation than the primary cell lines (Allen et
al., 2016). Nonetheless, both the U87MG and the T98G cell lines are well-characterized and
widely accepted as valid GB experimental models (Allen et al., 2016; Kiseleva et al., 2018).

1.4. PROMYELOCYTIC LEUKEMIA PROTEIN (PML)

1.4.a. PML GENERAL Characteristics

The promyelocytic leukemia protein (PML) was originally identified in acute promyelocytic
leukemia (APL), as a chromosomal translocation between the chromosomes 15 and 17 (Hsu and
Kao, 2018). In APL, PML fuses with the retinoic acid receptor alpha (RARa) and the hybrid protein
inhibits the differentiation of the hematopoietic progenitor cells (Imani-Saber and Ghafouri-Fard,
2014).

1.4.b. PML KNOWN ISOFORMS

The PML transcript is organized into 9 exons (Figure 1) (Jensen et al., 2001; Hsu and Kao, 2018;
Previati et al., 2018). Alternative splicing of the transcript can produce 7 isoforms of the protein
which all share the same N-terminal regions, while they vary in the C-terminal part (Jensen et al.,
2001; Hsu and Kao, 2018; Previati et al., 2018). The N-terminus of each isoform contains the RBCC
or TRIpartite MOtif (TRIM) which is a domain of several structurally conserved sequences
including a Really Interesting New Gene (RING) finger, two cysteine/histidine-rich B-Boxes (B1
and B2) and an a-helical Coiled-Coil domain (Jensen et al.,, 2001; Guan and Kao, 2015). PML
known isoforms are classified into 7 categories based on their length (Jensen et al., 2001). They
vary from PML | which is the longest isoform, to PML VIl which is the shortest (Jensen et al., 2001).

M.Sc. THESIS | MARIA TAMPAKAKI
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PML I — VI are mostly located in the nucleus, with the exception of PML | that contains a Nuclear
Export Signal (NES) located in exon 9 and therefore can also be found in the cytoplasm
(Lallemand-Breitenbach and De The, 2010; Hsu and Kao, 2018; Previati et al., 2018). PML VII
(Lallemand-Breitenbach and De The, 2010; Hsu and Kao, 2018; Previati et al., 2018), on the
contrary, lacks exon 6 which contains the Nuclear Localization Signal (NLS), hence it is exclusively
cytoplasmic. Remarkably, nuclear and cytoplasmic PML can present adverse activity depending
on the environmental stimuli being exposed (Hsu and Kao, 2018). Apart from the classic PML I-
VIl proteins, alternative splicing of the PML transcript can also produce variants of the original
isoforms classified as sub-type A, B or C, as shown in Figure 1. The different C-termini parts among
the PML isoforms may indicate isoform-specific actions (Nisole et al., 2013).

PML isoforms

A Eons 1 2 3 4 5 6 72 T 8 9
|
L —— — o —— — —p—— 3
1 2 3 4 s 6
b . It Y o m— f | |
FUTR . Peptid
NLS SIM  NES (bp) Localizaation {:::)e

\— e -, Nuclear/
#_ CH UVWW\ Aln) PMU 2805  Cyroplasmic 882
#‘LUAW PMLI 443 Nudear 829

Tab

) & PMLII N.D. Nuclear 641
[ — . —
@3_;_ L cc | \/ Aln) PMLIV 196 Nuclear 633
Tab
S'UTR
(140b.p.) U\W Aln) PMLV 1738 Nuclear 611
V\N A(n) PMLVI 1258 Nuclear 560
PMLVII 334 Cytoplasmic 435
WU SIM: VWVISSSEDSDAE Subtype A: loss of exon 5
FUTR Subtype B: loss of exen 5 & 6
Subtype C: loss of exon 4,5 & 6

Figure 1. Adopted by Hsu and Kao, 2018. Schematic representation of the PML gene organization, the alternative

splicing of its isoforms and their localization.

1.4.c. PML NUCLEAR BODIES

STRUCTURE OF PML-NBS

PML is the essential organizer of the sub-nuclear structures called nuclear bodies (NBs) (Bernardi
and Pandolfi, 2007; Lallemand-Breitenbach and De The, 2010; Guan and Kao, 2015). The NBs are
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protein structures interspersed in the interchromosomal space and anchored onto the nuclear
matrix (Bernardi and Pandolfi, 2007; Lallemand-Breitenbach and De The, 2010). They are small
nuclear foci with a diameter range from 0.1 to 1.0 um (Bernardi and Pandolfi, 2007; Lallemand-
Breitenbach and De The, 2010; Guan and Kao, 2015). In most mammalian cells there are typically
5-30 present per nucleus depending on the cell type, phase of the cell cycle, differentiation stage
(Bernardi and Pandolfi, 2007), stress and nutritional condition (Guan and Kao, 2015).

During NB-biogenesis, sumoylated PML molecules interact with each other through the SUMO-
binding motif and recruit other proteins through sumoylation, protein-protein interactions or
SUMO-binding domains (Bernardi and Pandolfi, 2007). PML forms the stable outer shell of the
body and a number of mobile components including transcription and epigenetic factors, such as
SP100 or DAXX, are usually located inside as shown in (Figure 2) (Bernardi and Pandolfi, 2007,
Lallemand-Breitenbach and De The, 2010). PML-NBs are in general heterogeneous in terms of
the PML isoforms they assemble; however there are indications underlying the existence of PML-
NBs that also have isoform-specific composition (Bernardi and Pandolfi, 2007).

PML PML PML NB PML Mature
dimerization nucleation sumoylation PML NBs

/7
- - * i*/?@ié

r SIM (SUMO 2 suUMO
interaction motif)

SIM-containing Sumoylated
partners @ partners

Partners containing both a SIM
and SUMO

Figure 2. Adopted by Lallemand-Breitenbach and De The, 2010. Schematic representation of the PML-NBs
nucleation. Sumoylatred PML proteins oligodimerize to form the shell of the PML-NB and attract other molecules
inside the body via protein-protein or SUMO-binding interactions.
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However, most of the PML protein molecules (over 90%) are freely diffused in the nucleus
(Lallemand-Breitenbach and De The, 2010).

FUNCTIONS OF PML-NBS

PML and PML-NBs have been described as cell regulators with multiple roles in many
physiological and pathophysiological conditions. They have been found to perform epigenetic
modifications for the regulation of basic cellular functions such as transcription,
apoptosis/senescence and DNA-damage repair, anti-viral protection, normal or cancerous stem
cells fate (Lallemand-Breitenbach and De The, 2010; Mazza and Pelicci, 2013; Hsu and Kao, 2018;
Previati et al., 2018), drug resistance (Hsu and Kao, 2018) and angiogenesis (Figure 3) (Mazza and
Pelicci, 2013; Hsu and Kao, 2018). The models describing PML-NBs action mainly categorize their
actions in three basic groups: identification and storage of proteins, post-translational
modification of proteins and regulation of nuclear processes (Bernardi and Pandolfi, 2007).

Protein Protein
acetylation phosphorylation
Transcriptional
Protein activation
sumoy lation
Transcriptional
Identification of repression
foreign proteins
Protein storage Hetero;hromatin
formation

{ }

Figure 3. Taken by Bernardi and Pandolfi, 2007. The role of the PML-NBs and their many cellular functions.
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1.4.d. PML IN BRAIN

Apart from APL, modifications in PML expression have been associated with various types of
malignancies such as breast (Martin-Martin et al., 2016) and gastric (Lee et al., 2007) cancer.
However, the specific role of PML in cancer remains yet to be unraveled, since PML can have both
tumor-promoting or tumor-inhibiting effects regarding the type or the tissue origin of the tumor
(Lee et al., 2007; Martin-Martin et al., 2016). PML expression is often decreased in human
malignancies, which contributes to the progression of the tumor (Mazza and Pelicci, 2013).
However, there are cases, where PML overexpression (OE) enhances the aggressiveness and
metastatic features of the tumor resulting in poor prognosis for the patient (Martin-Martin et al.,
2016).

More specifically, in the brain, PML has been shown to participate in the forebrain development
(Regad et al., 2009; Kaneko et al., 2010). It has been found that PML expression is limited to the
Neural Progenitor/Stem Cells (NPCs) in the developing mouse cortex (Regad et al., 2009) and it
regulates the NPC physiological migration from the Sub-Ventricular Zone (SVZ) to the Olfactory
Bulb (OB) through the Rostral Migratory Stream (RMS) (Figure 4) (Amodeo et al., 2017). This NPC-
migration is achieved via a PML-mediated suppression of Slits (Amodeo et al., 2017) which are
fundamental components in brain circuits development and axon guidance (Blockus and
Chédotal, 2014) especially during SVZ neurogenesis (Kaneko et al., 2010). PML controls the
PML/Slit axis via the Polycomb repressive complex 2 (PRC2) (Amodeo et al., 2017). The functional
catalytic subunit of PRC2 is the Enhancer of zeste homolog 2 (EZH2) along with the two other
proteins SUZ12 and EED and catalyzes the lysine H3K27 methylation resulting in heterochromatin
regulation (Margueron and Reinberg, 2011).

Neurogenesis and GB expansion follow common migratory routes (Cuddapah et al., 2014; Faiz et
al., 2015) and there is evidence that these two processes also share common cellular pathways
such as the PML/Slit migratory axis (Amodeo et al., 2017). Interestingly, the migrating NPCs are
also hypothesized to serve as the cell of origin for malignant gliomas in the adult mouse brain
(Zong et al., 2015), indicating a potential role of PML in GB pathophysiology. In line with these
observations, PML is often blocked in high grade (grade Ill or IV) tumors of the Central Nervous
System (CNS), and this loss is usually connected with the tumor aggressive progression (Gurrieri
et al., 2004; Mazza and Pelicci, 2013). However, there are studies indicating high PML expression
in GB (grade IV) primary tumors (Gurrieri et al., 2004; Iwanami et al., 2013). In particular, in these
cases PML has been shown to decelerate the cell cycle by extending the G1 phase (lwanami et
al., 2013), while it induces migration (Amodeo et al., 2017). More specifically, high levels of PML
in primary GB cultures have been found to inhibit proliferation (lwanami et al., 2013), whereas
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loss of PML in neural stem cells resulted in increased neurosphere diameter (Amodeo et al.,
2017).

Adult Neurogenesis Brain Cancer

NPC niche

‘@

Growth
—_1 inhibition

NPC Migration GBM Invasion

Figure 4. Taken by Amodeo et al., 2017. PML-mediated pathways in neuronal growth and migration.

1.5. IMAGING THE TUMOR PROPERTIES

In order to monitor a biological phenomenon, there is a critical need for advanced imaging
techniques that allow the quantitative identification of translational biomarkers. There is a broad
spectrum regarding the imaging biomarkers for many aspects of the tumor physiology and
microenvironment, such as cell death and proliferation, cell motility and distribution, ECM

M.Sc. THESIS | MARIA TAMPAKAKI 14



Image Guided Brain Cancer Modeling

components etc., which can provide information about the aggressiveness of the tumor or drug-
treatment response (Kalinski, 2017). There are several approaches utilizing a variety of modalities
for this purpose ranging from conventional and confocal microscopy to Light Sheet Fluorescent
Microscopy (LSFM) or Single-Plane lllumination Microscopy (SPIM) and Optoacoustics
microscopy that are able to capture the dynamic changes during the progression of the tumor
overtime (Lorenzo et al., 2011; Mehrmohammadi et al., 2013; Taruttis et al., 2015; Psycharakis
et al., 2018)

Conventional microscopy has been the basic imaging modality in biological research for decades.
However, due to light scattering, the depth of the tissue visualization is limited and therefore
requires very thin and small specimens (10-20um) or permanent fixation and tissue clearing of
the sample for histological observation (Clendenon et al., 2011). Confocal or multiphoton
microscopy, on the other hand, provide the capacity to non-invasively optically section a
specimen and capture 2D images at different penetration depths that eventually enable the
reconstruction of a 3D structure of an intact sample. This modality utilizes a spatial pinhole that
rejects all the out-of-focus photons, in order to increase the optical resolution and contrast of a
micrograph. The penetration depth achieved with confocal microscopy is close to 1mm with
resolution under 1um being able to visualize processes at the subcellular level (Ntziachristos,
2010). However, the 2D raster scanning of the specimen with a single focused laser beam
confines the borders of the field of view that can be imaged and often results in photobleaching
and phototoxicity limiting the live cell imaging capacity of the technique (Dixit and Cyr, 2003;
Bernas et al., 2004; Magidson and Khodjakov, 2013).

Compared to other fluorescent microscopy techniques, LSFM can image larger specimens and
achieve deep tissue penetration depth, while still maintaining the high-resolution outcome
(Santi, 2011). The biggest advantage of this technique is the potential of subcellular resolution
imaging within a living sample with minimum photodamage (Lorenzo et al., 2011; Psycharakis et
al., 2018). LSFM utilizes a thin plane of light (light sheet) that optically sections the specimen
labeled with a fluorophore, at a plane perpendicular to the detection axis (Greger et al., 2007). It
is a non-destructive modality since the sample is exposed to a very thin light sheet rather that a
concentrated laser beam, providing excellent live sample imaging with resolution up to 10um
(Verveer et al., 2007; Lorenzo et al., 2011).

Optoacoustic (or also known as photoacoustic; PA) microscopy is an emerging technology
combining optical microscopy with ultrasound imaging (Ntziachristos, 2010; Mehrmohammadi
et al., 2013). Its basic principle relies on reconstructing the source of an ultrasound wave,
produced from the thermoelastic expansion of a contrast agent that absorbs energy from a laser-
pulse propagating through the sample. An acoustic detector detects the ultrasound wave
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generated by the constant thermoelastic expansion and contraction of the light-pulse absorbing
structures (Tserevelakis et al., 2016, 2017; Ovsepian et al., 2017). Since the sample is
reconstructed based on the ultrasound detection, light scattering does not limit the depth of PA
imaging which can reach from 0.5mm up to several cm of penetration with resolution up to 5um
(Ntziachristos, 2010). PA, as LSFM, causes minimum photodamage, therefore allowing deep
tissue penetration live sample imaging with potential clinical impact (Mehrmohammadi et al.,
2013; Zou et al., 2017; Karlas et al., 2019).

1.6. MATHEMATICAL AND COMPUTATIONAL MODELING

Cancer progression is a multiscale complex process that differs among different cancer types and
patients. In order to better understand the phenomenon, mathematical models have been
developed that aim to describe the underlying mechanisms involved, based on biological
experiments (Anderson et al., 2006; Alfonso et al., 2017). They are a useful tool that can provide
information regarding the identification of specific relationships during cancer development and
eventually help in predicting the behavior of the phenomenon and its response to drug treatment
(Bogdanska et al., 2017; McKenna et al., 2017). Computational implementation of those models
helps in integrating information from biological and clinical data and evaluate predictions that
can be experimentally in silico tested (Oraiopoulou et al., 2017, 2018). Furthermore, they can be
used in personalized medicine for the clarification of the precise effects of specific
chemotherapeutic agents in line with each patient’s progress and guide finding the most
beneficiary therapeutic strategy for each patient (Ballesta et al., 2014; Bogdanska et al., 2017).

The mathematical approaches used to model a specific biological phenomenon can be
categorized into continuous or discrete models. Continuous mathematical models are often used
to describe the average behavior of tumor cells at the tissue or whole-body level (Swanson et al.,
2011). Discrete or hybrid-discrete (HDC) mathematical approaches are often used to develop
individual-cell based models, which focus on the single cell interactions addressing each cell
independently and bridging the gap from cells to tissues and organs (Anderson et al., 2007; Kam
et al.,, 2012).

1.7. AIM OF STUDY

In this work, we study the invasive physiology of the U87MG and the T98G cell lines. Followingly,
we present an in vitro-in silico approach in order to better understand GB physiology under PML
presence in the U87MG cell line. To simulate better the primary GB tumors, we use a custom-
made U87MG-PML cell line, which is genetically modified to overexpress the PML protein. We
study the PML-mediated effects regarding the tumor growth and invasive properties using 2D
and 3D biological models. Conventional optical along with confocal and light sheet fluorescence
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microscopy are employed in order to estimate and visualize the phenomena. The biological
observations are further used to initialize, parametrize and validate a cancer predictive
computational model in order to isolate distinct cellular functions and study their underlying
mechanisms. Our findings are in line with the literature and indicate that PML OE inhibits growth,
while it positively regulates migration in the U87MG GB cells and we use in silico modeling to
further propose a mechanism potentially underlying the PML-mediated regulation of migration.
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2.METHODS

A combined in vitro-in silico methodology is followingly step by step described. First, the
techniques used for the biological models generation are presented. The conventional optical,
along with light sheet fluorescence and confocal microscopy protocols used are also explained.
In the last section, the translation of the biological observations is shown, in order to initialize,
parametrize and validate the discrete mathematical model used in this study.
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2.1. CELL LINES

The well-established human GB cell lines U87MG (ATCC® HTB-14™) and T98G (ATCC® CRL-
1690TM, USA) were used in this work. The cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; Gibco,UK) supplemented with Ham’s Nutrient Mixture F12, cytokines (FGF-EGF,
Peprotech, UK) and B27 (ThermoFisher Scientific, UK), 10% heat-inactivated fetal bovine serum
(FBS) and 50ug/ml gentamycin (PANREAC Applichem, Germany; a.k.a. DMEM++) and incubated
in standard lab conditions (37 °C, 5% CO.).

Generation of the PML-expressing Cell Line. The cells were lentivirusly transfected with an rtTA
expressing plasmid (pLenti CMV rtTA3 Blast (w756-1) was a generous gift from Eric Campeau
(Addgene plasmid # 26429; http://n2t.net/addgene:26429; RRID: Addgene 26429)). After
blasticidin selection, they were further lentivirusly transfected with a plasmid carrying the PML
isoform 1V, C-terminally fused to the DsRed monomer (Clontech, Mountain View, CA, USA)
fluorescent protein (cloned between Xbal and BamHI in PMA2780 (pMA2780 was a gift from
Mikhail Alexeyev (Addgene plasmid # 25438; http://n2t.net/addgene:25438; RRID:
Addgene_25438) (Alexeyev et al., 2010)). PML expression was controlled by the TET operator and
induced upon activation of rtTA by the antibiotic doxycycline (DOXY). In order to induce the PML
expression, DOXY was present in the culture medium at final concentration 0.001ug/ml over
time. The control cell line was the U87MG-PML transfected cells in absence of DOXY (non-
induced) along with the wild type non-transfected U87MG (U87MG-wt) cell line. The presence of
the PML protein is visualized by the DsRed fluorophore illumination and the signal is dotted due
to the PML-NBs formation within the cell nucleus. In (Figure 5) the DsRed expression is used to
detect PML distribution and confirm PML-NBs formation using an inverted wide-field
fluorescence microscope (Leica, Germany) at 20x magnification.
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Figure 5. U87MG-PML OE cells in 2D culture at 10x magnification. The DsRed signal is dotted within the nucleus of
the cell due to the PML-NBs formation. DsRed is shown in red.

2.2. 2D CELL CULTURES

2.2.a. CELL PROLIFERATION, CELL VIABILITY AND CYTOTOXICITY ASSAYS

Trypan Blue Exclusion. In order to determine the period of time required for the PML-expressing
and the control cell lines to double in size and proliferate and their spontaneous cell death
occurrence, a protocol adopted by Crowley et al., 2016 was performed. A single cell suspension
of 1ml with cell density 20000 cells/ml of culture medium was seeded per well in a 24-well plate
at day zero and the plate was incubated in standard lab conditions for 7 days. Every 24h after
seeding, the culture medium of one well per cell type was removed and a single cell suspension
was produced using trypsin-EDTA (Sigma-Aldrich, Germany) 1X solution. Followingly, the
suspension of each cell type is added to 0.4% w/v trypan blue solution of equal volume. The basic
principle of trypan blue staining relies on the fact that live cells have intact plasma membranes
that can exclude various chemicals, including trypan blue. Dead or dying cells have ruptured
plasma membranes, regardless of the mechanism of death, and therefore cannot exclude trypan
blue and appear dark blue in brightfield (Srober, 2015). Thus, the cell concentration of each cell
type was measured with a 24h interval using a hemocytometer and the spontaneous cell death
percentage was estimated. The average growth rate and proliferation time of each cell line was
estimated by applying an exponential linear regression model on the daily cell population data.
The spontaneous cell death percentage was estimated as the average percentage of the dead
cells compared to the whole cell population.
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Fluorescence-Activated Cell Sorting (FACS). The cells were labeled with propidium iodide (PI) (PI-
Sigma, Sigma-Aldrich, St. Louis, MO, USA), which binds to both DNA and RNA of late apoptotic or
necrotic cells, while it is excluded from living cells (Rieger et al., 2011). Therefore, RNase is added
before the Pl to ensure that only DNA is stained. Pl excitation was measured and analyzed using
a BD flow cytometer (FACS, Becton Dickinson, USA). Cell-cycle estimations were also performed.
The cells were fixed permanently using 70% ethanol and labeled using Pl (Sigma-Aldrich,
Germany). RNase is added before the Pl to ensure that only DNA is stained. Pl excitation is
measured and analyzed using a FACS Calibur analyzer (BD Bioscienses, San Jose, CA, USA), while
the cell-cycle analysis is further performed using the ModFit LT software (Verity Software House,
Topsham, ME, USA).

MTT Viability Assay. In order to assess the sensitivity to DZNeP (3-Deazaneplanocin A HCI)
(Selleck Chemicals LLC (Houston, TX, USA)) of the PML-expressing and the non-expressing cell
lines, the MTT viability assay was performed. For each cell type, a single cell suspension of
approximate cell density 50000cells/ml of DMEM++ was seeded per well in a 24-well plate. The
cells were treated with DZNeP (Selleck Chemicals LLC (Houston, TX, USA)) at a range of 0.05-
40uM dissolved in DMSO (PanReac Applichem, ITW Reagents) and 1:1000 DMSO concentration
was used as control. The plate was incubated in standard lab conditions until the control wells
were approximately 90-100% confluent. Followingly, the culture medium was removed from all
wells and replaced with 200ul MTT (Sigma M5655-1G, UK) working solution 1mg/ml final
concentration dissolved in PBS 1X. The plate was incubated at 37°C in darkness in CO; absence
for ~3h. In principle, the vyellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) is reduced by the mitochondrial dehydrogenases of the live cells
to generate intracellular purple formazan crystals of NADH/NADPH insoluble in aqueous
solutions (van Meerloo et al., 2011). Upon the formation of the crystals, they were solubilized in
300ul of acidified isopropanol and the optical absorbance of the solution was monitored at
595nm using a spectrophotometer. Repeated measurements at 660nm followed, for
normalization over cell density. The dose-response curves were generated using the formula:

%growth inhibition= ((positive control-test value)*100)/positive control

The positive control corresponds to the viable cell population measurements of the untreated
cells. The IC50 was defined as the drug concentration at which half of the cell population was
inhibited.
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2.3. 3D CELL CULTURES

2.3.a. GENERATION OF 3D MULTICELLULAR SPHEROIDS

3D multicellular spheroids were generated using the hanging-drop technique, as previously
described in (Foty, 2011; Oraiopoulou et al., 2017). For each cell type, a single cell suspension of
approximate cell density 625cells/50ul of DMEM++ was seeded per well in a 96-well hanging drop
plate (3D Biomatrix, USA). Agarose solution 1% w/v was added in the reservoirs of the plate to
prevent droplet evaporation. The growth pattern of the spheroids was monitored over time up
to 21 days using a Leica DFC310 FX inverse wide-field optical microscope (Leica, Germany). The
progress of all the invasive and the non-invasive spheroids was monitored over time using
sequential brightfield images captured by optical microscopy. For all spheroids, the tumor core
area was semi-automatically segmented from the image background in Matlab 6.1 (The
MathWorks Inc., USA). Drug sensitivity was assessed in 3D spheroids by measuring the reduced
areal expansion of the treated spheroids compared to the untreated control. The average growth
curves were analyzed with Prism 5 software (GraphPad Software, Inc., USA) using regression
analysis.

2.3.b. INVASION ASSAY

In order to study the invasive physiological characteristics of the different cell types, an invasion
protocol previously described by Oraiopoulou et al., 2018 was performed. After Day 4 of the
experimental procedure, the aggregation process was completed and the multicellular spheroids
were transferred in a U-bottom plate within an ECM-like substrate. The invasion solution
contained ice-cold BME Pathclear (Amsbio, Cultrex ©, UK) diluted in supplemented DMEM-F12 at
final concentration 1:1. The U-bottom plate was centrifuged for 5min at 300rpm at 4°C, in order
to place the spheroids at the center of each well, homogeneously distribute the invasive
substrate and eliminate any bubbles within it. After 1h of incubation at 37°C for solidification of
the invasive substrate, warm culture medium was added per well and replenished when needed.
The expansion and the invasive morphology adopted by the spheroids was monitored over time
using a Leica DFC310 FX inverse wide-field optical microscope (Leica, Germany). For the treated
and non-treated invasive spheroids, the evolution of the overall invasive area was estimated by
measuring the maximum radius that encloses all the invasive cells taken from the core center to
the periphery as described in (Oraiopoulou et al., 2018) and shown in (Figure 6). To estimate the
invasive rim, the radius of the core of the spheroid was subtracted from the radius of the whole
invasive area. The cellular density of the invasive rim was semi-automatically estimated using the
Ilastik software.
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Figure 6. An illustration of the three procedural steps of the image analysis. By superimposing the segmented
areas on a representative T98G invasive spheroid of Day 2, the core center (a) is semi-automatically depicted and
the area of the core spheroid is shown as segmented on the Fiji software (b, white dotted). The radius of the core
area is estimated (b, red), accordingly. Followingly, the maximum radius is fitted on the whole area (c). The
invasive rim is measured accordingly by the subtraction of the core radius (b, red) from the whole invasive radius
(c). Scale bar is set at 100um.

2.4. LIGHT SHEET FLUORESCENCE AND CONFOCAL MICROSCOPY
SCANNING

In order to better physiologically describe the growth and the invasive pattern of the cells under
study, LSFM and confocal microscopy were employed using a custom built LSFM set-up and an
LSM 710, AxioObserver (Carl Zeiss, Germany) confocal microscope at 10x magnification.
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For the LSFM, a custom built set-up was used as shown in (Figure 7). The samples were transferred
in Fluorinated Ethylene Propylene tubes (FEP-tubes; Bola, Germany), due to their refractive index
which is similar to water. Each spheroid was imaged sequentially at 4 different projections (0o,
900, 1800, and 2700) at two fluorescent channels. For confocal microscopy, p-slide (ibidi, UK)
plates were used. The spheroids were immobilized within the FEP-tubes or the p-slide plates
using CyGEL (Biostatus, UK) a thermoriversible gel that solidifies in warm environment and
enables live imaging, introducing no noise during scanning. The invasive spheroids were cultured
in BME diluted in supplemented DMEM-F12 as in (Oraiopoulou et al., 2018), which they were
also allowed to invade over time. Culture medium was periodically added in the FEP-tube or the
p-slide plate whenever needed.

LSFM and confocal microscopy was used to monitor the death pattern of the spheroids using the
DRAQ7 (Biostatus, UK) nuclear dye at 1:200 dilution. DRAQ7 is a far-red fluorescent nuclear probe
that penetrates the membrane of necrotic or late apoptotic cells and binds to their nuclear DNA
indicating cell death in non-fixed samples (Akagi et al., 2013). The spheroids were treated with
DRAQ7 approximately 12-20h before the LSFM/confocal scan and excited at 635nm/643nm
respectively. For the U87MG-PML OE cells, the PML expression was monitored using the DsRed
monomer distribution. DsRed monomer was fused with the PML protein and therefore reported
its presence and it was excited at 488nm/543nm for the LSFM and confocal scanning respectively.
In addition, the cell-permeant 2', 7’-dichlorodihydrofluorescein diacetate (H.DCFDA) (also known
as dichlorofluores cin diacetate) was used as a counter stain, during confocal scans for the
detection of the live cells. H,DCFDA is a chemically reduced form of fluorescein often used as an
indicator for reactive oxygen species (ROS) in cells (Wu and Yotnda, 2011). The spheroids were
treated with H,DCFDA approximately 10mins in the dark before confocal scanning and excited at
488nm.

Figure 7. LSFM custom apparatus. The sample illumination is done perpendicularly to the direction of observation.
The laser beam is introduced into the illumination path by using a set of flip mirrors. A cylindrical lens is used to
form the laser beam in a plane of light and illuminate a thin region around the camera focal plane, as it is
established orthogonally to the detection axis. Optical sectioning is performed as the sample is translated through
the illuminated plane. In each measurement a stack of 50-80 optical sections is acquired. When different laser
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sources are used (488nm and 635nm diode lasers), Multispectral imaging is achieved; different regions within an
entire plane of the spheroid are selectively excited and their emission is separately acquired. For better
illumination and deeper light penetration Multiview imaging is performed. The specimen is sequentially rotated
to various angles compared to the initial position and thus more projections (views) are acquired (usually four
orthogonal views).

Furthermore, for the proliferation detection in the T98G cells, the cells were treated using the
PKH26 (Sigma-Aldrich, Germany) protocol by following the manufacturer’s instructions, as well
as transfected with green fluorescence protein (GFP) (Addgene, USA, a gift from Eric Campeau,
(13)) or GFP linked to E-cadherin plasmids (Addgene, USA, a gift from Jennifer Stow, (14)). The
cells were treated before plating with the lipophilic PKH26 red fluorescent (working solution of
4ul/ml buffer) which was used to monitor their proliferative history. Transfected cells were
cytoplasmically expressing either GFP or GFP/E-cadherin. After the invasion assay, the spheroids
were permanently fixed with 4% PFA and washed to remove the medium’s phenol red. The T98G
fixed spheroids were also treated with the nuclear dye Draq7 (Biostatus, UK) overnight at 1:200
dilution to label the nuclei. Followingly, T98G invasive spheroids were imaged using a LSM 710,
AxioObserver (Carl Zeiss, Germany) confocal microscope in 10x and 40x magnification scanned
at 543 nm (PKH26), 488 nm (GFP) and 640 nm (DRAQ7).

Confocal images were analyzed using Zeiss Zen lite blue edition software. For the LSFM images
registration and fusion algorithms are applied to align and integrate the acquired projections into
a final 3D image (Figure 8). The same procedure is repeated for both fluorescence channels, the
resulting images are registered and combined to form the final volumetric multicolor isotropic
image.

Pre-processing Registration Fusion
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Figure 8. LSFM image analysis process.
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2.5. MATHEMATICAL APPROACH AND COMPUTATIONAL DOMAIN

In order to describe the observed cell growth and invasion of the in vitro experiments, a simplistic
discrete mathematical model was used to simulate the growth expansion of a planar slice
through a 3D tumor spheroid. In the context of this model, each individual cell is described by a
discrete cellular automaton (CA), which is capable of producing a variety of unexpected
behaviors.

The mathematical approach in this work is based on the model originally proposed by Anderson,
2005. The model assumes discrete tumor cells which follow biologically driven rules and can
locally interact with each other. Specifically, the tumor cells are allowed to grow and proliferate,
as well as to move and migrate on a homogenous and constant scaffold. Following random
selection, cells can either die or increase their age. Once proliferation age is reached, cells can
divide or not divide (enter quiescence state) depending on whether there are empty adjacent
sites. Heterogeneity of the tumor is considered only in terms of the cell population’s adhesion
properties, while all other properties are kept the same for all cells. The adhesive property of the
cells is applied during cell movement and describes the cell’s preference to bind with a variable
number of other cells in its new position. It is assumed that cell properties are inheritable and
intrinsic properties that are not regulated by the microenvironment.

2.5.a. PARAMETRIZATION OF THE MODEL

It is assumed that tumor cells lie within a Moore neighborhood on a regular 2D lattice that
resembles a planar slice through the 3D multicellular spheroid. Lattice size L equals to 5mm and
each h x h lattice site can accommodate only one cell which size h equals to 21.5um.

The initial tumor size is based on the initial spheroid size according to the in vitro estimations.
The initial cell density resembles the compactness of the tumor at the first time point and
estimates the cellularity of the initial tumor. The proliferation time of the cells is approximated
by the relevant in vitro doubling time experiments. In order to proliferate, each cell must find an
empty space for its daughter cell within the Moore neighborhood. If no vacancy is found in that
area, the cell cannot divide (enters a quiescent state) and it keeps searching until an empty space
is found and it immediately proliferates. Proliferation handicap corresponds to the number of
empty sites +1 in its neighborhood that a cell requires in order to proliferate. Handicap number
greater than zero, produces less dense tumors and allows cells to more easily become quiescent,
thus reduces the growth expansion. Contact inhibition is simulated controlling the proliferative
depth of the spheroid, which resembles the maximum distance (measured in cells) over which a
cell is able to push other cells away in order to divide. To counter balance proliferation and death
among different conditions, it is assumed that random cell death is a given percentage of the
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proliferation rate. Drug mediated cell death was examined as a function either dependent or not
on proliferation rate both depended and independent phenomenon. Once a cell dies, the space
empties immediately and new cells can take its place.

Cell movement is stochastic and can adopt different motility mechanisms triggered by different
cell-to-cell adhesion forces. Cell motility was considered as a resultant of the cell’s random
diffusive movement capability, which was the same for the whole population, and its adhesive
properties, which differed among phenotypes. Cells are allowed to move in empty neighboring
locations in the Moore neighborhood according to the diffusion equation (1), adopted by
Anderson, 2005, which is discretized to movement probabilities for each individual cell.

diffusion
ac 2
T = DCV C (1)

Dc and C denote the diffusion coefficient and the cancer cells concentration respectively. Their
adhesive property will allow the cell to move, only if the population of the neighbors in the cells
arriving location is equal to its preference. Cell movement according to the cell adhesion
preference is illustrated in Figure 9.

Figure 9. Stochastic cell movement illustration of the motile cell towards the arriving location.

An indicative brief description of the cell fate parallel processes of the developed model is
depicted in Figure 10.
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Figure 10. Flowchart of the two parallel cell fates in drug presence. In conditional absence of cell movement,
only the cell life cycle processes (left) determine cell fate.
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In this study the pathophysiology of an own-established U87MG-PML GB cell line was estimated
regarding the growth and invasion tumor progress over time. The well-described U87MG-wt and
T98G GB secondary cell lines were used as control. The growth properties were studied in both
2D and 3D conditions, while the invasive properties were studied exclusively in 3D, where cell
migration was fully ECM-dependent. To further unravel the growth and invasive mechanisms
upon PML QOE, the sensitivity to DZNeP, an EZH2 histone methyltransferase inhibitor, was also
estimated. A computational parameter study, along with a possible mechanistic explanation of
the biological observations are given based on the computational simulations.
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3.1 TUMOR GROWTH

3.1.a PROLIFERATION/DOUBLING TIME ESTIMATION

In principle, glioma cells double in size and proliferate, with a doubling time interval of 24-48h
(Oraiopoulou et al., 2017). Specifically for the U87MG-wt cells, their population doubling time is
estimated at ~30h as provider’s recommendations ATCC® HTB-14™, USA and further reports
(Oraiopoulou et al., 2017). Furthermore, the spontaneous cell death of the U87MG-wt has been
reported at 6% (Hambsch et al., 2017). In this work the doubling time and cell viability of the own
established U87MG-PML line was estimated in induced (U87MG-PML OE) and non-induced
(U87MG-PML) condition.

The doubling time and cell viability of both cell lines was estimated in 2D cell cultures using the
trypan blue exclusion viability assay. The measurements are represented in

Table 1 The average doubling time of the U87MG-wt and the T98G cell line was estimated at
approximately 75h and 29.9h and the intrinsic cell death at 15% and 11.4% respectively. The
proliferation time of the U87MG-PML cell line was estimated at approximately 90h and the
intrinsic cell death at 10%. As expected, the U87MG-PML OE cells exhibited slower growth
dynamics. Their doubling time was estimated approximately at 133h and their intrinsic cell death
rate remained constant at 10%. The presence of the antibiotic did not significantly affect the
growth pattern or the spontaneous cell death rate in either of the cell types.

FACS for cell-cycle analysis results were in line with trypan blue estimations and revealed a
prolonged S-phase and reduced G2-phase in the U87MG-PML OE cells as it can be seen in Figure
11.

Cell Type Doubling Time (h) Spontaneous Cell Death (%)
U87MG-wt 75 15

T98G 29.9 11.4
U87MG-PML 90 20
U87MG-PML OE 133 20

Table 1. Doubling time and spontaneous cell death mean estimates for the GB studied cell lines
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Figure 11. FACS for cell-cycle analysis for the U87MG-PML (left) and U87MG-PML OE (right) cell lines. With red,
blue and green are represented the G1-phase, G2-phase and S-phase respectively.

3.1.b TUMOR GROWTH EXPANSION

In order to simulate the growth of an avascular GB tumor, 3D multicellular spheroids were
generated using the hanging drop technique (Larson, 2015). Optical microscopy was used to
monitor the growth of the spheroids over time. Bright field micrographs were captured in
predefined time intervals, in order to estimate the area expansion of the tumor. This imaging
approach, however, did not allow any quantitative measurements regarding the spheroidal cell
density or the size, shape and polarity of the cells. In order to better assess the physiology of the
growing 3D tumors, we used LSFM and confocal scans to visualize the cell death pattern and the
PML distribution.

The US7MG-wt and the US7MG-PML /OE cells along with the T98G cells approximately needed
4 days from plating to spheroid formation (zero day). U87MG-PML OE cells exhibited slower
aggregation capacity, with deformed tumor boundaries and less compactness as depicted in
bright field images (Figure 12) and in confocal images (Figure 13). As it has been previously reported
(Foty, 2011; Leung et al., 2015), the presence of an ECM-like substrate in low concentration
within the growth environment of the spheroid enabled better cell adhesion and aggregation.
Therefore, in order to facilitate the spheroid generation for comparison purposes among the cell
types, we added 1% of BME Pathclear (Amsbio, Cultrex ®, UK) within the hanging drop, 2 days
after seeding.
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Figure 12. Growth expansion of the T98G, U87MG-wt, U87MG-PML and OE spheroids within the hanging-drop. (a)
Bright field images of the growth of the spheroids as in hanging-drops from the initial time point of spheroid
formation and the final day of the experiment (initial day left column, final day right column). Scale bar is set at
100 microns. (b) Spatiotemporal evolution curves representing the radial expansion of the spheroids overtime.

The bright field images depict the spheroids at the initial and the final time point in one plane of
focus under the same acquisition parameters, while the growth curves represent the radial
expansion over time, as estimated after the segmentation of the respective images. It can be
observed that the U87MG-PML OE cells exhibited significantly slower growth dynamics, as also
indicated in the 2D experiments.
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Figure 13. Suppressed aggregation capacity under PML OE. A central confocal slice of one U87MG-PML (left) and
two U87MG-PML OE spheroids (right). White arrows represent vacant areas inside the spheroids. It is observed
that these areas increase in size and number under PML OE. Blue (H2DCFDA) represents the cell somata, red
(DRAQ7) represents the dead nuclei and green (DsRed) represents the PML protein. Scale bar is set at 100um.

LSFM and confocal images in (Figure 14) were captured 72h after spheroid formation. The
growth of a U87MG-PML (a&c) and a U87MG-PML OE (b&d) representative spheroid. It is
observed that the PML protein is uniformly distributed within the spheroid and the cell death
pattern is not considerably affected.
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Figure 14. Confocal (a-b) and LSFM (c-d) scans of the growth expansion of a U87MG-PML (a&c) and a U87MG-PML
OE (b&d) representative spheroid within the p-slide plate or the FEP-tube respectively 72h after spheroid
formation. Dead nuclei are shown in red and live cells are shown in blue. The DsRed/PML distribution is shown in
green.
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3.2. TUMOR INVASION

In order to monitor the invasive properties of the U87MG-wt and U87MG-PML/OE spheroids, the
invasion process was conditionally allowed by transferring the respective spheroids in an ECM-
like substrate environment. Optical microscopy was used every 24h to monitor the invasive
pattern of the spheroids of each cell type up to 10 days. The invasive capacity of the spheroids
was estimated by both the morphological characterization of the pattern adopted and the
dynamics of the invasive rim in means of the radial expansion and the cell density.

In (Figure 15) the invasive morphology all cell lines used is depicted. The bright field images depict
the spheroids from the initial until the final time point, while the growth curves represent the
radial/areal expansion of the spheroid core, the invasive rim and the total/whole area over time.
The U87MG-wt/U87MG-PML cells exhibited the typical starburst invasive morphology
(Oraiopoulou et al., 2018). The U87MG-PML OE cells maintained the starburst invasive
morphology, yet with altered migration dynamics. Even though, the core of the U87MG-PML OE
invasive spheroid was significantly smaller than the U87MG-wt/U87MG-PML, the expansion area
of the invasive rim was the same. Interestingly, the core of the U87MG-PML OE spheroid seemed
to initially decrease in size and then deform during invasion, losing the discrete core structure
that the U87MG-wt cells typically exhibit (Figure 15).
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Figure 15. Invasive expansion of the T98G, U87MG-wt, U87MG-PML and the U87MG-PML OE spheroids within the
ECM-like substrate environment in the U-bottom plate. (a) Bright field images of the expansion of the
representative spheroids from the initial time point of spheroid formation and seeding within the ECM-like
substrate and the final day of the experiment at 216h of the spheroid invasion (initial day left column, final day
right column). Scale bar is set at 100 microns. (b) Spatiotemporal evolution curves representing the radial
expansion of the core and the invasive rim of the spheroids overtime.

LSFM and confocal images in (Figure 16) were captured at 72h of the spheroid invasion and depict
the area expansion of the core and the invasive rim of a U87MG-PML and a U87MG-PML OE
spheroid. The invasive pattern of both spheroids exhibited the starburst morphology within the
FEP-tube and the p-slide. The core of the U87MG-PML spheroid was larger in size than the
U87MG-PML OE spheroid.
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Figure 16. Confocal (a-b) and LSFM (c-d) scans of the invasive expansion of a U87MG-PML (a&c) and a US7MG-
PML OE (b&d) representative spheroid within the p-slide plate or the FEP-tube respectively after 72h. Dead
nuclei are shown in red and live cells are shown in blue. The DsRed/PML distribution is shown in green.
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Figure 17. The invasive morphology and physiology adopted by a T98G representative spheroid. (a) Confocal
image of a T98G invasive spheroid after 24h. (b) Magnified illustrated invasive region. (c) The brightfield image of
the invasive spheroid of image (a). (d-e) An invasive region in both fluorescent and brightfield images. Cells that
are in contact appear to have E-cadherin expression at the adhesive spots. High PKH26 (red) signal intensity
indicates low proliferative activity. Nuclei are shown in blue. GFP is shown in green. White arrows depict dividing
cells. Scale bar is set at 100um.

3.3. DISSECTING FURTHER THE PML PATHWAY

In order to study further the underlying mechanisms of PML-driven growth and invasive
properties, the PML activity was targeted using the drug DZNeP, which disables the EZH2-
mediated tumor growth and invasion processes (Girard et al.,, 2014; Rosa et al.,, 2016). The
U87MG-wt, U87MG-PML and the U87MG-PML OE cell lines were treated with DZNeP in both 2D
and 3D conditions. In 2D, the effect of the drug was assessed using the MTT viability assay,
whereas in 3D it was estimated by measuring the areal expansion of the spheroid.

In (Figure 18a), the brightfield images depict the growth expansion of the non-invasive spheroids
under drug treatment at 3 timepoints. Top row depicts the control spheroids, which were treated
with DMSO. Bottom row depicts the spheroids treated with DZNeP at of 30uM, at which
approximately 100% of growth inhibition is reached. The growth inhibition curves (Figure 18b)
depict the effect of DZNeP on growth expansion overtime. It is observed that there are no
significant differences between the treated U87MG-PML and U87MG-PML OE spheroids
independently.
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Figure 18. Growth inhibition for the U87MG-PM and U87MG-PML OE spheroids after DZNeP treatment. (a)
Brightfield captions of the growth expansion of the non-invasive spheroids under drug treatment at 3 time points.
Control spheroids (top row) were treated with DMSO 1nM. Treated spheroids (bottom row) were treated with
30uM DZNeP. Scale bar represents 100um. (b)The growth expansion curves depict the spatiotemporal growth
inhibition over time.

In Figure 19, the brightfield images and the growth curves depict the radial expansion of the core
and the invasive rim of the invasive spheroids under drug treatment. It is observed that even
though the core of both U87MG-PML and U87MG-PML OE spheroids is not significantly affected,
the invasive rim is reduced compared to the untreated controls for both cell lines. In particular,
the invasive rim of the U87MG-PML OE cells was almost eliminated after treatment with the
highest concentration, indicating that the targeted pathway is essential for the regulation of
invasion in U87MG-PML OE cells.
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Figure 19. The invasion dynamics of the U87MG-PML and U87MG-PML OE spheroids under DZNeP treatment
overtime. (a) Brightfield captions of the invasive expansion of the invasive spheroids under drug treatment at 3
time points. Control spheroids (top row) were treated with DMSO 1nM. Treated spheroids (bottom row) were
treated with 30uM DZNeP. Scale bar represents 100um. (b)The invasion curves depict the spatiotemporal growth
and invasive inhibition over time

Confocal images of the invasive and the non-invasive representative spheroids treated with
DZNeP at highest concentration were captured 72h after treatment (Figure 20 & Figure 21). The
dead nuclei are shown in red and the live cells are shown in blue. The DsRed/PML distribution is
shown in green. As expected, the cell death pattern is similar between the U87MG-PML and
U87MG-PML OE spheroids. However, the U87MG-PML OE spheroids showed a significant
reduction of the invasive rim.
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Figure 20. Confocal images of the non-invasive U87MG-PML and U87MG-PML OE representative spheroids, 72h
after DZNeP treatment. (a & c) depict the U87MG-PML and (b & d) depict the U87MG-PML OE. (a & b) show the
control-untreated spheroids, while (c & d) show the spheroids treated with DZNeP at highest concentration
(30uM). Dead nuclei are shown in red and live cells are shown in blue. The DsRed/PML distribution is shown in

green. Scale bar is set at 100um.
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Figure 21. Confocal images of the invasive U87MG-PML OE representative spheroids, 72h after DZNeP treatment.
(a) The control/untreated U87MG-PML OE spheroid. (b)The spheroid treated with DZNeP at highest concentration
(30uM). Dead nuclei are shown in red and live cells are shown in blue. The DsRed/PML distribution is shown in

green.

3.4. IN SILICO SIMULATIONS

In order to further study our hypothesis, we used in silico modeling to simulate the tumor
evolution. We silenced the EZH2-mediated pathways in order to highlight the PML-mediated
direct effects and isolate the two distinct physiological phenomena.

3.4.a. INITIALIZING THE COMPUTATIONAL MODEL TO STUDY THE EFFECT OF THE
PARAMETERS

A parameter study is conducted to investigate the extent at which each parameter affects tumor
evolution. The physiology of the non-invasive spheroids is first investigated and the non-induced
(U87MG-PML) in vitro estimations are used as a reference value. The parameters explored in the
non-invasive condition include the proliferation time, random cell death, proliferation depth, and
initial cell density (Figure 22). We observed that by increasing the proliferation time of the cells,
they become slower, therefore the growth expansion is negatively affected (Figure 22a). On the
other hand, an increase of the proliferative depth results in less contact inhibition, thus higher
expansion (Figure 22b). As expected, increasing the random cell death probability the growth
expansion is reduced (Figure 22c). Furthermore, reducing the cellularity of the initial spheroid, the
number of the cells composing the tumor is reduced, therefore the tumor expansion is slower
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(Figure 22d). Once the effect is observed, the values that better fit and describe the in vitro

experiments are determined.
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Figure 22. Parameter study regarding the growth properties of the U87MG cells. U87MG-PML in vitro estimates
are used as reference. Parameter study investigating the role of (a) proliferation time, (b) proliferation depth, (c)
random death rate and (d) initial cell density.

A same study is performed regarding the invasive spheroids and the U87MG-PML in vitro
estimations are again used as reference values. The parameters studied in the invasive condition
are the diffusion coefficient of the cells and the phenotypic ratio (Figure 23). Because diffusion is
a random process and the in silico tumor is composed of few tumor cells, all the experiments
have been repeated 10 times. The mean and standard deviation of the core and invasive rim
estimates as shown in (Figure 23) has been derived from all the experiments performed. It is
observed that the diffusion coefficient does not affect the core dynamics (Figure 23a). Yet, it
significantly affects the dynamics of the invasive rim in a positive way. As the diffusion coefficient
increases, the expansion of the invasive rim is higher (Figure 23b).
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For the phenotypic ratio, it is assumed that that the tumor is composed of cells with different
phenotypic traits with respect to the adhesion property. In particular, we assume that the
U87MG spheroids are composed of phenotypes with very high cell-to-cell adhesiveness
(Adhesive) and very low adhesiveness (Motile). The ratios shown reflect the
Motile:Adhesive ratio. In the parameter study it is observed that increasing the ratio of Motile
phenotypes relative to Adhesive, while keeping the diffusion coefficient the same, a profound
decrease in the core dynamics and a significant increase in the invasive rim expansion are

observed (Figure 23c-d)
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Figure 23. Parameter study regarding the invasive dynamics of the U87MG cells. . U87MG-PML in vitro estimates
are used as reference. Parameter study investigating the role of (a-b) diffusion coefficient, (c-d) and seeding

population ratio regarding the adhesive phenotypes.
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3.4.b. COMPARISON OF BIOLOGICAL AND COMPUTATIONAL RESULTS

3.4.b.i. TUMOR GROWTH STUDY

Based on the biological observations and the thorough parameter study of the modeling
parameters that was performed, the parameters that best fit the growth dynamics of the
U87MG-PML in vitro spheroids in the non-invasive condition were selected. Keeping all the rest
parameters fixed, variation in the proliferation time was allowed, in order to describe and
qguantify the altered growth dynamics observed in the U87MG-PML OE cells. The simulations
showed that a 60% increase of the proliferation time in the U87MG-PML OE cells relative to the
U87MG-PML cells can well-explain the growth curve of the U87MG-PML OE spheroids in
accordance to the doubling time experiments (Figure 24). We then investigated the (30uM)
DZNeP-mediated death on the growth dynamics. We concluded that a death rate equal to
0.0065h-1, which corresponds to 65% of the proliferation rate of the U87MG-PML cells can
explain the growth inhibition observed in both the U87MG-PML (Figure 25a) and the U87MG-PML
OE (Figure 25b) spheroids under (30uM) DZNeP treatment. Note that for the case of the U87MG-
PML OE spheroids, this death rate is approximately equal to their proliferation rate, resulting in
their significant growth inhibition and increased overall death.
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Figure 24. Growth dynamics in the non-invasive condition. (a) U87MG-PML and (b) U87MG-PML OE spheroids
overtime. The in vitro estimates are also shown for comparison.

M.Sc. THESIS | MARIA TAMPAKAKI



The Role of Promyelocytic Leukemia Protein in Glioblastoma Physiology

a. b.
core core
160 T 160 T
inisilico pmj non-induced growth DZNep inisilico pml induced growth DZNep
150 - =@ inyitro pmli[non-induced growth DZNep 140 —&-— invitro pml induced growth DZNep
140 | R | Bt
,é\ N\ E 120 ¢ NG
2130) 13
] » 100 S
= X 2 | TN
5 120 1 \ 15 B e §
S % @
“““““““ 80
110 e
100 60T
90 ' ' ; ) : 40 ' ' : : !
0 72 144 240 312 0 72 144 240 312
time (h) time (h)

Figure 25. Growth dynamics in the non-invasive condition. (a) U87MG-PML and (b) U87MG-PML OE spheroids
overtime under DZNeP (30uM) treatment. The in vitro estimates are also shown for comparison.

3.4.b.ii. TUMOR INVASION STUDY

In order to mathematically describe the invasive capability of both the U87MG-PML and U87MG-
PML OE spheroids, it is assumed that the tumor is composed of cells with different phenotypic
traits (Motile and Adhesive). Thus, the invasive pattern exhibited in the simulations was
attributed in probabilistic cell movement of different subpopulations regarding their cell-to-cell
adhesion properties. Note that adhesive property of the cells does not affect the growth
dynamics of the proliferative conditions; it only affects the expansion dynamics in the invasive
conditions. The simulations showed that an initial ratio of Motile:Adhesive approximately equal
to 2:1 well-describes the expansion dynamics of the core and the invasive rim of both the
U87MG-PML (Figure 26) and U87MG-PML OE (Figure 27) spheroids.
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Figure 26. Invasive dynamics of the U87MG-PML spheroids. (a) core and (b) invasive rim expansion over time. The
in vitro estimates are also shown for comparison. (c) in silico snapshot and (d) brightfield image of a representative
U87MG-PML spheroid at t=144h.
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Figure 27. Invasive dynamics of the U87MG-PML OE spheroids. (a) core and (b) invasive rim expansion over time.
The in vitro estimates are also shown for comparison. (c) in silico snapshot and (d) brightfield image of a
representative U87MG-PML OE spheroid at t=144h.

Furthermore, in both cell lines, the Diffusion coefficient of the random movement equals to 3e-
9 cm2/s. Note that in all the invasion experiments, the proliferation rate, as well as the other
parameters used to best fit the U87MG-PML and the U87MG-PML OE spheroids in the non-
invasive condition have been kept correspondingly the same. The presence of DZNeP in the
invasive conditions has been assumed to act with the same death rate as in the non-invasive
conditions. Here, we investigate its potential role on motility speed as reflected in the Diffusion
coefficient and Motile:Adhesive ratio. It is observed that in the presence of DZNeP, variations in
the motility speed cannot capture both the core and the invasive rim dynamics. Interestingly, we
observed that the dynamics of the treated U87MG-PML are well-approximated when the
Motile:Adhesive ratio changes from 2:1 to 1:1 (Figure 28). We also showed that in order to explain
the motility inhibition observed in the U87MG-PML OE cells under DZNeP treatment, the
|
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alternative initialization as regards the ratios of the motile and the adhesive phenotypes was the
critical parameter in order to reach the different dynamics of both the invasive rim and core
spheroid. In particular, further reduction relative to the U87MG-PML of the initial motile
phenotypes to 1:2 was necessary (Figure 29). In other words, DZNeP presence was shown to
eliminate the motile phenotypes in the PML overexpression condition. Especially for the U87MG-
PML OE treated spheroids, note that in the invasive rim the motile cells are relatively less and
most of them are dead, as it can also be observed in the respective figure of the optical

microscope.
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Figure 28. Invasive dynamics of the U87MG-PML spheroids under DZNeP treatment. (a) core and (b) invasive rim
expansion over time. The in vitro estimates are also shown for comparison. (c) in silico snapshot and (d) brightfield
image of a representative U87MG-PML spheroid under DZNeP treatment.
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Figure 29. Invasive dynamics of the U87MG-PML OE spheroids under DZNeP treatment. (a) core and (b) invasive
rim expansion over time. The in vitro estimates are also shown for comparison. (c) in silico snapshot and (d)
brightfield image of a representative U87MG-PML OE spheroid under DZNeP treatment.
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In this work the physiological role of the PML protein in GB secondary cell cultures is investigated.
For this purpose, 2D and 3D biological models have been applied, imaged with optical and
fluorescence microscopy and modeled with computational predictive algorithms. In this way, an
in vitro-in silico approach is performed, in order to better understand and quantify the effect of
PML-mediated mechanisms on GB proliferation and invasion. The invasive capacity of the T98G
(ATCC® CRL-1690TM, USA) and the well-established GB cells U87MG (ATCC® HTB-14™) was
investigated. Followingly, the U87MG cells were used to own-establish the U87MG-PML cell line
and the U87MG-wt and T98G cell lines were used as control. The physiology of all cell types was
observed using conventional optical, LSFM and confocal microscopy and the specific phenotypes
were translated into computational parameters in a custom-made CA individual-cell-based
predictive model.
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PML OE inhibits cell aggregation and spheroid formation. The U87MG-PML OE cells exhibited
reduced aggregation capacity. They generated smaller and occasionally deformed spheroids
(Figure 12) in conventional media, and typically needed a longer time interval for the spheroid
formation compared to the controls. Even though, the T98G control cell line also exhibited low
aggregation dynamics, they formed the spheroids at the same time point with the U87MG-wt
cells. We also tested whether the aggregation dynamics of the U87MG-PML OE cells would be
affected under varying concentrations of FBS (data not shown). As it has been previously
observed, media additives can alter the aggregation capacity in 3D/hanging-drop cell cultures
(Leung et al., 2015). However, no change in sphere-forming was observed in the U87MG-PML OE
cells. The only condition that spheroid formation was facilitated, was under the addition of an
ECM-like substrate within the hanging drop, which has been previously suggested to improve
cellular aggregation and formation of 3D structures (Foty, 2011; Leung et al., 2015). All these
findings are is in line with previous reports, indicating that PML IV reduces cell aggregation and
sphere formation due to its inhibitory effect on the cancer stem cells and their self-renewal
capacity (Sachini et al., 2019).

PML OE induces tumor growth inhibition. The U87MG-PML OE cells exhibited increased
proliferation time compared to the controls in the doubling time/trypan blue viability assay
experiments. Furthermore, as also shown in previous reports (Amodeo et al., 2017), PML OE
reduced the tumor growth expansion of the 3D spheroids, also indicating lower proliferative
capacity. The proliferation time of the cells can be attributed to a variety of factors affecting their
growth properties. The spontaneous/intrinsic cell death rate, for example is a key characteristic
of each cell line and contributes to the progression of the tumor. The PML IV isoform is a regulator
of apoptosis, senescence and DNA damage by the p53 protein activation (Nisole et al., 2013). Yet,
the trypan blue viability assay, as well as the LSFM and confocal imaging, revealed no significant
differences in the spontaneous cell death rates for the U87MG-PML OE cells and the controls,
indicating that the proliferation time prolongation is not attributed to an increased cell death
pattern. FACS analysis for cell-cycle exhibited an increased S-phase fraction, followed by a
decreased G2/M-phase, suggesting that the growth inhibition could be attributed to a cell-cycle
arrest. Our results are in line with previous findings, indicating that PML OE results in decreased
proliferation rate and cell-cycle restriction (lwanami et al., 2013; Sachini et al., 2019). These
studies propose the cell-cycle arrest in the GO/G1 fraction, however they refer to different PML
isoforms or biological cancer models.

PML affects tumor cell migration. Furthermore, PML OE altered the invasive properties of the
U87MG-PML OE cells. The invasive pattern was common in both cell lines adopting the typical
starburst morphology (Oraiopoulou et al., 2018), however, they presented different migration
dynamics in terms of both the expansion and the cellular density of the invasive rim. Even though,
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the core of the U87MG-PML OE spheroid was smaller and deformed over time, the border of the
invasive rim was eventually the same compared to the U87MG-PML spheroid. The U87MG-PML
OE cells formed more dendritic invasive branches near the core and the tumor core exhibited a
slight reduction in size during the first invasive time points. This slight reduction is possibly
attributed to a higher migratory and a lower proliferative capacity of the U87MG-PML OE cells.
These findings indicate that upon PML presence, tumor growth and migration appear to have
antagonistic roles. PML exhibits a pro-migratory behavior and PML OE cells seem to prefer to
migrate rather than proliferate. Our results are in line with previous findings that set PML a
regulator of both growth, inducing growth inhibition (lwanami et al., 2013; Amodeo et al., 2017),
and migration via a pro-angiogenic molecule EZH2 (Smits et al., 2011; Amodeo et al., 2017).

Especially in the p-slide plate, the U87MG-PML OE spheroids exhibited very early and high
migratory capacity compared to the U87MG-PML spheroids. However, the total invasive progress
of the U87MG-PML and U87MG-PML OE spheroids within the FEP-tube was decelerated, when
compared to the invasive spheroids of the same age in the U-bottom or the p-slide plates. This
could be attributed to the changed environmental conditions and it is assumed that both
spheroids would eventually exhibit the same respective invasive behavior in the LSFM-tube as
they did in the U-bottom plate over time.

PML mediates tumor growth and cellular migration through distinct cellular mechanisms. It has
been proposed that PML mediates tumor growth and migration via a PML/Slit Axis (Amodeo et
al., 2017). Tumor growth inhibition is regulated by two different pathways, one EZH2 mediated
and one non-EZH2 mediated. Tumor migration is also mediated by the PML-EZH2 pathway.
Dissecting further the PML mediated pathways, we tested the sensitivity of the U87MG-PML and
U87MG-PML OE cells to DZNeP, an EZH2 histone methyltransferase inhibitor. Upon EZH2
inhibition, no difference would be observed regarding the tumor growth properties of the
U87MG-PML OE and control cells, independently of the DZNeP dose concentration.

Our results showed no differences between the U87MG-PML and U87MG-PML OE non-invasive
spheroids independently of the DZNeP dose concentration, indicating that the PML induced
growth inhibition is mainly mediated by the PML-direct growth inhibitory pathway. The
mathematical model supports and quantifies this hypothesis. When the DZNeP sensitivity was
assessed in the U87MG-PML and U87MG-PML OE invasive spheroids, a significant reduction was
shown in the invasive rim of the U87MG-PML OE spheroids. This finding indicates that the EZH2-
mediated indirect pathway is highly functional for the PML-mediated cell migration regulation.
Our findings indicate that in GB, PML inhibits tumor growth while it induces cellular migration
and these two PML-driven functions are mediated by distinct cellular mechanisms.
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Interestingly, even, though the DZNeP mediated effects did not vary significantly between the
U87MG-PML and U87MG-PML OE cells, the cell death pattern topology was altered. The dead
cells were equally distributed within the U87MG-PML spheroid, whereas they were more
peripherally detected in the case of the U87MG-PML OE one. We observed that the PML-NBs
would decompose late within the apoptotic nucleus, indicating a potential PML relation with this
cell death topology differentiation, combined with the known PML IV apoptotic function

In silico simulations support the biological hypothesis. Overall, the parameter study verifies the
role of specific physiological parameters in tumor expansion and quantifies the in vitro
observations. Even though, the employed algorithms describe a cancer predictive model that
simulates tumor physiology and cellular phenomena (Oraiopoulou et al., 2017, 2018), in this
work, the model was further used to simulate molecular events. The growth and invasive
characteristics are intrinsic properties of the cells, not easily isolated in the in vitro experiments
(see Figure 30 for a simpler adopted version of Figure 4 where our hypothesis is assumed).
Therefore, the mathematical model is utilized to discriminate and isolate the biological
phenomena, in order to study the specific effects of the PML protein in each condition. The
biological experiments initialize the mathematical model and constraining the in silico tumor
evolution to the initial in vitro conditions, the observed physiology is in line with the biological
findings.
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Figure 30. PML hypothesized physiological role.

The model suggests a migratory mechanism under PML overexpression. In line with the
biological findings, the in silico simulations described PML-OE cells that have similar diffusive
capability with the U87MG-PML cells, even though the growth is inhibited. In order to further
explore the migratory mechanisms describing PML-invasion, we assumed that each initial tumor
spheroid is composed of cells with different phenotypic traits with respect to the adhesion
property (Motile:Adhesive) and we simulated the effects of the DZNeP presence. Even though
the initial invasive parameters were the same for both the U87MG-PML and U87MG-PML OE
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cells, the Motile:Adhesive ratio phenotypes had to be further reduced in the PML-OE cells under
DZNeP presence. Thus, under DZNeP presence the invading cells are inhibited. This indicates that
the PML-EZH2 pathway regulates the capability of the cell to migrate in terms of making the cells
more invasive and less proliferative.
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Even though the invasive properties of GB have been thoroughly studied as a potential target in
GB treatment, there is limited knowledge regarding the actual in vivo phenomenon. Many In vitro
biological 3D experimental models try to describe the early phases of tumor progression by
utilizing a variety of artificial substrates to mimic the natural microenvironment of the tumor and
study the tumor-substrate interactions (Xiao et al., 2017). These approaches recapitulate
morphologically and biochemically the 3D structure of the tumor extracellular matrix (ECM)
embedding but they are limited in developing structural and cellular properties, such as the
cellular microenvironment that is heterogeneously organized and constantly interacts with the
tumor cells (Eisemann et al., 2018).

Adult murine brain slices have been proposed to retain their cytoarchitecture and authentic ECM
when cultured ex vivo (Eisemann et al., 2018), mimicking most structural and biochemical
features of the natural tumoral microenvironment (Meijer et al., 2017). Therefore, GB migration
and infiltration have been previously studied ex vivo, by the transplantation of GB cells into
rodent brain slices (Matsumura et al., 2000; Fayzullin et al., 2016; Eisemann et al., 2018).
However, most ex vivo studies of tumor cell invasion mainly focus on the 2D distribution of the
invasive cells, taking into account the spatial expansion of the invasive rim and the gradual
change in the tumor core size (Matsumura et al., 2000; Fayzullin et al., 2016; Eisemann et al.,
2018). Therefore, the phenomenon has been mostly described macroscopically; little evidence
has been shown regarding the morphology of the invasive rim infiltration within the adjacent
tissue and the anatomical structure of the infiltrated brain slice has not yet been visualized
(Matsumura et al., 2000; Fayzullin et al., 2016; Eisemann et al., 2018). Moreover, while there are
descriptive studies regarding the invasive behavior of established GB cell lines in vitro, less is
known regarding the morphology of the primary GB cells distribution in vitro or ex vivo.

In order to monitor the progression of the tumor in conditions that better mimic the natural
microenvironment of GB, we plan to extent these studies using an ex vivo experimental set up.
This approach utilizes TYR-expressing 3D spheroids implanted within a live mouse brain slice. Due
to the melanin production from the tumor cells and the brain tissue auto-fluorescence, the tumor
expansion can be monitored using a hybrid custom made fluorescence-PA microscope.
Preliminary results show the mouse brain slice auto-fluorescence detected with this technique
(Figure 31). In addition to our in vitro results regarding the physiology and molecular mechanisms
underlying GB progression, with this approach we can also gain anatomical information regarding
the GB expansion within the natural tissue of GB origin.
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Figure 31. (a) Mouse brain slice imaged with the hybrid custom made fluorescence-PA microscope. (b)
Magnification at the level of the middle line. Scalebar represents 2mm and 2um respectively.
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Katapyxdg, Oa nBela va euxaplotiow tov emiBAEnovta pou Epsuvntr Ap. K. BayyéAn ZakkaAn yla tnv euniotoouvn
TIoU pou €8¢elée, yla Tn cuvexn poodopd Kat kKabBodrynaor Tou amo TV MPWTN OTLYUN Tou evidaxOnka otnv ondda,
KABWG KaL yLa TLG TTOAUTLUEG CUMPBOUAEG TToU pou £6wae kaB’oAn tn SLApKELD AUTAG TNG Epyaciag. Oa nBela, akoun,
va guxaplotiow tov Kabnyntn k. ZAdn MamapatOotdkn ylo T onUAvTkéG CUUBOUAEG TOU, 0 Omoiog amotéAeos
EUTVEUOTNH TNG LOEaG Kat ouvexilel va amoTeAEl Ny YVWOEWV Kal SNLOUPYLKOTNTAG YLl EUEVA KAl TNV Opdada.
Euxaplotw, emiong, tov Ap. K. Mavvn Zaxapdkn, ylo. OAEG TIG EUKALPLEC TTOU pou £8wae va leupUvw Toug opllovTég
MOU KoL VoL LE TapakLvel va Byalw mavta tov KaAUTEPO Hou eautd. Agv Ba pumopoloa va NV EVXAPLOTHOW, AKOWUN,
tov KaBnyntn kot SteuBuvtr tng Neupoxelpoupytkn KAWLKNAG tou NMATNH K. Avtwvn Bakn, yLo To UUBOUAEUTIKO TOU
POAO KaL TLG EUKALPLEG TTOU Hou €8woe va pabw Kat va punbw og Tooa MOAAG TTPAYATA YUPW OTIO TN YEVIKOTEPN
$UoN TOU AVTIKELUEVOU TTOU UE eVOLADEPEL KAl LEAETAW.

Oa nBela, akoun, va ekppdow éva oAU PeydAo suxoplotw otn ¢ikn kot cuvtoviotpla authAg TG SoUuAeldg Ap.
Mapihéva QpatonouAou, n onola pe kabodnynoe o kabe otadlo kat Atav SimAa pou va pe otnpilel kal va pe
EUTVEEL KOl TNG omolag n BonBesla Atav kaipta yia tnv ekmaibevon kat tnv eEEAER pou. AkOUn, éva peydlo
guxaplotw otnv Ap. EAevBepia T{apaln, n omnoia pe cupPouleue Kat pe Bonbnoe o 6Aa ta otadla aUTHG TNG
SouAeldg. Oa nBela akoun va svxoplothiow tov Nwpyo Tleddakn kot ZTéAo Wuxapdkn, Twv onoiwv n cUUBoAn
ATav KataAuTikn yla tnv Slekmepaiwon tng epyaciag. Asv Ba pmopoloa va moapaAeiw va EUXOPLOTHCW, AKOUN,
tov K. Takn Makatouvakn kat tny K. Ayyéla Maomapdkn yLo TNV onUavtikr Toug BorBeta o koUBLKA onueia auThg
™G SoUAELAG.

Oa Bela akoun va suxaplotiow tv Emikoupn Kabnyntpla kal péAoC TNG €EETAOTIKAG EMITPOMAC HOU Ap. Ka
KupLakn Z18npomnoUAou yLa Ta ETTOLKOSOUNTLKA TNG OXOALO O QUTHV TNV £pyacia, Kabwg Kat ylo Tov KaBodnynTiko
™G pOAO QMO TA MPWTA HOU EPELVNTIKA BApata. Akoun, odeilw va guxaplotiow tov Avaminpwtr Kabnynth,
eniong LEAOG TNG EEETAOTIKNAG ETUTPOTING OV, K. OwHd Mapr) yia OAa Ta EMOLKOSOUNTIKA GXOALA.

Oa Beha TEAOC VO EUXOPLOTACW TN UNTEPA HOU, ToV adavh Rpwa, yla 6An TG Tn otrpLén Kal Tov matépa Lou, o
omnolog dev elval Ta Kovtd pag Katl povadikr tou embupia NTav va pe deL va mpoodelw Kal €kave ta aduvarta
Sduvatd yla autd to okomd. Oa fBeAa va EUXOPLOTAOW, OKOUN, OAN LOU TNV OLKOYEVELA KAl TOUG GpIAOUG Hou, TTou
ue otnpilouv avidloteAwg os KABe Bripa pou tooa Xpovia.
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