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Abstract

Glioblastoma is the most aggressive primary brain tumor in adults. Despite treatment, tumors invariably recur, and
the recurring tumor is resistant to therapies. New approaches are needed for the successful treatment of
glioblastoma patients.

Tumors are not simply a compilation of molecularly and phenotypically identical neoplastic cells. Instead, the
tumor-associated stroma is instrumental in supporting tumor growth. Moreover, the cancer cells themselves are
highly plastic, with some of the cells exhibiting stem-like phenotypes. Cancer stemness is linked to more
aggressive disease, recurrence, and worse patient outcomes in several cancers. Hypoxic signaling, mediated by
the HIF transcription factors, is a cornerstone in the maintenance of cancer stemness in glioblastoma and other
cancers.

The aim of this thesis was to evaluate how microenvironmental cues affect the interactions between the tumor
microenvironment and glioma stem-like cells in glioblastoma. We addressed how treatments and hypoxia affect
tumor-associated astrocytes in ways that consequently alter glioma cell properties, and how hypoxia and pseudo-
hypoxia are involved in stemness maintenance in glioblastoma. For this work, we used genetically engineered
mouse models of glioma, primary stromal and glioma cell lines, classical glioblastoma cell lines, and organotypic
slice cultures. We evaluated cell stemness by using multiple functional assays in combination with stem cell
marker expression analysis.

In papers | and I, we investigated the response of astrocytes to extrinsic factors of the microenvironment, namely
radiation and temozolomide treatment, and to intrinsic factors of the microenvironment, namely intermediate and
severe hypoxia. Astrocytes became reactive in response to these cues and produced extracellular matrix that
altered glioma cell properties, including stemness.

In papers Il and IV, we investigated the role of hypoxia and pseudo-hypoxia in the maintenance of aggressive
glioma phenotypes. We showed that the generation of the cleaved form of the cell surface glycoprotein CD44
leads to the stabilization of the HIFs in the perivascular and hypoxic glioma niche, leading to increased hypoxic
signaling and glioma cell stemness. Moreover, we showed that p75N'R signaling is involved in the activation of the
hypoxic signaling pathway and is also regulating glioma cell stemness and migration in hypoxia.

All'in all, this thesis elucidated some aspects of the glioblastoma microenvironment, namely irradiated and hypoxic
tumor-associated astrocytes, and the CD44 and p75N'® signaling, that can lead to the development of new
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2ty Kallioritoo

“You cannot stay on the summit forever, you have to come down again. So
why bother in the first place? Just this: What is above knows what is below,
but what is below does not know what is above. One climbs, one sees. One
descends, one sees no longer, but one has seen. There is an art of
conducting oneself in the lower regions by the memory of what one saw
higher up. When one can no longer see, one can at least still know.”

— René Daumal
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Abstract

Glioblastoma is the most aggressive primary brain tumor in adults. Despite
treatment, tumors invariably recur, and the recurring tumor is resistant to therapies.
New approaches are needed for the successful treatment of glioblastoma patients.

Tumors are not simply a compilation of molecularly and phenotypically identical
neoplastic cells. Instead, the tumor-associated stroma is instrumental in supporting
tumor growth. Moreover, the cancer cells themselves are highly plastic, with some
of the cells exhibiting stem-like phenotypes. Cancer stemness is linked to more
aggressive disease, recurrence, and worse patient outcomes in several cancers.
Hypoxic signaling, mediated by the HIF transcription factors, is a cornerstone in the
maintenance of cancer stemness in glioblastoma and other cancers.

The aim of this thesis was to evaluate how microenvironmental cues affect the
interactions between the tumor microenvironment and glioma stem-like cells in
glioblastoma. We addressed how treatments and hypoxia affect tumor-associated
astrocytes in ways that consequently alter glioma cell properties, and how hypoxia
and pseudo-hypoxia are involved in stemness maintenance in glioblastoma. For this
work, we used genetically engineered mouse models of glioma, primary stromal and
glioma cell lines, classical glioblastoma cell lines, and organotypic slice cultures.
We evaluated cell stemness by using multiple functional assays in combination with
stem cell marker expression analysis. In papers | and 11, we investigated the response
of astrocytes to extrinsic factors of the microenvironment, namely radiation and
temozolomide treatment, and to intrinsic factors of the microenvironment, namely
intermediate and severe hypoxia. Astrocytes became reactive in response to these
cues and produced extracellular matrix that altered glioma cell properties, including
stemness. In papers Il and IV, we investigated the role of hypoxia and pseudo-
hypoxia in the maintenance of aggressive glioma phenotypes. We showed that the
generation of the cleaved form of the cell surface glycoprotein CD44 leads to the
stabilization of the HIFs in the perivascular and the perinecrotic glioma niche,
leading to increased hypoxic signaling and glioma cell stemness. Moreover, we
showed that p75N™R signaling is involved in the activation of the hypoxic signaling
pathway and is also regulating glioma cell stemness and migration in hypoxia.

All in all, this thesis elucidated aspects of the glioblastoma microenvironment,
namely irradiated and hypoxic astrocytes, and the CD44 and p75NTR signaling, that
can lead to the development of new targeted therapeutic strategies.
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Popular science summary

Glioblastoma is a type of cancer that develops in the brain and mostly affects adults.
It is one of the deadliest forms of cancer, and even though patients are treated with
surgery, radiotherapy, chemotherapy, and tumor-treating fields, their prognosis is
very poor. New therapeutic approaches are therefore needed for the successful
treatment of this disease.

It is well-established that glioblastoma is comprised by a combination of cancer
cells and cancer-associated ‘normal’ brain cells. The ‘normal’ brain cells are found
close to the tumor and can be affected by the cancer cells or treatments. The
interactions between these cell types, and the environment where the cancer is
growing allows the cancer cells to grow, resist therapies, and expand towards the
healthy tissue. Moreover, glioblastoma cells themselves are not a uniform
population but instead they can be divided into groups with different properties,
based on their genetic markup and their location in the tumor. One of these groups,
the glioblastoma stem-like cells, exhibits unique properties, such as resistance to
treatment and increased tumor formation ability. Interestingly, these cells are found
both close to the blood vessels, so in an environment with abundant oxygen, and
close to the core of the tumor, where there is very little oxygen. In both cases, the
cells activate the mechanism of cellular response to low oxygen and express the
hypoxia-inducible factors (HIF-1a and HIF-2a), two proteins that orchestrate this
response.

With this thesis we aimed to study the interactions between glioblastoma cells and
normal cells under specific conditions of the tumor environment. This provided us
with insights on how the population of glioma stem-like cells is changing in these
conditions. For this work, we used mouse models and cell-based models of
glioblastoma.

In paper I, we found that during treatment of glioblastoma with radiotherapy, the
astrocytes, normal cells that are found around and within the tumor, become
activated. The activated astrocytes produce a specific protein, TGM2, that when it
is incorporated into the protein network of the extracellular space, it induces stem-
like cell features in glioblastoma cells. We propose that TGM2 derived from
irradiated astrocytes is implicated in the reappearance of the tumor after treatment,
because it permanently alters the environment of the cancer. In paper Il, we found
that astrocytes that are exposed to the low oxygen conditions that are frequently
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found in glioblastoma, also become activated. In response to the low oxygen,
astrocytes produce a number of proteins that have been associated with tumor
growth in previous studies, and they produce a network of proteins that increases
the growth and stem-like cell features of glioblastoma cells. These two studies
showed that astrocytes, a normal cell of the brain, is affected by irradiation and low
oxygen, two conditions that are characterizing almost all glioblastomas. We propose
that therapeutically targeting the activation of the astrocytes could lead to improved
patient outcomes.

In paper 111, we studied the regulation of the glioblastoma stem-like cells by CD44,
a molecule that is primarily expressed by these cells and not the rest of the cancer
cells. We showed that CD44 interacts with the factor HIF-2a and not HIF-1a, and
this interaction leads to an increase in the proportion of glioblastoma stem-like cells,
compared to non-stem cells. Finally, we showed that blocking CD44 signaling can
decrease the proportion of cells with stem-like properties. In paper IV, we studied
the role of another signaling protein, p75N™R, in low oxygen conditions in
glioblastoma. We found that p75N™R regulates the expression of both HIF-10 and
HIF-2a, and it is involved in regulating glioblastoma stem-like cells. Blocking of
p75N™R signaling in glioblastoma cells led to a reduction in stem-like cell properties
and migration in low oxygen conditions.

In conclusion, our studies emphasize that normal brain astrocytes are affected by
treatments, such as radiation therapy, or conditions of the microenvironment, such
as low oxygen, in ways that affect the properties of glioblastoma cells. Moreover,
we show that blocking signaling pathways activated in the low oxygen conditions
of glioblastoma can decrease the proportion of cells with stem-like properties.
Overall, our studies further highlight that targeting not only the cancer cells
themselves, but also aspects of the environment of the tumor, such as cancer-
associated normal cells or low oxygen conditions, is vital for the development of
successful therapeutic strategies for glioblastoma patients.
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Popularvetenskaplig sammanfattning

Glioblastom &r en typ av hjarntumor som oftast drabbar vuxna. Det &r en av de
allvarligaste typerna av cancer och aven om patienter behandlas intensivt med
kirurgi, stralning, cellgifter, och tumor-treating fields, & den genomsnittliga
overlevnaden endast ca 15 manader efter diagnos. Det finns darmed ett akut behov
for nya behandlingsstrategier for att bota patienter med glioblastom.

Glioblastom &r en samling av cancerceller och “normala/friska” celler som finns
runt och inom tumoren. Dessa "normala” celler paverkas av cancercellerna och dven
av behandlingarna. Forhallandet mellan alla dessa celltyper och miljon dar tumdren
finns hjélper cancercellerna att vaxa, bli resistent mot behandlingar, och dven
expandera till den normala hjarnan. Dessutom &r cancercellerna en heterogen
cellgrupp som kan delas upp i olika grupper med olika egenskaper, baserat pa
genetik och cellernas placering inom tumdren. En av dessa grupper som kallas for
glioblastom stamceller, har unika egenskaper, som till exempel extrem resistens mot
stralning och cellgifter. Glioblastom stamcellerna &r dven mer aggressiva an andra
celler och kan ge upphov till tumdrer efter den priméra tumdéren har behandlats bort.
Det ar uppmarksamt att dessa celler finns bade bredvid blodkarl, dar finns tillracklig
med syre, och aven nara tumorens karna, dar finns det nastan inget syre. | bada fall
aktiveras en respons till Iag syrehalt hos glioblastom stamcellerna och de producerar
tva proteiner som organiserar denna respons, hypoxi inducerade faktorer (HIF) la
och 2a.

Syftet med denna avhandling var att studera forhallandet mellan glioblastom
stamcellerna och vanliga hjarncellerna under specifika miljéforhallanden. Detta
kommer hjéalpa oss att béttre forsta hur glioblastom stamcellerna éndras under dessa
miljoforhallanden. Jag har anvant mig av musmodeller av glioblastom, samt
cellodlingar av normala celler och cancerceller. Avhandlingen innehéller fyra
delarbeten.

I Delarbete | visade vi att astrocyter (stjarnceller), normala celler som finns runt och
inom glioblastom, paverkas av stralningen och aktiveras. Aktiverade astrocyter
producerar TGM2, ett protein som okar antalet glioblastom stamceller. Vi foreslar
att TGM2 som kommer fran bestralade astrocyter ledder till att tumdrer kommer
tillbaka efter behandlingar. | Delarbete 1l visade vi att astrocyter aktiveras nér de
finns i 1ag syrehalt, en vanlig foreteelse i glioblastom. Vid lag syrehalt visar vi att
astrocyter producerar flera proteiner som har tidigare forknippas med glioblastom
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tillvaxt. Vara resultat visade att aktiverade astrocyter producerar ett natverk av
proteiner som hjalper glioblastom celler att expandera och &ven att utvecklas till
glioblastom stamceller. Bada studierna visar att astrocyter paverkas av bestralning
och Iag syrehalt, tva forhallande som ofta uppstar i glioblastom. Vi foreslar att vi
kan hjalpa patienter med glioblastom genom att rikta behandling aktiverade
astrocyter.

I Delarbete 11l studerade vi hur CD44, ett protein som glioblastom stamcellerna
producerar, hjalper dem att éverleva och vaxa. Vi visade at CD44 interagerar med
HIF2a men inte HIF1a, och interaktionen leder till ett stérre méngde glioblastom
stamceller. Vi visade aven att nar man blockerar signalen fran CD44 sa minskade
mangde glioblastom stamceller. | Delarbete IV studerade vi vilken roll proteinet
p75N™R har vid lag syrehalt i glioblastom. Vi visade att p75N® reglerar interaktionen
mellan HIF1a och HIF2a, och att p75N™ ar forknippat med 6kat antal glioblastom
stamceller. Nar vi blockerade signalen fran p75N™ vid lag syrehalt sag vi en
reduktion i mangden glioblastom stamceller och migration av glioblastom celler.

Sammanfattningsvis visar vi att astrocyter, normala celler i hjarnan, paverkas av
behandlingar, som till exempel stralning, samt av specifika miljéférhallanden, som
till exempel 1ag syrehalt (Delarbete | och I1). Aktiverade astrocyter leder till 6kade
mangden glioblastom stamceller. Dessutom visar vi att blockering av specifika
signaler, som till exempel genom CD44 eller p75N™R, vid lag syrehalt, kan minska
méangden glioblastom stamceller (Delarbete I11 och 1V). Var studie visar att vi inte
bara behdver behandla glioblastom celler och stamcellerna utan dven “normala”
celler i hjarnan som paverkas av tumaéren eller behandlingarna. Genom att utveckla
nya behandlingar kommer vi forlanga och forbéttra patienternas liv.
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[IepiAnyn 0100KTOPIKNC OLOTPPNC
Y10 TO EVPV KOO

To yLlolofrdcTopa givar 0 wo eMBETIKOG TVTOG KAPKivow Tov £ykepdiov. [Tapdrio
7OV 01 0lGOEVELG YEPOVPYOVVTAL, LE GTOYO TNV OPAIPEST] TOV OYKOV, Kol AapPdvouv
axtivoPoiieg kKo ynuetobepamneieg, o pésog ypovog emPimong dev Eemepvd Tovg 8
uivee. Eival, ovvemde, avaykaio 1 ovalpmmon véov Oepomeidv yio v
OVTULETOTION OVTHG TNG AcHEVELNG.

Evé apyucd, o yholoPAdotopa, 6mog kot dAlot kapkivol, Bempodvtav pia eviaia
pélo omd mapopow kvtTopa, onuepa yvopilovpe moc amoteleitor and Eva
GULVOLUG O KOPKIVIKAOV Kl U1 KOPKIVIKGV KuTtapnv. Ot oyéoelc uetald ontdv tov
KUTTOP®V Kot Tov TEPPAAAOVTOG 6T0 0omoio Ppioketar 0 GyKOG, EMITPEMOVY GTO
KOPKIVIKG KOTTAPO. VO TOAAATANGIALOVTOL, VO avTICTEKOVTOL 6€ Bepameieg, Kot va
S1E1600D0VV GTOV PLGLOAOYIKO EYKEQPUAIKO 16T0. EmumAéov, ta idlo ta KopKviKd
KOTTOPO OTOTEAOVV &vav €TEPOYEVH] TANOVLGUO KLTTOAP®V, HE OLOPOPETIKOVG
VROTOTOVG, 0 KABEVOS pe HOVOOIKES 1010TNTEG. AVTOL 01 VIOTLTOL KOPKIVIKOV
Kuttdpmv Kabopilovtal apevog omd To YeveTikd vaoBubpo TV KLTTAPOV Kol
OPETEPOL OO TOL UMVOILOTA TTOL JEXOVTL atd TO TEPIPAAAOV GTO 0m0i0 Bpickovrat.
‘Evag and avtodg Toug vmotumovs givol to KopKivikd PAAGTOKOTTOPN, TO OToid
yopoktnpilovtar omd ovénuévrn ovtoyr oe Oepameiec  (akTvoPoiio ko
ynueobepomeio) Kot eivor veevbuva Yoo TV ETAVEUPAVIGT] TOL OYKOV UETE 1
Oepaneia. Ta KOTapa avTd gviomilovton €ite KOVIA GTO Allo@Opa ayyeia, dniadn
O€ TEPLOYEG TOL OYKOL LLE VYNAN TEPIEKTIKOTNTO GE 0EVYOVO, EITE KOVTA GE TEPLOYEG
vo&iag, ONANON TEPLOYEG TOL OYKOL HE OYXEOOV UNOEVIKN TEPIEKTIKOTNTA GE
ovyovo. Kor otic d00 autég mEPMTOOELS, TO. KAUPKIVIKG PAactokdTTOpo
EVEPYOTOLOVY TOV KLTTOUPIKO UNYOVIGUO OVTILETMMIONG TG bIo&iog Kot ekppdlovv
TIG TPAOTEIVEG TOL PLOUIOVY CVTO TO UNYAVIGUO, TOVG AEYOUEVOVS ETUYMYILOVS HE
vro&io mapdyovieg (HIF-1a ko HIF-20).

Ye autn TNV oTpPi) LEAETNCALE TIG GYECEIS LETAED KOPKIVIKAV KOl PUGLOAOYIKMDV
KUTTOP®V TOL EYKEPAAOVL KAT® omd dedopévec cuvOnKeg, GLUYKEKPIUEVO VIO TO
mAaiolo g aktvoPfolriog Kot TG VTo&ing. TKOTOC O NTOV VO KOTOVOT|GOVLLE TOV
TPOTO GLVTIPNONG TOV KAPKIVIKOV BAACTOKVTTAP®Y VIO avTéG TIC cvvOnKkec. [
TOV OKOTO 0OwTod, YPMNOoomooape (OIKA HOVTELD YAOIOPANCTOUATOG KoL
KUTTOPIKEG GEIPES KAPKIVIKDV KOl PUOIOAOYIK®OV KUTTAP®V.
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210 1° 4pBpo, avakardyape TOG KOTA TV aKTvoBOANCT TOL YAOOBAAGTOUATOC,
TO OGTPOKVTTOPA, PLGLOAOYIKE EYKEQUALKE KOTTOPA TTOVL PBpicKoviat YOpw amd Kot
HEGO GTOV KOPKIVIKO OYKO, gvepyomotovvtal. Ta gvepyomomuéve aeTpoKkHTTOpO
noapayovv v Tpoteivi TGM2, mov 0TaV EVOOUATMOVETAL GTO TPOTEIVIKO SIKTLO
mov Pploketor pETAEDL TOV KLTTOP®V, TPOoKOAel avénom otov oplBud TV
KopKIVIK@V Bractokuttdpov. Eniong, avakaidyape tog 1 TGM2 mov topdyetol
0O TO OKTWOPOANUEVO, KOl EVEPYOTOUUEVO OOTPOKVTTOPN GUUUETEXEL OTNV
emoveppdvion tov kapkivov petd v Bepaneia, kabbg tpolevel pdvipeg alhayég
070 TEPPAALOV TOV KOPKIVOL TTOL EDVOOLV TNV UEAAOVTIKT EMAVEUPAVIGT TOV. XTO
2° GpBpo, avakaADWOUE TOC TO AGTPOKVTTAPO, EVEPYOTOLOVVTAL OTaV PpiokovTol
oe ovvOnkec vmoflag, pio ovvOnkn mov TWOAD ovyxvd yopaktnpiler TO
yAowoPrdotopa. [apovsio vro&iag, Ta aoTpoKHTTAPA TAPAYOLY TPMTEIVES TOV
o010 TapeABOV &xovv ovoyeticbel pe v avamtuén tov YAoPAUCTOOTOC.
EmumAéov ta vmo&ikd acTtpokdTTpa Tapdyouy Eva SIKTVO TPMTEIVAOV 1OV, OTWOG Kot
OTNV TEPINTM®ON TOV OKTWVOROANUEV®V 0GTPOKVTTAP®V, VITOGTNPILEL TNV AvATTVEN
TOV KOPKWIKOV PAactokuttdpmv. Avtd ta dvo apbpa poag Ogiyvouv mmg
(QUOIOAOYIKA EYKEQOALKG KOTTOPM, TO, AGTPOKVTTOPM, EVEPYOTOLOVVINL OO TNV
aktivoPfoAio kot v vmo&la, dVo cuvvlnkeg mov cuyva yapoktnpilovv To
YAOWOPAAGTOU, KOL GUVTNPOVV T EMIMESA KOPKIVIKOV PAACTOKLTIOP®OV GTO
vAowoPrdotopa. Xto 3° apBpo, peietiooue TN POOUION TOV KOPKIVIKGOV
BAactoxvttdpov amd v tpmteiv CD44, mov kuping ex@pdleTol 6To KOPKIVIKA
BAactokdTTOpQ KO O)L € AL VTOEIDN KAPKIVIKGOV KUTTAPWOV. AVOKOUADYOLE TMG
10 CD44 avtidpd cvykekpuéva pe tov HIF-20, ko oyt pe tov HIF-1a, téc0 o¢
ouvOnkeg vro&iog 060 Kol o TEPLOYEC dimAo oTO apoeOpo. ayyeio. Avti 1
avtidpaon odnyel otV cLVINPNON Kol AHENCT] TOV KUPKIVIKGOV PAOAGTOKVTTAP®V.
Emiong, eidape mog n peioon g dpdong tov CD44 odnynoe o€ HEI®UEVA ETLTEDA
KOPKIVIKGOV PAOGTOKVTTAPWOV. £T0 4° ApOpo, peketnoape ptio akdOLo TpOTEv, TNV
p75NTR 6e cuvnkeg vto&iog oto yhotofAdotmpa. Bprkape togn p75NTR puluilet
mv ékppoon tov HIF-1a kot HIF-2a e&icov, kot Tog emiong cvppetéysl otnv
GUVTHPNON TOV KoPKIVIKGOV BAactokuttdpmv. Meinon g dpdong tov p75NR, vrd
ovvOnkeg vo&iog, 0dNyNoE 0€ HEIOMUEVA EMITESN KAPKIVIKOV PAACTOKVTIAP®YV.

YOUTEPACUOTIKG, Ol HEAETEG MO €015V OTL TO PLGLOAOYIKG OGTPOKLTTOPN
emnpedlovion amd Ogpameieg, Omwg M akTvoPoiic, Kol omd GLVONKEC TOL
KopKvikoD mepipdarovtog, 6mwg M vro&ia. Ta evepyomomuévo aoTpokOTTOPQ
eMNPelovV Ta TOGOGTA KOPKIVIKMOV PAAGTOKVTTAP®V 6TO YAOOPAdcTOM. Eniong,
ot peAéteg pog €oetéav mmg N Helmon TG dPAGNC CUYKEKPIUEVOV TPMTEIVOV TOL
gvepyomolovvtal og cuvOnKeC LITOEiag, UTOPEL VO EUDGEL TOL TOGOGTE KOPKIVIKMDY
BAacTOKLTTAP®V GTO YAOLOPAAGTMUO. ZUVOAIKAE, Ol LEAETEG LLOG ATOJELKVDOVY TTMG
YO TNV OTOTEAEGUOTIKY OVTIIUETOMION TOL YAoloPAacTOMHOTOS, B0 Tpémel va
GTOYEVGOVE GTNV KATATOAELLOT) OYL LOVO TOV KAPKIVIKOV KLTTAP®V, OALA KOl TOV
(QLGLOALOYIKAOV KVTTAP®V TOL GYeTICOVTOL LLE AVTAL.
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Cancer

Cancer, a disease that affects more than 19 million people annually, is one of the
leading causes of death worldwide [1]. It has therefore attracted the interest of
scientists throughout the centuries. From the Greek physician Hippocrates (460-370
BC) who described crab-like malignant growths and coined the terms carcinoma
and cancer [2, 3] to the gradual establishment of clinical oncology [4], scientists
have long been trying to characterize, understand, and target this disease. This thesis
builds on the work of others and further contributes to our understanding of the
biology of one type of cancer, namely of glioblastoma.

Cancer development

The transition from a normal cell to a malignant state requires the acquisition of
several traits. These traits have been elegantly summarized by Hanahan and
Weinberg and include among others uncontrolled growth, cell death evasion,
changes in cell metabolism, and immune cell evasion [5, 6]. In the apex of the
hallmarks of cancer, as they termed these malignant traits, lies the increased
genomic instability and the tumor-promoting inflammation [5, 6], indicating that
tumors are maintained not only by intrinsic characteristics of cancer cells but also
by changes inflicted by stromal cells. Understanding the cross-talk between cancer
cells and stromal cells might be one way forward in the discovery of new cancer
treatments.
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Glioblastoma

Epidemiology, treatment, and prognosis

Gliomas are brain tumors of glial origin that represent more than 80% of all
malignant primary brain tumors [7]. Gliomas include non-diffuse and diffuse
subtypes, with the latter being more frequent [8]. Diffuse gliomas include
astrocytomas, oligodendrogliomas and mixed tumors (oligoastrocytomas) [8].
Glioblastoma is the most aggressive and common primary diffuse astrocytic glioma
[8], with a dismal prognosis. The median survival is only 8 months after diagnosis
and the 5-year survival is 7.2% [7]. Glioblastoma affects primarily older adults and
is more prevalent among Caucasian males [7].

Despite our increasing understanding of glioblastoma biology, only few additions
in the standard of care have been made over recent years. Patients diagnosed with
glioblastoma undergo surgery, with the aim of maximal safe resection, followed by
temozolomide administration with concomitant radiation therapy (a total of 60 Gy
over the course of 30 days), followed by temozolomide alone [9]. Because of the
infiltrative nature of glioblastoma, complete surgical resection is difficult. Patients
who undergo surgery and have complete tumor resection survive longer than those
who do not [9, 10]. The addition of radiation and finally temozolomide in the
treatment regimen further extended patient survival [9, 11]. The addition of tumor-
treating fields to maintenance temozolomide treatment, a novel noninvasive therapy
that uses alternating electrical fields to disrupt cancer cell division, has further
improved the survival of glioblastoma patients [12]. Despite these treatment
modalities, tumors invariably recur, within 7 months after initiation of the treatment,
typically within 2 cm of the original tumor volume and within the original field of
radiation [13]. There is no standard-of-care regimen after recurrence and the
recurrent tumor is more often than not insensitive to further treatments, including
radiation and temozolomide repeat treatments [14]. Enrollment in clinical trials is
frequently the main option for patients with recurrent glioblastoma, although
recently, surgery has been suggested to improve survival in patients who undergo a
second complete resection [15].

Favorable clinical prognostic factors for glioblastoma patients include young age,
high extent of surgical resection, and a good Karnofsky performance status, a
measure of patients’ functional ability [16]. Favorable molecular prognostic factors
include Of-methylguanine-DNA methyltrasferase (MGMT) promoter methylation,
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isocitrate dehydrogenase 1 (IDH1) mutations, and the presence of a glioma CpG
island methylator phenotype (G-CIMP) [17-19]. IDH1 mutations occur in less than
4% of primary glioblastomas and are associated with slower tumor growth [20].
Patients with mutant IDH1 also tend to be younger, and have a G-CIMP phenotype
[19, 21, 22]. Methylation of the MGMT promoter occurs in approximately 40% of
glioblastoma patients and leads to silencing of the MGMT gene and subsequently
reduced DNA repair and increased susceptibility to alkylating agents. As a result,
patients with methylated MGMT respond better to chemotherapy treatments, such
as temozolomide [17, 23, 24].

Histopathological and molecular features of
glioblastoma

The most defining histopathological feature of glioblastoma is its infiltrative nature.
Tumor cells invade into the neighboring tissue and even cross the corpus callosum,
seeding the opposite hemisphere and giving rise to multifocal lesions. Glioblastoma
lesions have an astroglial appearance, and are characterized by high mitotic activity,
microvascular proliferation and pseudopalisading necrosis [25].

Historically, glioblastoma was diagnosed as a World Health Organization (WHO)
grade 1V astrocytoma; however, in 2016 WHO proposed a new classification for
diffuse gliomas based on the presence or absence of mutations in IDH1 and IDH2
[8]. Based on IDH mutation status, glioblastomas are now classified as IDH-
wildtype and IDH-mutant [8]. IDH-mutant glioblastoma corresponds to what was
previously diagnosed as secondary glioblastoma, meaning glioblastoma that
progresses from a lower grade lesion, while IDH-wildtype glioblastoma
corresponds to what was diagnosed as grade IV astrocytoma, or glioblastoma
multiforme [8]. As mentioned above, IDH mutation status affects patient survival
and patients that harbor IDH mutations have a better prognosis compared to those
with IDH-wildtype [26].

Several genetic aberrations have been identified in glioblastoma (Table 1).
Epidermal growth factor receptor (EGFR) signaling is frequently altered in
glioblastoma (Figure 1) and amplification of the receptor occurs in approximately
40% of primary glioblastomas [27]. Another frequent EGFR aberration is the
EGFRvIIl mutation that leads to constitutive receptor activation [27, 28].
Amplification of EGFR or constitutive activation of the receptor has been linked to
decreased patient survival [29]. Platelet-derived growth factor receptor o
(PDGFRA) is another receptor tyrosine kinase that is amplified in glioblastoma [27,
28]. Activated EGFR or PDGFRA leads to activation of the PI3K/Akt/mTOR, the
Ras/MAPK/ERK, and the JAK/STAT pathway, all of which converge to increased
cell proliferation and cell survival [30]. The phosphatase and tensin homolog
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(PTEN) gene is also frequently mutated or lost as part of a frequent chromosome
10q loss in glioblastoma [27]. PTEN inhibits Akt activation and as a result,
mutations in PTEN result in increased cell proliferation [27]. Neurofibromatosis
type 1 (NF1) is another gene acting as a tumor suppressor in glioblastoma. NF1 acts
as a negative regulator of Ras and therefore regulates the activation of the
Akt/mTOR pathway [27]. TP53 mutations are frequent in glioblastomas,
particularly in secondary glioblastomas [31]. Loss of p14~RF, a regulator of p53
activity, is also frequent in glioblastoma [32] and leads to loss of p53 activity. Loss
of p53 function is associated with increased glioma cell invasion, migration, and
proliferation [33]. Finally, p16™&4¢deletions are relatively frequent in glioblastoma
[34] and lead to deregulation of the cell cycle [35].
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NF1 = Ras PI3K/PIK3CA
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ERK
H H
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Figure 1 Common mutations found in glioblastoma along the EGFR signalling pathway

The EGFR pathway is frequently altered in glioblastoma, with several genetic abberations found along its axis. The
most frequent mutations are marked in red. ERK: extracellular signal-regulated kinase, pRB: retinoblastoma protein,
p53: tumor protein 53, Akt: protein kinase B, PI3K: phosphatidylinositol 3-kinase, PIK3CA: PI3K subunit alpha

In 2010, Verhaak et al. stratified glioblastoma patients from The Cancer Genome
Atlas (TCGA) into four molecularly distinct subtypes; proneural, classical,
mesenchymal, and neural [22]. The authors reported that generic aberrations or
altered gene expression in PDGFRA/IDH1, EGFR, and NF1 characterize the
proneural, classical, and mesenchymal subtypes, respectively [22], while the neural
signature was later found to be contamination from normal cells [36]. Despite the
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authors proposing that these molecular subtypes could provide new avenues for
personalized treatments, no difference seems to exist in the clinical response or
survival of patients belonging to different glioblastoma subtypes. Only the
proneural subtype was associated with a survival advantage, but that was due to the
prevalence of the G-CIMP phenotype in this group [21]. The reason for this lack of
prognostic value of the molecular subtypes could be the high degree of intratumoral
heterogeneity that characterizes glioblastomas and the fact that lesions from single
patients harbor mutations associated to all of the above-mentioned subtypes [36,
37]. As a result, no subtype-specific treatment can eliminate all tumor cells. Several
elegant studies have showed that a high degree of heterogeneity characterizes
glioblastoma lesions [36-40]. These studies showed that cells from all subtypes can
be found in individual patients’ lesions [37] and importantly they provide evidence
that cells from one subtype can convert to another subtype [36, 38]. Moreover,
recurrent tumors frequently exhibit a different transcriptional profile compared to
the primary lesions [36, 41-43]. These new insights in the phenotypic heterogeneity
of glioblastoma explain the difficulty in identifying subtype-specific therapeutic
targets and underlines the need for new approaches in the search for therapies for
this disease.

Table 1 Frequently occuring mutations in glioblastoma
(Adapted from [27] and [28])

Frequency in primary

Gams glioblastoma
10q loss > 70%
pl6Nk4a]oss ~52%

p14°7F loss ~ 49%

EGFR amplification ~ 40%

TP53 mutation ~ 30%

PTEN mutation ~ 30%

NF1 mutation ~ 20%
PDGFRA amplification ~16%

IDH1 mutation ~5%
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Cancer stemness

The clonal evolution and cancer stem cell models

One cannot discuss about cancer and cancer development without referring to the
two models of cancer development, namely the clonal evolution model and the
cancer stem cell model.

For years, it was accepted that tumors form when cells acquire new properties due
to the occurrence of successive mutations (genetic hits). Responsible for this
accumulation of mutations is the genetic instability that characterizes cancer cells.
The product of this process is the generation of a heterogenous lesion comprised by
various clones, where each clone has acquired a distinct set of mutations [44]. For
instance, various genetic aberrations characterize glioblastoma and several of these
aberrations can be found in one lesion, giving rise to intratumoral heterogeneity.

This clonal evolution model of cancer development and progression has been
challenged by the cancer stem cell model. The cancer stem cell model proposes that
cancer cells with stem-like properties are found in the apex of the cell hierarchy in
a tumor. First identified in hematopoietic malignances [45], cancer stem-like cells
(CSCs) are a self-renewing, quiescent, and therapy resistant cell population that can
give rise to several cancer cell types and thus contributes to tumor heterogeneity
[46, 47]. CSCs have since been described in breast, pancreas, and colon cancers [48-
50], and, importantly and relevant to this thesis, in glioma [51].

In pancreatic cancer and in glioma, studies have shown the importance of the
identified CSC population for both migration and tumor growth or tumor initiation
[52, 53] .These studies suggest that not all tumor cells have the same potential to
metastasize, evade treatment or reconstitute a tumor in animal models, suggesting
that intratumoral heterogeneity arises from the existence of a CSC pool that
differentiates into cells with different phenotypes.

Support for the cancer stem cell model comes not only from identification and
isolation of the CSC population from various cancers, but also from studies that
compare the genetic profile of primary and recurrent tumors. In glioma, post-
treatment, recurrent tumors often harbor different clonal profiles compared to the
ones observed at diagnosis [41-43]. According to the clonal evolution model,
recurrent and post-treatment tumors arise after part of the primary tumor survives
treatment and continues to grow. Although these residual cells accumulate
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additional mutations, many of the mutations identified in the surviving clones of the
primary tumor are maintained in the recurrence. As a result, there is a high degree
of similarity between primary and recurrent tumors. According to the cancer stem
cell model, recurrent tumors arise from dormant cancer cells, the CSCs. In this
process, CSCs accumulate mutations and give rise to recurrent tumors that only
share a few common mutations with the primary lesion, the ones originally found
in the CSCs. Evidence for the existence of both models in glioblastoma patients has
been found by sequencing matched primary and recurrent samples [42].

The clonal evolution and cancer stem cell models are just two efforts into
understanding the phenomena surrounding tumor growth dynamics, but neither
model can fully explain the observed complexity of tumor phenotypes, arising both
before and after treatment. A more unifying theory is combining the two models in
a way that explains both the presence of several clones within one tumor but also
the presence of cells with stem-like properties [46]. According to this theory, tumors
are comprised by several clones, each one contributing to the intratumoral genetic
heterogeneity. The cells within each clone, however, are functionally different, with
some being terminally differentiated (bulk tumor cells) and others remaining
dormant (CSCs) (Figure 2). Interestingly, one study of glioma found that
differentiated tumor cells communicate with stem-like cells and this communication
contributed to the maintenance of the stem-like cell pool, a process that led to
increased tumor growth [54]. This unifying theory suggests that genetic diversity
found in clones, epigenetic regulation, and factors found within the tumor
microenvironment all affect the stemness properties of cancer cells and thus
contribute to tumor heterogeneity.

CESOH e

——
stemness astrocytes ECM

Figure 2 Unification of the clonal evolution and cancer stem cell models

Each clone that is generated as a result of genetic diversity is comprised of bulk and stem-like cancer cells,
surrounded by stromal cells, such as astrocytes, and extracellular matrix (ECM). Some clones disappear from the
recurrent tumor due to their sensitivity to treatments. After treatment, the tumor is repopulated thanks to the presence
of resistant cells within the original mass. New mutations can arise during treatment that further increase the genetic
diversity of the tumor.

The concept of phenotypic plasticity has added another layer of complexity in the
studies of cancer stemness. Phenotypic plasticity directed either by intrinsic
mechanisms or initiated due to microenvironmental changes leads to shifts in
cellular states, with direct effects on disease progression and patient survival. In
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glioblastoma, single cell analyses showed that intratumoral heterogeneity arises
from the presence of four cellular states which exhibit high plasticity [38]. Dirkse
et al. reported that isolated glioma cells reconstituted the original heterogeneity in
vitro and that the phenotypic heterogeneity of glioma cells is affected by factors
such as hypoxia or the in vivo tumor microenvironment [39]. Similarly, Neftel et al.
showed that when glioma cells of a single state are implanted in mice, they give rise
to tumors that recapitulate the complexity of cellular states found in the primary
tumor [38]. The authors also reported a dependency of individual cellular states on
microenvironmental factors [38].

It is therefore becoming increasingly clear that tumors are not static systems
comprised of groups of cells that exhibit similar genetics. On the contrary, tumors
are complex ecosystems where cancer cells, CSCs and stromal cells all contribute
to disease progression and therapy resistance and eventually influence patient
outcomes.

Cancer stem-like cell niches

Similar to normal stem cells, cancer stem cells are thought to be enriched in distinct
microenvironments of the tumor. These areas are termed CSC niches and consist of
bulk tumor cells, CSCs, and tumor-associated stromal cells. Cancer-associated
fibroblasts, mesenchymal stem cells, and immune cells are amongst the stromal
cells found in CSC niches and interact with CSC themselves [55].

In glioblastoma there are three well-characterized stem cell niches; the invasive, the
perivascular, and the perinecrotic niche [56]. Because high grade gliomas are
characterized by increased vasculature and extensive hypoxia, those niches are well-
studied in the context of stemness maintenance and will be discussed in a later
chapter.

Cancer stem-like cell properties

CSCs are historically defined by properties that also characterize their normal tissue
counterparts; quiescence, scarcity, and self-renewal [57].

The definition of a CSC has evolved since the first studies on stemness. Quiescence
was until recently thought to be an integral trait of CSCs. Since cell division can
introduce errors in the DNA, stemness has been associated with relatively slow-
cycling cells. However, recent studies of cellular states in gliomas show that stem-
like cells harbor gene signatures of cycling cells and might be more proliferative
than initially thought [38, 58-60]. The scarcity of the CSC population has also been
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challenged. A typical example is melanoma, where 27% of unselected human
melanoma cells formed tumors in vivo, in contrast to many other tumor types, where
less than 1% of the cancer cells have this potential [61]. This suggests that
melanomas have a shallow heterogeneity and many of the tumor cells are in fact
CSCs. Moreover, as the authors comment, the technical aspects of the in vivo
tumorigenicity assay can greatly influence the results, so studies calculating the
frequency of CSCs should be interpreted with caution [61].

Several methods have been used to evaluate the stemness phenotype of cancer
populations. The definitive stemness assay is the in vivo tumorigenicity assay. Serial
transplantation experiments in mice can identify cell populations that are able to
self-renew and give rise to tumors that recapitulate the disease. Therefore, the assay
presents the gold standard for verifying stem cell states. However, these assays are
both time consuming and costly since they involve the maintenance of mice for
several generations. Therefore, in vitro assays have been established to aid CSC
research. Broadly used in vitro assays include the sphere formation, the limiting
dilution self-renewal, and the radiation and chemotherapy resistance assays, as well
as the drug efflux, differentiation capacity, and stem cell marker expression
analysis.

Sphere formation assays have been extensively used in the field of neuroscience to
study neural stem cell biology. In cancer research, such assays address the ability of
cancer cells to self-renew and are used as a proxy for stemness. Size and number of
spheres have been used as readouts of sphere assays. However, sphere size can be
influenced by growth factor signaling, and also reflects the proliferation potential
of the cells. Sphere number is therefore a more reliable measure of stemness. For a
more robust assessment of self-renewal and stemness, the secondary or tertiary
sphere formation potential can be evaluated. These assays are simple to set up and
interpret; however, careful consideration should be given to the experimental design
and interpretation of the results. Clonality during cell plating is a crucial parameter
of the sphere formation assays as free-floating spheres can easily form aggregates.
An important note is that sphere formation assays detect only cells with stem cell
properties that are proliferating. As such, these assays cannot detect quiescent stem
cells that lack the ability to proliferate ex vivo [62]. More recently, the stem cell
field has adopted the use of the limiting dilution self-renewal assay, an adaptation
of the sphere formation assay. This assay offers the advantage of more robust
statistical testing of the stem-cell hypothesis, and has the statistical power to analyze
multiple data sets [63].

CSCs are thought to be resistant to radiation and chemotherapy compared to non-
stem-like, bulk tumor cells. These characteristics are a result of several properties
of CSCs such as slower proliferation relative to bulk tumor cells, increased DNA
repair mechanisms, upregulation of drug-efflux pumps, and increased ROS
clearance [64-68]. The colony formation after radiation or drug treatment, and the
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side population assay, which evaluates the drug efflux capacity of a cell population,
are used to study these characteristics of CSCs in vitro.

Stemness assays are generally performed in the absence of serum, to avoid cell
differentiation. In the context of brain tumors, to maintain and enrich for brain stem-
like cells, the cells are maintained without serum, in the presence of epidermal
growth factor (EGF) and basic fibroblast growth factor (bFGF) [69]. Withdrawal of
the growth factors and addition of serum in the culture medium leads to
differentiation. Assessing differentiation of CSCs towards the neuronal, astrocytic,
and oligodendrocytic lineages addresses the multipotency of these cells in culture.

Several efforts have been made to identify reliable and specific stem cell markers.
Over the years several stem cell populations have been prospectively isolated based
on marker expression. CD133, CD44, nestin, Nanog, SOX2, Oct4, signal transducer
and activator of transcription 3 (STAT3), and glial fibrillary acidic protein (GFAP)
have all been used in glioma stem-like cell (GSC) studies as stemness markers [70].
However, using markers to study cancer stemness does not account for the profound
plasticity that characterizes tumor cells, as mentioned above. Experimental evidence
from breast and colon cancer shows that non-stem-like cells, as defined by the lack
of stem cell marker expression, can convert towards a stem-like state [71, 72].
Similarly, Dirkse et al. showed that the expression of commonly used glioma
stemness markers is subject to changes in response to microenvironmental signals
[39].

Overall, it has become increasingly clear that CSCs are phenotypically plastic, and
no single assay is sensitive enough to reliably identify this cell type. As a result,
several approaches and a combination of functional assays and stem cell marker
expression should be used when studying cancer stemness.
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Tumor hypoxia

In mammalian physiology, oxygen has a crucial role in maintaining life. Reductive
and oxidative reactions that are at the basis of oxygen physiology are fundamental
in mitochondrial and cytosolic enzymatic functions. Not only oxygen metabolism
but also by-products of it, such as reactive oxygen species (ROS), are involved in
several processes.

Defining physiological oxygen levels in tissues can be challenging. Healthy tissues
vary greatly in what constitutes physiological oxygen levels and even within a given
tissue, oxygen levels can vary greatly. For instance, oxygen concentrations from
12.5% to 2.5% have been reported for the healthy brain [73, 74]. In the lab,
modelling physiological oxygen tension has also proven challenging. Most in vitro
experiments are conducted at 37 °C, 5% CO,, 74% N, and 21% O,. This oxygen
tension has been historically referred to as normoxia and has been used as the
normal control in studies of oxygen regulation [75, 76]. However, virtually all
tissues have oxygen levels much lower than 21%. Already in the arteries, the oxygen
levels drop to approximately 10% [75, 76]. When oxygen diffuses from the blood
vessels to the various tissues it reaches approximately 100 to 200 um away from the
end capillaries [77]. In most tissues oxygen levels are at an average of 6.1%,
therefore 5% oxygen has been proposed as a more relevant oxygen tension that
represents physiological oxygen levels, or physoxia [76].

The lack of adequate oxygen is defined as hypoxia. Hypoxia can be divided between
physiological and pathological hypoxia. Physiological hypoxia is the transient
decrease in oxygen tension that leads to the activation of the hypoxia-response
pathway and the subsequent return to physoxia. Pathological hypoxia describes the
chronic reduction in oxygen levels due to the inability of the cells to return to
physoxia [76].

Hypoxia-Inducible Factors

As oxygen is imperative to maintaining cell homeostasis, oxygen sensing is also
important. In fact, the discovery of the mechanisms regulating oxygen sensing and
cellular adaptations to hypoxia was awarded the Nobel Prize in Physiology or
Medicine 2019. The work associated with the Nobel Prize revealed that the hypoxic
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response is highly regulated by a set of transcription factors called hypoxia inducible
factors (HIFs).

Originally, HIF-1a was identified for binding to a hypoxia response element (HRE)
in the human erythropoietin (EPO) gene in hypoxia [78]. It was subsequently shown
that this binding was not specific to EPO regulation in kidney and liver cells but
that it might be extended to various genes and cell types [79]. Soon after the
discovery of HIF-10, HIF-2a or endothelial PAS domain protein 1 (EPAS1) was
identified and was found to bind the same HRE as HIF-1a [80, 81].

HIFa subunits are basic-helix-loop-helix proteins containing a PAS domain [82,
83], that is involved in subunit dimerization, in DNA binding, and in signal
transduction [83, 84]. HIFa subunits have two oxygen dependent degradation
(ODD) domains, an N-terminal ODD domain (NODDD) and a C-terminal ODD
domain (CODDD), and two transactivation domains, the N-terminal activation
domain (NAD) and the C-terminal activation domain (CAD) [85]. Finally, the HIFa
subunits have two nuclear localization signals (NLS) [86] (Figure 3). HIFa subunits
form heterodimers with the constitutively expressed HIFB (also known as aryl
hydrocarbon receptor nuclear translocator, ARNT) [78, 87]. HIF-1a and HIF-2a
exert their transcriptional activity under hypoxic conditions by interacting via the
CAD with the central transcriptional co-activator CBP/p300, and other co-activators
such as Src, TIF-2, and Ref-1 [88-90].
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Figure 3 HIFa subunit structure

There is great homology in the structure of HIF-1a and HIF-2a. Both subunits are basic helix-loop-helix (bHLH)
proteins with conserved nuclear localization signals (NLS), a PAS domain, an oxygen-dependent degradation (ODD)
domain containing the NAD, and CAD. They differ in the sites for hydroxylation by the prolyl hydroxylases (PHD) and
the asparaginyl hydroxylase (FIH).

Finally, there is a third HIFa subunit, HIF-3a that is much less studied. HIF-3a. is
also regulated in an oxygen-dependent manner and has an ODD [91]. A splice
variant of HIF-3a, induced by hypoxia, might be acting as a negative regulator of
hypoxia-dependent gene expression [92, 93].
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Regulation of HIFs

The regulation of HIF activity is dependent on the stabilization and transcriptional
activation of the HIFa subunits. Two types of oxygen-dependent hydroxylases are
at the basis of the regulatory mechanism. Three prolyl hydroxylase domain (PHD1-
3) hydroxylases are responsible for the hydroxylation of conserved prolyl residues
in the NODDD and CODDD, and one asparaginyl hydroxylase, factor inhibiting
HIF (FIH), hydroxylates an asparaginyl residue in the CAD (Figure 3). These
hydroxylases belong to the family of non-haem, Fe?*-dependent, 2-oxoglutarate-
dependent oxygenases. During the enzymatic reaction, water is used as an oxygen
carrier to couple oxygen to the hydroxylation substrate, in this case HIFa, and to 2-
oxoglutarate to give succinate and CO.. Interestingly, PHD2 and PHD3 are induced
by hypoxia, indicating the existence of a feedback loop for the regulation of cellular
responses to hypoxia [85].

The hydroxylation of the prolyl and asparaginyl residues leads to differential
regulation of HIF activity. Prolyl hydroxylation by the PHDs regulates the
proteasomal degradation of HIFa subunits. Hydroxylated HIFa in the conserved
prolyl residues is recognized by the highly specific von Hippel-Lindau disease
tumor suppressor (pVHL), a part of a multi-component ubiquitin ligase. After
ubiquitination, HIFa is targeted for degradation by the ubiquitin-proteasome
pathway [94-97]. Interestingly, asparaginyl hydroxylation by FIH does not affect
the stability of HIFa but instead leads to the inhibition of its transcriptional activity.
Hydroxylated HIFa in the conserved asparaginyl residues can no longer interact
with CBP/p300 and is therefore a poor inducer of transcription [98].

In normoxic conditions, the PHDs hydroxylate the HIFa subunits, targeting them
for proteasomal degradation. Subunits that escape degradation are hydroxylated by
FIH and are transcriptionally dampened. In hypoxic conditions, the PHDs and FIH
can no longer hydroxylate HIF o, the subunits escape proteasomal degradation and
translocate to the nucleus. There, they interact with HIFB and their transcriptional
co-activators and mediate downstream signaling (Figure 4).

The enzymatic reactions that regulate HIF o, stability and transcriptional activity are
highly dependent on oxygen. However, the PHDs and FIH have different affinities
to oxygen and can therefore exert their regulatory function on HIFa to different
degrees in varying oxygen tensions [99]. More specifically, FIH has a higher affinity
for oxygen and can inhibit HIFa transcriptional activity even at the low oxygen
tension of 1% [100]. Interestingly, HIF-1a and HIF-2a have different affinities for
FIH, possibly due to the presence of a specific amino acid difference in the CAD of
the two HIFs [101]. These differences in FIH affinity might be translated in
differential gene expression, however there is still no consensus on whether some
genes are specific HIF-1a or HIF-2a targets.
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Figure 4 Regulation of HIFa subunits under normoxia and hypoxia

HIFa subunits are regulated in normoxic conditions by the PHDs and FIH. Hydroxylation of the HIFa subunits by the
PHDs leads to ubiquitination (Ub) and proteasomal degradation. Hydroxylation by FIH blocks the binding of the
transcriptional coactivator CBP/p300 and decreases HIF transcriptional activity. In hypoxia, HIFa is stabilized,
translocates to the nucleus where it interacts with the constitutively expressed HIFB and with CBP/p300, and binds to
HRESs of target genes, leading to hypoxia-regulated gene transcription.

Although the main mechanism for HIF regulation is hydroxylase-dependent, other
regulatory mechanisms have been identified. In low oxygen tensions (between 2%
to 5%), it has been shown that PHDL1 is degraded by the ubiquitin ligase seven in
absentia homolog 2 (Siah2), in a process dependent on Akt activation, leading to
HIF stabilization [102]. Hypoxia-associated factor (HAF) is a nuclear protein,
acting as an E3 ligase, that leads to HIF-1a. but not HIF-2a degradation
independently of pVHL or oxygen tension [103]. Hsp70 and E3 ubiquitin-protein
ligase CHIP also lead to the ubiquitination and proteasomal degradation
preferentially of HIF-1a, under prolonged hypoxia [104]. Small ubiquitin-like
modifier (SUMO)ylation is another mechanism that regulates HIFa stability.
SUMOylation of HIF-1o and HIF-2a leads to binding of pVHL, independent of the
presence of prolyl hydroxylation [105, 106].

In cancer, the HIFs are stabilized not only due to the lack of oxygen that frequently
characterizes tumor lesions, but also due to the dysregulation of signaling pathways
and mutations in tumor suppressor genes. For instance, it has been reported that loss
of PTEN in glioblastoma cell lines leads to increased expression of HIF target genes,
possibly by Akt-mediated stabilization of the HIFs [107]. In support of this finding,
activation of the PI3K/Akt pathway by EGF in prostate cancer cells led to
stabilization of HIF-1a and inhibition of PI3K led to decreased transcriptional
activity of HIF-1a [108]. Another link between Akt and HIF-1a. is provided by data
showing that mTOR inhibition decreases HIF-1o stabilization [109]. Similar to
PTEN, loss of p53 in colorectal cancer cells led to an increase in HIF-1a protein
levels and transcriptional activity in hypoxia, possibly due to a decrease in HIF-1a
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proteasomal degradation [110]. Angiotensin 1I, thrombin, and relevant to
glioblastoma, platelet-derived growth factors (PDGFs) have also been shown to
induce an increase in HIF-1a expression and transcriptional activity in normoxia,
possibly by increasing intracellular ROS levels [111]. Supporting the implication of
ROS in HIF stabilization in normoxia, another study reported a ROS-dependent and
tumor necrosis factor (TNF)-a mediated upregulation of HIF-1a protein expression
[112]. Finally, insulin and the insulin-like growth factor have been associated with
HIF-1a stabilization [113, 114].

The exact mechanism by which the HIFs are spatially and temporally regulated is
not fully understood. While some studies report absence of HIFs from normal
tissues in normoxia [115], others report detectable levels of HIF-10 in normoxia in
several tissues, including the brain, kidney, heart, liver, and muscles [116]. HIF-1a
levels were found to increase in these organs in response to hypoxia [116]. A study
on HIF-2a expression reported the lack of HIF-2a protein expression from normal
tissues in normoxia, but high stabilization of the protein under hypoxia in several
organs, including the brain, heart, lung, kidney, liver, pancreas, and intestine [117].
HIF protein levels were reported to be stabilized quickly after exposure to hypoxia,
with the expression returning to baseline levels after 3-9 hours of exposure for HIF-
la [116] and after at least 6 hours of exposure for HIF-20, [117]. These data are in
accordance with a more recent study in neuroblastoma that showed acute
stabilization of HIF-1o followed by a prolonged accumulation of HIF-2a [118].
Preferential degradation of HIF-10 mediated by interactions of HIF-1a with HAF
or the Hsp70/CHIP complex could provide a molecular mechanism for the
stabilization of HIF-2a in prolonged hypoxia [104, 119]. Interestingly, specific cell
populations within organs have shown higher HIF-2a expression compared to other
cell populations, while HIF-1o. and HIF-2a were reported to be expressed in
different cell types within the same organ [116, 117]. These data support the
existence of intra-tissue heterogeneity in hypoxic responses [117, 120]. The
heterogeneity of HIF-1a- and HIF-2a-mediated responses is exemplified in clear
cell renal cell carcinoma (ccRCC) where HIF-2a is thought to have a tumor
promoting and HIF-1a a tumor suppressive role [121, 122]. Finally, in non-small
cell lung cancer, increased HIF-2o expression has been associated with tumor
progression, but paradoxically inhibition of HIF-2a led to increased tumor growth
in the same mouse model of the disease [123]. All these data underline the
complexity in the regulation of cellular responses to hypoxia and suggest that care
should be taken when interpreting the results of any study on the HIFs.

Cellular adaptations to hypoxia

The HIF factors are promptly stabilized and become active in the presence of a low
oxygen environment. In their capacity as transcription factors the HIFs orchestrate
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the cellular response to hypoxia by upregulating several genes that are mediating a
multitude of adaptations to low oxygen conditions [124].

Hypoxia is relevant in the context of cancer biology as cancer cells frequently
outgrow the oxygen supply. The ensuing hypoxia leads to the activation of HIFs
and of the transcriptional cascade they initiate. Examples of typical genes that are
regulated by HIF activation are presented in Table 2. Collectively, the many genes
regulated by the HIFs lead to cellular adaptations related to transcriptional
regulation, pH regulation, increased glucose metabolism, amino-acid metabolism,
increased angiogenesis, erythropoiesis, increased invasion and metastasis,
decreased apoptosis, and increased cell survival and cell proliferation [125].
Interestingly, many of these adaptations overlap with the hallmarks of cancer [5, 6],
further supporting the notion that hypoxia is an important feature of cancer biology.

Table 2 Cellular adaptations to hypoxia

HIF activation leads to the transcription of several target genes that organize the cellular response to hypoxia. BHLH340,
basic helix-loop-helix family member E40 (also known as DECL1); CA9, carbonic anhydrase 9; GLUT1, glucose
transporter 1; GAPDH, glyceraldehyde-3-P-dehydrogenase; TGM2, transglutaminase 2; VEGF, vascular endothelial
growth factor; TGF-B3, transforming growth factor-3; EPO, erythropoietin; TGF-a, transforming growth factor-a; VIM,
vimentin; ADM, adrenomedullin; CCNG2, Cyclin G2.

Cellular processes Genes
Transcriptional regulation BHLH340

pH regulation CA9

Glucose metabolism GLUT1, GAPDH
Amino-acid metabolism TGM2

Angiogenesis VEGF, TGF-83
Erythropoiesis EPO
Invasion/metastasis TGF-a, VIM

Cell survival/ Cell proliferation ADM, TGF-a, CCNG2

A well-studied effect of hypoxia is the increase in radioresistance. Oxygen is
necessary for the fixation of DNA double-strand breaks (DSB) by free radicals
[126]. Chronic hypoxia has been shown to inactivate the nonhomologous end
joining protein DNA-PK [127] and inhibition of this protein led to increased
radiosensitivity of hypoxic cells in non-small cell lung cancer in vivo [128].
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Glioblastoma microenvironment

For years it was thought that cancers are simply an accumulation of homogenous
malignant cells. This reductionist view was abandoned after the realization that
cancers are complex systems where cancer cells, which themselves alone show a
high degree of heterogeneity, interact with surrounding cells of the tumor
microenvironment. Immune cells, fibroblasts, endothelial cells, pericytes,
adipocytes, and mesenchymal stem cells are amongst the most studied stromal cell
types that are associated with cancer cells in solid tumors [129].

Not only the cellular compartment, but also the extracellular matrix (ECM) is
differentially composed in tumors compared to normal tissue [129]. The remodeled
ECM in combination with the tumor-associated stromal cells of the tumor
microenvironment affect tumor cell properties, generate unique niches for tumor
cells and provide novel therapeutic opportunities.

Stromal cells in the glioblastoma microenvironment

The interaction between tumor cells and stromal cells in gliomas has been
extensively studied. Astrocytes, pericytes, endothelial cells and immune cells, such
as macrophages and microglia, dendritic cells, lymphocytes, and neutrophils, are all
present in the brain tumor microenvironment and have been associated with tumor
maintenance [130, 131].

Pericytes

Astrocytes, pericytes, and endothelial cells are the main components of the blood-
brain barrier (BBB) [132]. Astrocytes and endothelial cells are well-studied in the
context of glioblastomas and their role in glioblastoma biology will be discussed in
later chapters.

High pericyte coverage has been associated with worse survival of glioblastoma
patients after chemotherapy [133], possibly indicating that an intact BBB hinders
drug delivery to the brain. It has been found that GSCs generate vascular pericytes
and that these GSC-derived pericytes supported tumor growth [134]. Interestingly,
targeting these pericytes led to disruption of the blood-tumor barrier, but not of the
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BBB and increased drug delivery to gliomas in vivo [133]. Increasing the
permeability of the BBB is a key factor for successfully targeting glioblastoma. The
importance of BBB penetration has been exemplified by studies in
medulloblastoma. The WNT subtype of medulloblastoma, that is characterized by
absence of a functional BBB, responds to therapy much better compared to the other
subtypes, that are characterized by an intact BBB [135].

Macrophages and microglia

Although originally the brain was considered an immune privileged organ, it is now
clear that the brain and brain tumors are infiltrated by immune cells. Macrophages
are the most abundant immune cells in brain tumors [136]. Both bone-marrow
derived macrophages and tissue resident microglia infiltrate brain tumors [137],
with macrophages being more abundant compared to microglia [138]. Tumor-
associated microglia and macrophages (TAMSs) were shown to create a pro-
tumorigenic environment in glioblastoma, by secreting low levels of pro-
inflammatory cytokines and being unable to activate infiltrating T-cells [139]. This
anti-inflammatory phenotype was associated with glioma cell proliferation and was
even induced by glioma cell-derived colony-stimulating factor 1 (CSF-1) [140].
Microglia has also been shown to promote glioma cell invasion in an EGFR-
dependent manner, in a process that is also dependent on glioma cell-derived CSF-
1 and was blocked by inhibiting CSF-1 receptor (CSF-1R) signaling [141]. Another
study on the crosstalk between microglia and glioma cells reported that glioma cell-
derived TGF-B promotes the activation of microglia, which in turn produce IL-1
and increase glioma cell proliferation [142]. Interestingly, Akkari et al. recently
showed that TAMs acquire a pro-tumorigenic gene signature after irradiation of the
primary tumor and found that inhibition of CSF-1R signaling combined with
radiotherapy improved survival in preclinical mouse models of glioma compared to
radiotherapy alone [143]. TAMs are also associated with GSC maintenance. GSCs
were shown to induce an immunosuppressive macrophage phenotype [144],
partially by secreting periostin [145]. TAMs are, in turn, regulating GSC
maintenance and tumorigenicity by secreting pleiotrophin [146].

Neurons

In the past few decades, it has become clear that glioma cells are affected by
interactions with neurons. Secretion of neuroligin-3 from neurons was found to
promote glioma cell growth and blocking its release led to decreased tumor growth
in vivo [147, 148]. Neural precursor cell-derived pleiotrophin was shown to increase
the invasion of glioma cells towards the subventricular zone [149] Moreover, a
direct interaction between glioma cells and neurons was recently unveiled. The
formation of synaptic connections between the two cells types was found to increase
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the proliferation and invasion potential of cancer cells [150, 151]. Finally,
expression of the Notch ligand Jaggedl along white matter tracts was found to
modulate GSC invasion along these tracks by increased transcription of SOX9 and
SOX2 [152].

Astrocytes

Astrocytes are glial cells that represent one of the most abundant cell types of the
brain. Several processes branch out of the main cell body, leading to a star-like
shape that gives them their name (from the Greek dotpo, astro, ‘star’ + kvtog, kutos,
‘cavity/cell’).

Astrocytes have multiple roles in the healthy brain [153]. They are involved in
regulating blood flow and the BBB function, in maintaining pH and
neurotransmitter homeostasis and as a result in maintaining synapse function, and
finally, in providing glucose to the adjacent neurons during hypoglycemia [153].

Astrocytes are not just active in the healthy brain, but they also have several
functions in response to central nervous system injury or disease. The astrocytic
response is termed reactive astrogliosis and reactive astrocytes undergo molecular,
cellular, and functional changes in order to restore normal brain function [153, 154].
One of the hallmarks of reactive astrocytes, is cellular hypertrophy, characterized
by an enlargement of the cell body with simultaneous shortening of the cellular
processes [155] (Figure 5). Other morphological changes include elongation of the
cell body, extension of processes towards the site of injury, and process overlap
[155]. The degree to which astrocytes acquire these features depends on the severity
of the reactive astrogliosis [153].

Figure 5 Reactive astrocytes are characterized by somatic hypertrophy

Normal astrocytes (left panel) have long processes that allow them to functionally connect with neurons and pericytes,
amongst other cells. Reactive astrocytes (right panel) have enlarged cell bodies and shorter cellular processes. Nuclei
in blue, actin in green.

The process of reactive astrogliosis can be initiated as a response to various
signaling molecules including growth factors, cytokines such as interleukin 6 (IL-
6), TNF-a, interferon (IFN)-y, and TGF-f, neurotransmitters, ROS, hypoxia, as well
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as others [156]. In cases of severe astrogliosis, a glial scar is formed by the
astrocytes surrounding the site of injury [153]. These scars provide a venue were
astrocytes can interact with other cells, such as inflammatory and fibrotic cells
[157], and they assist in astrocyte-mediated regeneration of the nervous system
[158]. The formation of the glial scar also allows reactive astrocytes to protect
healthy brain cells from inflammatory cells, infectious agents present in the site of
injury, and oxidative stress, as well as to facilitate the BBB repair [156].

Defining the markers of reactive astrocytes has been a challenge. Relying on a single
marker fails to acknowledge that astrocyte reactivity is a complex phenomenon and
that the reactive phenotype manifests differently depending on factors such as the
type and extent of the injury [159]. Historically, GFAP expression [160] and
somatic hypertrophy [161] have been used as markers of reactive astrocytes.
However, recently, a consensus statement was published regarding reactive
astrocyte nomenclature and definitions, proposing the use of a combination of
molecular markers and functional assays to characterize astrocyte reactivity [159].
The molecular markers that were suggested included increased expression of GFAP,
nestin, vimentin, STAT3, and S100B. Functional assays such as calcium and
glutamate uptake analysis, glial scar formation, proliferation, and production of
ECM, cytokines, and chemokines were amongst the reactivity markers proposed
[159].

Astrocytes in the glioblastoma microenvironment

Because astrocytes are an abundant cell type of the glioblastoma microenvironment,
several links between them and glioma cells have been established.

Reactive astrocytes are present in the area surrounding glioblastoma lesions [162]
and contribute to glioblastoma growth and aggressiveness [163, 164]. Astrocytes
express factors such as C-X-C motif chemokine ligand 12 (CXCL12, also known as
SDF1) [165], which has been linked to glioma cell growth by interacting with its
receptor C-X-C motif chemokine receptor 4 (CXCR4) [166]. Glioblastoma cells
were shown to interact with astrocytes via extracellular vesicles and shift astrocytes
to a pro-tumorigenic phenotype [167, 168]. Astrocytes and glioma cells also
communicate via gap junctions and this communication led to increased glioma cell
migration and invasion [169-171], as well as increased resistance to temozolomide
[172] and other chemotherapeutic drugs [173]. Tumor-associated astrocytes were
shown to express anti-inflammatory cytokines and establish an immunosuppressive
glioma microenvironment [174]. Tumor-associated astrocytes of the perivascular
niche express osteopontin which was associated with stemness maintenance and
enhanced glioblastoma growth in a mouse model of glioma [175]. Astrocyte-
conditioned medium was found to contain several proteins associated with invasion
and astrocytes were shown to increase the invasive potential of GSCs [176]. All in
all, astrocytes are involved in glioma cell and GSC biology.
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Brain tumor extracellular matrix

The brain ECM consists mainly of glycosaminoglycans, proteoglycans, and
glycoproteins, with the most abundant being hyaluronan, lecticans, link proteins,
and tenascins [177]. On the contrary, molecules such as fibronectin and collagens
that are abundant in other tissue ECMs, are nearly absent from the brain ECM [177].

The composition of the brain tumor ECM has not been extensively researched but
studies show that it is different than that of the normal brain. Tenascin, laminin,
fibronectin, and collagen type IV were expressed in an invasive glioblastoma model
[178]. Tenascin C is overexpressed in glioblastoma and has been associated with
decreased patient survival [179]. It has also been closely linked to glioma
angiogenesis, proliferation, and migration [180] and was found to modulate the
maintenance of the GSC population by activating Notch signaling [181]. ECM
stiffness has also been associated with increased glioma cell proliferation and
invasion [182], possibly by leading to activation of EGFR signaling [183].
Interestingly, the increased survival of patients with IDH mutations was attributed
to a decrease of tissue stiffness due to a HIF-1a-dependent decrease in tenascin C
levels [184]. This study provided a link between the hypoxic microenvironment,
ECM stiffness, and glioma aggressiveness.

The role of transglutaminase 2 in tumor biology

Transglutaminases are a superfamily of enzymes that catalyze post-translational
protein modifications and crosslink a vast array of proteins in a Ca?*-dependent
manner [185].

Transglutaminase 2 (TGM2) belongs in the papain-like family of transglutaminases.
It is secreted from the cell to the ECM, where it is involved in ECM organization.
TGM2 acts as an integrin co-receptor, in a process independent of its crosslinking
activity [186]. It also crosslinks fibronectin, collagen, laminin, and osteopontin,
contributing to ECM stabilization and it interacts with growth factors, leading to
transcriptional regulation of ECM genes [187]. TGM2 has been reported to
translocate to the nucleus, where it is possibly involved in chromatin modifications
and gene expression [187].

TGM2 has been associated with more aggressive disease in several cancers such as
breast [188] and colorectal [189] cancer, renal cell carcinoma [190], and
glioblastoma [191]. In breast cancer, TGM2 expression led to increased cell
invasion and survival [192], and was associated with breast cancer cell resistance to
chemotherapeutics by activating nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) signaling [193].
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TGM2 was heterogeneously expressed in a cohort of brain tumor patient samples,
with upregulated levels being more frequent in glioblastoma samples and high
TGM2 expression being associated with decreased patient survival, regardless of
the glioma grade [194]. TGM2 was upregulated in cells expressing high levels of
the transmembrane glycoprotein CD44 and was associated with increased cell
proliferation and reduced apoptosis [195]. Inhibition of TGM2 resulted in a decrease
in fibronectin bundling, and led to increased chemosensitivity of glioma cells in
vitro and in a mouse model of glioma in vivo [196]. Interestingly, TGM2 has also
been involved in the maintenance of the GSC population [197] and in increased
chemoresistance, a feature of CSCs, of glioma cell lines [194].

HIF signaling in glioblastoma

The role of hypoxia in several aspects of tumor biology was discussed in a previous
chapter. In glioblastoma specifically, lesions are characterized by extensive
hypoxia.

Interestingly, glioblastomas are highly vascularized tumors [25]. However,
glioblastoma cells are highly proliferative and as a result they outgrow the existing
vasculature. This leads to the creation of an oxygen gradient from the blood vessels
to progressively more hypoxic regions, and finally the necrotic core. Oxygen
concentrations ranging between 2-5% and 0.5% (mild hypoxia) and between 0.5%
and 0.1% (severe hypoxia) have been measured in glioblastoma lesions [73, 74].
This feature of highly oxygenated, perivascular regions being in close proximity to
hypoxic or necrotic regions creates a unique environment for glioma cells and
stromal cells present in the glioma microenvironment.

In the hypoxic regions, the lack of oxygen leads to the stabilization of the HIFs and
the initiation of cellular responses to hypoxia. HIF stabilization can also occur as a
result of specific pathway alterations. Glioblastomas harbor several genetic
aberrations, some of which were discussed previously [27, 31] and several of which
can lead to HIF stabilization. Loss of p53 function [110], loss of PTEN [107, 108],
PI3K-Akt signaling [108], EGFR signaling [108], and loss of ARF function [198]
are some of the aberrations present in glioblastoma that can lead to increased HIF-
lo activity.

Hypoxia signaling greatly affects glioblastoma biology and has a tumor-promoting
effect. For instance, HIF-1a-induced upregulation of CXCR4, the receptor for
CXCL12, was found to be involved in glioma cell migration [199]. HIF-1a-
dependent increase of CXCL12 and VEGF also led to the upregulation of glioma
cell invasion and increased angiogenesis [200]. These studies suggest that the
infiltrative nature of glioblastomas can be partially explained by activated HIF-1a
signaling. Moreover, HIF signaling has been associated with worse overall survival
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of glioblastoma patients [201]. Finally, hypoxia is a crucial factor in the
maintenance of the GSC population [202, 203].

Glioblastoma stem-like cell niches

The existence of GSC and their role in glioblastoma biology has been extensively
studied [204]. Glioma cells are characterized by a high degree of plasticity between
stem- and non-stem-like states [38] and part of this phenotype switch is regulated
by microenvironmental cues, such as hypoxia [39]. Interestingly, GSCs are enriched
in the oxygenated perivascular niche and the hypoxic perinecrotic niche [56].

The hypoxic environment of the perinecrotic niche is a well-studied contributor of
glioma stemness [202, 203]. Broadly used stemness markers such as Nanog and
Oct4 are upregulated by hypoxia in glioblastoma cell lines [205] and neurospheres
[206]. HIF signaling is important for the maintenance of GSCs [207, 208]. HIF-1a
mediated the dedifferentiation of glioma cells to GSCs and is a crucial factor for
GSC maintenance by activating the Notch pathway [209, 210]. HIF-2a leads to
increased glioma cell stemness by regulating the transcription factors Oct4 and
SOX2 [211].

There are several studies supporting the role of the perivascular niche in GSC
maintenance. GSCs were found in close proximity to blood vessels in glioblastoma,
with endothelial cells being crucial in maintaining this cell population [212].
Endothelial cells have also been reported to maintain the GSCs by secreting Notch
ligands [213] and leading to mTOR pathway activation [214]. Conversely, GSCs
are known to interact closely with endothelial cells. GSCs produce high levels of
VEGF and exhibit angiogenic properties [215]. Moreover, there is evidence that
GSCs differentiate into endothelial cells [216-218] and pericytes [134], however
these studies should be interpreted with caution, as the use of single markers to
define GSCs, endothelial cells, or pericytes can affect the results. Interestingly, HIF-
2a was stabilized in GSCs at physiological oxygen concentrations (5% oxygen,
pseudo-hypoxia) [207], indicating that even within the well-oxygenated
environment of the perivascular niche, HIF signaling regulates glioma stemness.

CD44 signaling in glioblastoma

CD44 structure, cleavage, and function

CD44 is a type | transmembrane glycoprotein involved in cell-cell and cell-matrix
interactions. It is encoded by a single CD44 gene and characterized by the existence
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of various isoforms. The isoforms are generated by alternative RNA splicing and
various posttranslational modifications, such as glycosylation or the addition of
glycosaminoglycans. The most common isoform is the CD44 standard which
contains 7, 1, and 2 exons encoding the extracellular, the transmembrane, and the
intracellular domain, respectively. The CD44 variant isoforms (CD44v) are
generated by the addition of up to 11 alternatively spliced exons (v1-v1l) in a
specific site of the extracellular domain, between exons 5 and 6 [219, 220]. The
intracellular domain is also subject to alternative splicing, leading to a short or long
cytoplasmic tail, with the latter being more common. The extracellular and
intracellular domains are highly conserved and show 80-90% homology between
species [219].

CD44 acts primarily by binding to its main ligand, the ECM glycosaminoglycan
hyaluronan (HA) [221]. Other ECM components, such as collagen, laminin, and
fibronectin [222] or osteopontin [223] also act as ligands for CD44. The signal
transduction mediated by CD44 is regulated by its cleavage. The extracellular
domain of CD44 is cleaved by membrane-associated metalloproteases (MMPs),
such as membrane type-1 MMP (MT1-MMP) [224], and a disintegrin and
metalloproteinase (ADAM)-like proteases, such as ADAM10 and ADAML17 [225,
226]. A second cleavage of the intracellular domain is mediated by y-secretase and
leads to the release of the intracellular domain (ICD) fragment [227]. The CD441CD
translocates to the nucleus, interacts with the transcriptional coactivator CBP/p300
and activates a transcriptional program of genes harboring the 12-O-
tetradecanoylphorbol 13-acetate-responsive element (TRE) [227] (Figure 6).
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Figure 6 CD44 stucture and cleavage

The full length CD44 undergoes two sequential proteolytic cleavages, one mediated by MT1-MMP, ADAM10 or
ADAM17 and the second by y-secretase. The product of the second cleavage, the CD44ICD, translocates to the
nucleus where it interacts with transcriptional co-activators, such as CBP/p300, and transcription factors. It binds to
TREs of target genes, and regulates their transcription.
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CD44 signaling has been implicated in several processes. These depend on the
cellular context and the isoform expressed in each cell type. During embryonic
development, CD44 is expressed both pre- and post-implantation [228, 229] and is
associated with embryonic neuronal development [230]. In adults, the various CD44
isoforms are expressed primarily by epithelial cells of several tissues [231]. CD44
activation leads to fibroblast proliferation through PDGF-BB signaling [232] and
fibroblast migration through TGF- activation [233]. CD44 and HA interactions are
also important during wound healing [234].

Since CD44 is involved in cell proliferation and migration, CD44 signaling also has
implications in tumor biology. Notably, proteolytic cleavage of CD44 and
generation of the CD44ICD is frequent in glioma, breast cancer, non-small cell lung
cancer, colon and ovarian cancer, among others [235].

Expression of the CD44 standard isoform in pancreatic cancer was associated with
increased tumor growth, with the ensuing tumors expressing CD44 variant isoforms,
suggesting an isoform switch [236]. CD44 cleavage also induced migration of
pancreatic cells in vitro [237] and increased migration of breast cancer cells in vivo
[238]. Inhibition of the CD44v6 isoform signaling in a pancreatic cancer xenograft
model led to decreased tumor growth and metastasis [239]. In a colon cancer cell
line CD44 expression protected cancer cells from apoptosis [240]. Blocking of
CD44 signaling abolished endothelial cell proliferation and migration in vitro,
suggesting that active CD44 is involved in angiogenesis [241].

The CD44 standard was the main isoform identified in human glioblastoma samples
[242]. Inhibition of CD44 signaling inhibited the migration of glioblastoma cells in
vitro [243]. CD44-induced glioma cell invasion and proliferation might be mediated
in an EGFR-dependent manner, by direct interaction of the CD44 extracellular
domain with EGFR [244]. CD44 signaling has also been implicated in therapy
resistance, by inhibiting the Hippo pathway activation and protecting glioma cells
from apoptosis [245]. Finally, CD44 expression correlated with worse patient
survival in the proneural subtype of glioblastoma [175].

Role of CD44 in cancer stemness

CD44 is highly associated with cancer stemness. CD44 expressing cells with stem-
like properties have been identified in breast, pancreatic, and colon cancer, as well
as in leukemia and glioblastoma [48, 49, 246-248].

In breast cancer, various CD44 isoforms were present and correlated with breast
cancer subtypes [249]. Breast cancer cells expressing high levels of CD44 also
expressed high levels of HA and exhibited features of epithelial-to-mesenchymal
transition, such as activated TGF-B signaling and expression of Snail and Twist
[250]. This suggests that CD44/HA signaling is implicated in breast CSC
maintenance. CD44 expressing pancreatic cancer cells have been associated with
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chemotherapy and radiotherapy resistance [251, 252], both features of CSCs.
Interestingly, targeting CDA44-positive pancreatic CSCs by inducing KLF4
expression led to a decrease in stemness features in vitro and of metastasis in vivo,
indicating that targeting CD44 is a potential therapeutic target [253]. Finally,
CD44v6 was expressed in colorectal CSCs and was associated with their increased
metastatic capacity [248].

In glioblastoma, CD44 was one of the first GSC markers used for the isolation of
GSCs, proposed along with CD133 [51, 246]. CD44 was shown to promote stem-
like cell properties, such as stem cell marker expression, radiation resistance, and
sphere formation of glioblastoma cells [254]. Moreover, it has been shown that
CD44 and its ligand osteopontin were both expressed in the perivascular niche of a
murine model of glioma [175]. Interestingly, binding of CD44 to osteopontin led to
an increase in stemness features such as drug efflux and stem cell marker expression
in a manner dependent on the cleavage of CD44 by y-secretase and the generation
of CD44ICD. Expression of the CD44ICD by glioma cells led to an increase in
stemness features such as stem cell marker expression, drug efflux, and radiation
resistance. These phenotypes were shown to be a result of increased stabilization of
HIF-2a by an interaction between CBP/p300 with CD44ICD [175]. These data
provide a link between CD44 signaling, hypoxic signaling, and stemness in
glioblastoma.

p75NTR signaling in glioblastoma

Structure and signal transduction

Neurotrophins, such as the nerve growth factor (NGF) and the brain-derived
neurotrophic factor (BDNF), are a family of growth factors regulating the
development and maintenance of the nervous system [255, 256]. The p75
neurotrophin receptor (p75N™) is one of the two receptor types mediating signaling
via the neurotrophins, the second being the tropomyosin-related kinase (Trk)
tyrosine kinase receptor family [255, 256]. p75N'™R acts as a receptor for all
neurotrophins and as a co-receptor for Trk receptors.

The p75N™R receptor is a type | transmembrane protein. The extracellular domain
consists of four cysteine-rich repeats and the intracellular domain contains a death
domain [256]. It belongs to the TNF receptor family and as such interacts with
several downstream signaling molecules such as Schwann cell 1, receptor-
interacting protein 2, RhoA, Jun N-terminal kinase, and NF-xB [256]. In
physiological conditions or in response to nervous system injury signaling via the
p75NTR receptor can lead to pro-apoptotic or pro-survival signals depending on the
cellular context [256].
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The p75NTR receptor is, similar to CD44 and other transmembrane proteins, such as
Notch, subjected to sequential proteolytic cleavages. Metalloproteases, such as
ADAM17, cleave the full-length receptor and generate a soluble extracellular
fragment and a membrane bound fragment containing the transmembrane domain
and the ICD (carboxyterminal fragment, CTF) [257, 258]. The membrane bound
fragment is subsequently cleaved by y-secretase, leading to the release of the
p75ICD [257, 259] and its translocation to the nucleus [260]. Interestingly, y-
secretase cleavage of p75N™ was shown to be induced by hypoxia and led to the
stabilization of HIF-10 [261], providing a direct link between p75NT signaling and
hypoxia.

Role of p75N™R in glioblastoma biology

The p75NTR receptor is well studied in the context of tumor biology. NGF-dependent
activation of p75NR was shown to increase the survival of breast cancer cells [262],
while inhibition of p75N™R expression induced cell death of esophageal squamous
cell carcinoma cell lines [263]. p75N™® activation increased cell survival and
migration in ccRCC cell lines [264] and signaling mediated by p75N™R has been
associated with increased migration and epithelial to mesenchymal transition in
melanoma cells [265, 266]. Finally, the p75N™R receptor was upregulated in lung and
thyroid cancer [267, 268].

Furthermore, p75N™ signaling is associated with stemness in several cancers.
p75NTR expressing cells with stem-like properties have been identified in melanoma
[269], esophageal and squamous cell carcinoma [270, 271], breast cancer [272], and
hypopharyngeal cancer [273]. However, the exact mechanism underlying the
regulation of stemness features by p75N™ is unknown.

In glioblastoma, expression of p75N™ is well-documented and has been linked to
migration and invasion. Activation of p75N™ by NGF led to increased migration
and invasion of glioma cells in vitro and p75N™ overexpression led to increased
invasion in vivo [274], in a y-Secretase-dependent and -independent manner [275,
276]. p75N™R-mediated glioma cell invasion is dependent on interaction of p75N™R
with PDLIML, a protein involved in invasion in other tumor types [277].

Emerging therapies

Despite rigorous research, the improved understanding of the molecular
characteristics of glioblastoma has not translated to novel therapies. As a result,
treatment options available for glioblastoma patients have not changed much over
the past several decades. The addition of concomitant (together with radiotherapy)
and adjuvant (after radiotherapy) temozolomide significantly improved the 5-year
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survival of patients, with 9.8% of the patients reaching the 5-year follow-up
compared to only 1.9% of those treated with radiotherapy alone [9]. In the early
2000s, the addition of 5-aminolevulinic acid for fluorescence-guided maximal
surgical resection improved progression-free survival after surgery by 6 months
compared to white light-guided resection [10]. Finally, more recently, the addition
of tumor-treating fields along with maintenance temozolomide extended the
progression-free survival of glioblastoma patients by nearly 3 months [12].

Despite all these treatment options, however, the median survival for glioblastoma
patients is only 8 months after diagnosis, making this the lowest median survival
among primary malignant brain and other central nervous system tumors [7]. It is
therefore crucial to develop new therapies for these patients. Over the years, several
therapeutic targets have been proposed, with some therapies reaching clinical trials.
Unfortunately, a recent study found that only 9% of phase Ill clinical trials on
primary or recurrent glioblastoma lead to an improvement in overall survival,
despite them being based on successful phase Il clinical trials [278]. The authors
also noted that several, eventually failed, phase 111 trials were initiated after failed
phase Il trials, or without any phase Il trials having been conducted [278]. The
inability of potential therapeutics to lead to improved patient outcomes can be
partially attributed to the inability of many drugs to cross the BBB, the lack of
druggable targets in glioblastoma, the existence of redundancy in signaling
pathways, the high degree of intratumoral heterogeneity, and the frequent
development of therapy resistance.

In this chapter, various aspects of the glioma microenvironment and how they affect
the aggressiveness of glioblastoma have been presented. It is therefore logical that
new approaches need to target not just the glioma cells but also the
microenvironment in order to lead to successful treatment of glioblastoma patients.

Glioblastomas are highly vascularized tumors [279] and as such, anti-angiogenic
therapies were predicted to improve patient outcomes. Bevacizumab, a monoclonal
antibody blocking VEGF function, was assessed in glioblastoma along with
temozolomide and radiotherapy (NCT00943826). Even though treatment with
bevacizumab increased progression-free survival, it did not lead to an increase in
overall survival and was accompanied by an increase in adverse effects [280]. Due
to the increase in progression-free survival, bevacizumab was included in the
standard care of recurrent or progressing glioblastoma in the United States, but it
has not been approved for use in Europe.

Promising preclinical data suggested that constitutive activation of EGFR signaling
due to the EGFRvIII led to increased tumor aggressiveness. This led to the
generation of inhibitors such as erlotinib, antibodies, and vaccines such as
rindopepimut, targeting this mutated receptor. Despite some promising phase 11
trials, targeting EGFRVIII did not ultimately lead to successful phase Il trials,
measured by an increased overall survival [30]. Interestingly, a phase I clinical trial
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on recurrent glioblastoma using chimeric antigen receptor T cells targeting the
EGFRvIII, found that after treatment, there was a marked decrease of EGFRuvIII
expression in the recurrent tumors [281]. This observation suggests that even if
EGFRvIII targeting proves successful in a primary setting, it might prove futile in
recurrent glioblastoma due to survival and expansion of clones that do not express
the mutated receptor.

One aspect of the microenvironment that could be targeted is the interaction
between astrocytes and glioma cells. Astrocytes interact via gap junctions with
glioma cells [169]. This interaction via the C-terminus of connexin 43 (Cx43) [169]
could be used to guide cisplatin-loaded nanoparticles to tumor cells [282], thus
achieving specific tumor cell killing and decreasing the adverse effects of
chemotherapy. Astrocytes of the tumor microenvironment have also been found to
produce CXCL12 which interacts with its receptor CXCR4 [165, 166]. A CXCL12
inhibitor was shown to enhance bevacizumab treatment efficacy in a rodent model
of glioma [283], while a CXCR4 antagonist was found to decrease astrogliosis and
vasculogenesis in vivo [284]. These studies suggest that anti-angiogenic therapy can
be improved by inhibiting stromal astrocyte-glioma cell interactions, although no
such clinical trials have been performed.

Another aspect of the tumor microenvironment that could be targeted is the ECM.
The ECM of brain tumors differs from that of the normal brain. As a result,
components of the tumor ECM can be used as therapeutic targets. Tenascin C was
used to guide nanoparticles to glioma lesions in a mouse model [285] and antibodies
against tenascin C were shown to specifically target tumors in a rat model of glioma
[286], suggesting that these can be used for targeted drug delivery to gliomas.
Moreover, inhibition of TGM2 led to increased sensitivity of an in vivo model of
glioma to the chemotherapeutic nitrosourea [196]. These studies support the
hypothesis that targeting the ECM could improve patient responses to treatments
and could provide the basis for future clinical trials.

Hypoxia is another hallmark of glioblastoma biology. Targeting hypoxia would not
only decrease the migratory phenotype of the hypoxic glioma cells but also attenuate
glioblastoma stemness. Several HIF inhibitors have been tested in clinical trials for
various cancers [287]. Vorinostat, a histone deacetylase inhibitor that increases
HIFa degradation [287], was used as a single agent in a phase 1l study of recurrent
glioblastoma as well as in combination with temozolomide and radiation therapy
in a phase I/11 trial for newly diagnosed glioblastoma (NCT00731731) [288, 289].
In both cases the inhibitor was well tolerated but only had minimal effects in
progression free survival. PT2385 is a HIF-2a antagonist that inhibits the
dimerization of the HIFa and HIFB subunits and therefore the binding to the DNA
[290]. This HIF-2a inhibitor has been tested in a phase Il clinical trial for recurrent
glioblastoma but showed only minimal improvement of progression-free survival.
A second-generation inhibitor, PT2977, was used in a clinical trial of patients with
advanced solid tumors, including recurrent glioblastoma (NCT02974738);
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however, the trial has reported promising results only in ccRCC patients thus far
[291].

Another feature of glioblastomas is cancer stemness. Targeting cancer stemness
would lead to the eradication of the slow proliferating, chemotherapy and
radiotherapy resistant cells that give rise to recurrences. The resistance of GSCs to
radiation therapy is well established and heavily depends on DNA damage response
(DDR) pathways [292]. Inhibition of these pathways could improve the response of
these cells to radiotherapy. For example, the radiotherapy resistant phenotype of
GSCs was reduced by inhibition of ataxia telangiectasia mutated (ATM), a protein
of the DDR pathway that regulates DSB repair and cell cycle checkpoints [293].
The specific ATM inhibitor KU-60019 sensitized glioma cells to irradiation in vitro
and intracranial administration of the inhibitor via osmotic pumps was well tolerated
by healthy mice in vivo [294, 295]. Another way to target GSCs is by restoring p53
signaling. A nanoparticle delivering the TP53 gene, which is frequently deleted in
glioblastoma [27], targeted the CD133 positive glioma cells [296], a population that
is to a large degree comprised of GSCs [51]. It also decreased the resistance to
temozolomide both in vitro and in vivo [297], leading to improved survival in a
mouse model of glioma. The same TP53 gene delivery system was tested in
combination with temozolomide for the treatment of recurrent glioblastoma, but the
results of the clinical trial (NCT02340156) have yet to be published.

ADAM- and y-secretase-dependent cleavage of proteins such as CD44 and p75N™R
contributes to glioblastoma aggressiveness. Therefore, targeting this cleavage could
improve patient outcomes. ADAM10 and ADAM17 inhibition by a broad-spectrum
inhibitor of MMPs and ADAMs, TAPI-2, has been shown to promote differentiation
of GSCs [298] and to reduce GSC growth by inhibiting Notch [299]. Several studies
and clinical trials have examined the role of y-secretase inhibitors in glioblastoma,
mainly evaluating the effect of the drugs on Notch signaling [300] but the results
might be mediated by the y-secretase inhibitors also blocking CD44 or p75N™R
cleavage and signaling. Inhibition of y-secretase activity by the y-secretase inhibitor
DAPT decreased invasion and increased survival in a mouse model of glioma by
blocking p75NTR signaling [275]. Moreover, another y-secretase inhibitor, MRK003,
decreased the viability and sphere-formation ability of glioma cells with high
expression of CD44 in vitro [301]. However, a phase Il clinical trial
(NCT01122901) using the y-secretase inhibitors RO4929097 or DAPT showed
minimal progression-free and overall survival benefit for patients with recurrent
glioblastoma [302]. A second phase Il trial (NCT03422679) including glioblastoma
is ongoing.

From this brief presentation of available and currently tested therapies it is clear that
new therapeutic approaches are needed for the treatment of glioblastoma, one of the
most aggressive tumor types. This thesis aims to assist in the efforts to identify new
therapeutic targets by improving our understanding of glioblastoma cells and their
interactions with the glioma microenvironment.
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The present investigation

Overview and aims

Glioblastoma is the most aggressive primary brain tumor in adults. Despite new
treatments being tested frequently this disease remains largely untreatable, with
only about 7 out of 100 patients diagnosed with glioblastoma surviving for 5 years.
This indicates an unmet need for new therapies. With this goal in mind, this thesis
aims at improving our understanding of glioblastoma biology and identifying new
therapeutic opportunities. More specifically we set out to study the effect of
treatments and of hypoxia on tumor-associated astrocytes (Papers I and I1), and the
role of hypoxic signaling in the maintenance of the GSC population (Papers Il and
V).

Paper I: The irradiated brain microenvironment supports
glioma stemness and survival via astrocyte-derived
transglutaminase 2

In this study, we aimed to investigate the effect of irradiation on stromal cells in the
context of glioblastoma. We showed that astrocytes become reactive both in vitro
and in vivo in response to radiation treatment. Reactive astrocytes secrete TGM2 in
the ECM, in a process mediated by TNF-o. TGM2 in turn promotes stemness
features in glioma cells, including drug efflux and radioresistance, by activating
integrin/Src signaling. All in all, we showed that irradiation of the primary tumor
affects stromal astrocytes in a manner that primes the microenvironment for further
treatment resistance, and we propose TGM2 as a potential new therapeutic target
for glioblastoma.

Discussion

Glioblastomas are characterized by the presence of therapy resistant cells, the GSCs.
GSCs are resistant to both chemotherapy [303], and radiation therapy [64], and as a
result they have been implicated in disease progression and tumor recurrence.
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Interestingly, several studies in recent years have unequivocally proven that the
GSC state is not rigid. Instead there is a high degree of plasticity between GSCs and
bulk tumor cells, with one population giving rise to the other depending on intrinsic
genetic factors and extrinsic properties of the tumor microenvironment [37-39, 304].
The factors that determine the interconversion between these phenotypic states are
poorly understood. Interestingly, a study on disseminated breast cancer cells, found
that factors derived by bone marrow-resident mesenchymal stem cells induce breast
cancer cell dormancy, providing one explanation for the generation of metastasis
several years after the treatment of the primary tumor [305]. This study underlines
the role of the microenvironment in maintaining stemness. Identifying the factors
that lead to increased glioma stemness and consequentially treatment resistance can
provide insights into novel therapeutic targets for glioblastoma.

Radiation therapy is part of the standard of care for glioblastoma patients [9].
Interestingly, irradiation of the brain led to increased infiltration of the healthy brain
by glioma cells in a rat model of glioma [306]. Moreover, irradiation increased the
invasiveness of glioma cells [307-310], possibly by activating Src/Rho signaling
[308, 309]. It has also been proposed that the glioma microenvironment supports
glioma cell radioresistance after observations that glioma cells of an orthotopic
model of glioma were better at activating the DSB repair mechanism in vivo
compared to their in vitro cultured counterparts [311]. However, there is little
research showing the effect of ionizing radiation on stromal cells of the glioma
microenvironment. This study proposes a mechanism though which radiation-
induced astrocyte reactivity affects glioma cell stemness in a TGM2-dependent
manner.

Activation of TGMZ2 is regulated by several factors. IL-6 [312], TGF-$ [313], and
TNF-a [197] are amongst the pro-inflammatory cytokines that have been associated
with increased TGM2 expression, while oxidative stress and radiation treatment
have also been implicated in TGM2 activation [314]. We found that in our cell
system, addition of exogenous TNF-a led to an increase in TGM2 expression in
cultured primary astrocytes. This however does not exclude the possibility of other
factors affecting TGM2 deposition in the ECM of glioblastomas.

In this study we saw that irradiated and reactive astrocytes secrete TGM2 in the
ECM. Several studies have shown that inhibition of TGM2 in glioma cells abrogates
their stemness features [191, 195-197]. Here, we show that increased TGM2
secretion in the ECM affects glioma cell stemness by activating the integrin/Src
pathway. Inhibition of Src signaling has been shown to inhibit GSC migration,
metabolic plasticity, and survival [315-317]. Recently, it was shown that Src
inhibition increases the sensitivity of GSCs to radiation by inhibiting the
EGFR/PI3K/Akt signaling pathway [318]. Importantly, the addition of a Src
inhibitor along with radiation therapy prolonged the survival of mice in an
orthotopic xenograft glioma model, compared to radiation alone [318]. Moreover,
integrin a7 signaling has been shown to increase GSC growth and invasiveness
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[319]. These studies support our proposed mechanism of GSC regulation by TGM2,
via integrin. Unfortunately, cilengitide, an integrin avp3 and avB5 inhibitor, did not
improve outcomes when combined with temozolomide in a phase 111 clinical trial
of primary glioblastoma patients with methylated MGMT promoter [320] or
combined with radiotherapy and temozolomide treatment in a phase Il clinical trial
of primary glioblastoma patients with unmethylated MGMT promoter [321].
However, targeting the integrin pathway might still prove effective in combination
with radiation treatment in patients with MGMT promoter methylation.

Based on our findings, therapeutic targeting of TGM2 in combination with radiation
therapy could minimize the tumor promoting effects of irradiated astrocytes and
improve patient outcomes. In this study, we used two TGMZ2 inhibitors; GK921 and
dansylcadaverine. GK921 is a compound that interacts with the N-terminus of
TGM2 and leads to a conformational change that inactivates the enzyme [322].
Dansylcadaverine is a general transglutaminase inhibitor that is also used in
evaluating transglutaminase enzymatic activity [323]. Recently, an irreversible
inhibitor for TGM2 was described [324, 325]. The generation of TGM2 inhibitors
that cross the BBB will contribute in its evaluation as a therapeutic target in
glioblastoma.

To test the effect of TGM2 inhibition in a model that does not depend on penetration
across the BBB, we decided to target TGM2 in ex vivo organotypic slice cultures
generated from our PDGF-B- and shp53- expressing murine gliomas. This platform
has gained traction amongst cancer researchers, with several studies being published
using organotypic slice cultures in glioblastoma [174, 317, 326]. Organotypic slice
cultures allow for experimental testing of therapeutically targeting novel proteins or
pathways in primary brain tumor tissue, without having to rely on the existence of
drugs that cross the BBB. Moreover, organotypic slice cultures recapitulate the
tumor microenvironment more closely compared to co-culture experiments that are
comprised of just a few cell types. In our lab, we have successfully cultured brain
slices from tumor-naive and tumor-bearing mice. We found that tumor slices
survive for at least 14 days in culture at 21%, 5%, or 1% oxygen tension, and
astrocytes are attracted to the tumor areas in all oxygen tensions (unpublished data).
Using Olig2 to differentiate between malignant and stromal cells [327], and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to differentiate
between apoptotic and non-apoptotic cells, we have seen that for up to 7 days in
culture at 21% oxygen almost 95% of tumor cells and around 60% of stromal cells
are alive in the slices (unpublished data). This suggests that when testing the TGM2
inhibitor GK921 in tumor slices in this study, astrocytes were present in the slices
in proximity of tumor cells. Moreover, the astrocytes would have the potential to
produce ECM in the slices, and notably, TGM2 was detectable in the tumor slices
(unpublished data).

The initial screen of our study was based on the side population assay. This assay
assesses stemness based on the ability of GSCs to exclude the Hoechst dye due to
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the expression of the ABCG2 transporter [66, 328]. However, simple factors such
as cell density and Hoechst concentration can affect the outcome of this sensitive
assay [329]. To evaluate stemness with more precision, a combination of functional
assays can be used. In this study we used the side population assay in combination
with the clonal survival following radiation assay (radiation resistance assay), the
primary and secondary sphere formation, and the limiting dilution self-renewal
assay. All these assays showed an increase in stemness properties of glioma cells
cultured on ECM from irradiated astrocytes or cultured in the presence of exogenous
TGM2. Collectively these data support the conclusion that radiation-induced TGM2
present in the ECM promotes stemness in glioblastoma. The use of other functional
assays could assist in evaluating the contribution of other irradiated stromal cell
types in stemness maintenance and could provide more insights into the possibilities
of targeting other tumor-promoting stromal cells.

Also, in the initial screen of our study, we used several stromal cell lines in co-
cultures with glioma cells derived from a PDGF-B-induced mouse model of glioma.
While the endothelial cells used for the screen were murine, the pericytes, microglia
and astrocytes were human cell lines. This could result in problems with cross-
reactivity, and could indicate a failure to detect effects mediated by the other cell
types due to the inability of the human stromal cells to cross-talk with the murine
glioma cells. It is therefore possible that irradiation of other stromal cells also affects
glioma cell stemness and this remains to be studied further.

Throughout this study we mostly used a single dose of 10 Gy for the irradiation of
the astrocytes in vitro. We selected this radiation dose based on it being the
therapeutic dose in our mouse model of PDGF-B-induced glioblastoma [330]. This
radiation dose proved sufficient to show that astrocytes become reactive both in
vitro and in vivo after radiation, that the pre-irradiated tumor-naive brains support
tumor growth, that irradiated astrocytes persist after irradiation in the area where
the tumor was, and that they secrete TGMZ2 in vivo. Since patients with glioblastoma
receive fractionated radiation in the form of 30 fractions of 2 Gy [9], we evaluated
the effect of fractionated doses in addition to the single dose of 10 Gy. More
specifically, we confirmed that astrocytes become reactive after 3 fractions of 2 Gy
and that TGM2 expression was elevated in recurrent tumors where mice were
treated with 5 fractions of 2 Gy, further supporting that our findings are relevant for
glioblastoma patients. Interestingly, single-dose ultra-high dose radiation, termed
FLASH radiotherapy, has been shown to inhibit tumor growth while also reducing
the detrimental effects of radiation in cognitive abilities in a mouse model of
glioblastoma [331]. Whether this irradiation regimen also decreases the astrocyte
reactivity associated with irradiation remains to be studied.

In vitro experiments with irradiated astrocytes showed that they secrete elevated
levels of IL-6 and IL-8 for at least 10 days in culture. The production of ECM from
irradiated astrocytes over the course of 8-10 days also showed that at least TGM2
in the matrix was stable until that time point. Moreover, we showed that TGM2
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expression is high in recurrent tumors in mice and in a small cohort of glioblastoma
patients, suggesting that increased TGM2 signaling might be initiated during the
treatment of the primary tumor, but could remain active even at recurrence. All these
data suggest that this study has implications not just for primary glioblastomas but
also for recurrent tumors.

In conclusion, using a combination of in vitro, ex vivo, and in vivo models we
showed that astrocytes become reactive in response to irradiation, they secrete
TGM2 in the ECM and affect glioma cell stemness. Therefore, targeting TGM2
activation or its downstream signaling could represent a new therapeutic strategy
for glioblastoma.

Paper Il: Hypoxia-induced reactivity of tumor-
associated astrocytes affects glioma cell properties

In this study we aimed to investigate the response of astrocytes to hypoxia in the
context of glioblastoma. We used primary human astrocytes and a PDGF-B- and
shp53-induced mouse model of glioma to evaluate the effect of intermediate and
severe hypoxia, as well as of physiological oxygen levels, on this stromal cell type.
We showed that astrocytes cultured in vitro in intermediate (1% oxygen) or severe
(0.1% oxygen) hypoxia, but not in physoxia (5% oxygen), undergo reactive
astrogliosis, stabilize the HIF factors, and upregulate the expression of several
hypoxia-induced genes. Interestingly, astrocytes exposed to long-term severe
hypoxia showed higher stabilization of HIF-2a. compared to HIF-1a protein levels.
Hypoxic astrocytes upregulated the expression of some hypoxia-related cytokines
in vitro and were found in close proximity to HIF-2a expressing cells in vivo.
Finally, matrix from hypoxic astrocytes increased the colony formation or the area
of colonies, and drug efflux ability of glioma cells grown on it. All in all, we showed
that hypoxic astrocytes become reactive and alter the properties of glioma cells in
ways that could induce features of stemness and more aggressive tumors.

Discussion

Hypoxia is a hallmark of glioblastoma, with oxygen tensions in the tumor ranging
from 0.1% to 5% oxygen [73, 74]. The effect of hypoxia on glioma cells is well-
studied. Hypoxia induces glioma cell migration and invasion, and tumor
angiogenesis [199, 200]. Importantly and relevant to therapy resistance, hypoxia
enhances the stemness phenotype of GSCs [207, 208].

Despite extensive research in the role of hypoxia on glioma cells and GSCs, little is
known about the effect of hypoxia on stromal cells of the tumor microenvironment.
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Hypoxia has been shown to shift macrophages towards a pro-tumorigenic
phenotype in vitro [332]. Microglia cultured under hypoxic conditions showed an
increase in CXCR4 levels and increased migration in vitro, possibly mediated by
CXCL12/CXCR4 interaction [333]. Moreover, cross-talk between hypoxic glioma
cells and stromal cells induced angiogenesis and pericyte migration in vitro [334].

Astrocytes are abundant in the brain tumor microenvironment, yet their response to
tumor hypoxia has not been extensively studied [335]. The response of astrocytes
to hypoxia has been studied more in the context of ischemic injury, where it has
been shown that astrocytes exposed to hypoxia become reactive, form a glial scar,
and assume a neuroprotective role [336]. In paper I, we showed that astrocytes
respond to irradiation by becoming reactive and that irradiated astrocytes affect
glioma cell stemness by secreting TGM2 in the ECM. Based on these observations,
we decided to evaluate the effect of hypoxia on astrocytes in the context of
glioblastoma and to assess whether hypoxic astrocytes affect properties of glioma
cells.

In this study we used three different oxygen tensions representing the physiological
oxygen levels in the normal brain (physoxia, 5% oxygen) and the intermediate (1%
oxygen) and severe (0.1% oxygen) hypoxia, that are characteristic of the tumor
brain. We found that astrocytes exposed to physoxia do not acquire features of
reactive astrogliosis nor do they stabilize the HIF proteins. Moreover, physoxic
astrocytes do not change the expression levels of a panel of cytokines (unpublished
data). These data further support the view that 5% oxygen represents a physiological
oxygen tension in the brain [73, 74] and indicate that astrocytes require lower
oxygen tensions to activate the hypoxia response pathway.

Interestingly, astrocytes exposed to long-term severe hypoxia preferentially
stabilized HIF-2a. This result can be explained in multiple ways involving temporal
regulation of HIFa subunit expression, or oxygen-dependent modification of HIF
stability. Temporal differences in HIFa stability have been previously reported
[118, 337]. In neuroblastoma, HIF-1a and HIF-2a were shown to be temporally
regulated by hypoxia, with HIF-2a mediating prolonged responses to hypoxia and
being associated with poor prognosis [118]. Differences in the activity of HIF-1a
and HIF-2a are seen in processes outside of hypoxia, as well, such as in their roles
in cell pluripotency. In the process of reprogramming cells to pluripotency, HIF-1a
and HIF-20 were found to both be necessary but to exert different functions
depending on their temporal expression [338]. Moreover, HAF, Hsp70, and CHIP
have been implicated in the degradation of HIF-1a in prolonged hypoxia [103, 104],
and their expression by prolonged exposure of astrocytes to severe hypoxia could
explain the preferential stabilization of HIF-2a in these cells. Alternatively, the
preferential stabilization of HIF-2a by severely hypoxic astrocytes could be due to
the differential stabilization of HIFo subunits at this oxygen tension. As mentioned
in a previous chapter, the PHDs are largely responsible for the proteasomal-
dependent degradation of the HIFa subunits. The PHDs are themselves regulated
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by the E3 ubiquitin ligase Siah2, which leads to a decrease in PHD1 and PHD3
levels in hypoxia [102]. Notably, PHD1 and PHD3 show a preference for binding
HIF-2a, whereas PHD2 hydroxylates primarily HIF-1a [339]. Increased
stabilization of HIF-2a in severely hypoxic astrocytes could therefore be due to
increased Siah2-dependent degradation of PHD1 and PHD3. Finally, as mentioned
above, HIF-1a is preferentially degraded as a result of its interaction with HAF, and
Hsp70 and CHIP [103, 104]. The higher expression of HIF-2a. compared to HIF-1a
in astrocytes exposed to severe compared to intermediate hypoxia could be due to
higher expression of these proteins in astrocytes exposed to severe hypoxia, which
would lead to increased degradation of HIF-1a. However, whether these proteins
(Siah2, the PHDs, HAF, Hsp70, and CHIP) are differentially expressed in astrocytes
exposed to intermediate or severe hypoxia was not tested in our study.

The higher stabilization of HIF-2a could be accompanied by higher transcriptional
activity. FIH can inhibit the HIFs at lower oxygen tensions compared to the PHDs
and has a higher sensitivity for HIF-1a [100, 340]. FIH regulates the interaction
between HIFa subunits and their transcriptional coactivator CBP/p300 [98], so
active FIH at the very low oxygen tensions of severe hypoxia would lead to a
decrease of HIF-1a but not HIF-2a transcriptional activity. This could indicate that
HIF-2a is not just more abundant but also more transcriptionally active in severely
hypoxic astrocytes.

Whether this preferential stabilization and potentially higher transcriptional activity
of HIF-2a is translated to differential gene expression in astrocytes exposed to
severe compared to intermediate hypoxia is unknown. However, some studies
suggest that this might be the case. It has been shown that the HIFa transactivation
domains are important for regulating target gene specificity [341]. More
specifically, the NAD was shown to be important for the regulation of specific HIF-
1o and HIF-2a target genes, while the CAD was important for the transcription of
common target genes [341]. A study aimed at investigating whether the HIFs
regulate different sets of genes in renal cell carcinoma found that both HIF-1a and
HIF-2a regulate several classical hypoxia-inducible genes, but that glycolytic genes
are regulated exclusively by HIF-1a [342]. Interestingly, even though one would
expect both HIFs to be important for adaptations at environmental hypoxia, Tibetan
populations living in high altitudes with low oxygen availability have accumulated
mutations specifically on HIF-2o and not HIF-1a [343-345]. Finally, in renal cell
carcinoma, HIF-1a and HIF-2a have opposing roles in regard to tumor growth, with
HIF-1a being anti-tumorigenic and HIF-2a being pro-tumorigenic [121, 122].
Despite these reports, it is still unclear whether HIF-1a and HIF-2a have unique
target genes.

Apart from evaluating the stabilization of HIFs and the expression of HIF-regulated
genes, we also wanted to study other biological responses of astrocytes as a result
to growth in low oxygen conditions. Because it is known that astrocytes produce
and secrete several cytokines in response to various stimuli, we evaluated the

63



production of a panel of cytokines in hypoxic astrocytes. We found that astrocytes
exposed to intermediate hypoxia expressed TGF-B and IL-3. Astrocyte-derived
TGF-B has been shown to increase glioma cell invasion in vitro [346], while
exogenous TGF-p increased the stem-like phenotype of glioma cells [347]. We also
found that astrocytes exposed to severe hypoxia produced VEGF-A, angiogenin,
and IL-1a. Exogenous VEGF has been shown to induce proliferation and migration
of glioma cells, as well as an upregulation of CXCL12 and CXCR4 expression
[348]. Treatment with exogenous CXCL12 was shown to increase the proliferation
of glioma cells in vitro [166]. Angiogenin has been shown to increase the
proliferation of glioma cells when added in the cell culture medium [349]. Both
angiogenin and IL-1o were shown to be upregulated in glioma cells in response to
bevacizumab treatment [350]. This suggests that astrocytes might also upregulate
these cytokines in response to treatment and not just in response to hypoxia. Finally,
treatment of glioma cells with IL-1a has been shown to alter their secretome and
change the expression of proteins related to cell survival, invasion, and angiogenesis
[351], suggesting that it has various ways of increasing the tumorigenic properties
of glioma cells. All in all, cytokines that we identified in our study have been
implicated in glioblastoma biology and could be responsible for the changes we
observed when glioma cells were cultured on matrix produced by hypoxic
astrocytes.

In paper | we showed that matrix from irradiated astrocytes promotes glioma cell
stemness. In paper I, we addressed again the effect of ECM on glioma cell
properties. We found that matrix from astrocytes exposed to intermediate hypoxia
increased the proliferation of glioma cells while matrix from severely hypoxic
astrocytes increased the drug efflux capacity of glioma cells, one measure of cell
stemness [66, 328]. It would be interesting to explore further if different levels of
hypoxia induce different phenotypes in glioma cells cultured in the presence of
matrix or medium from hypoxic astrocytes, further supporting that glioma cells are
highly plastic. Conversely, the different response of astrocytes to hypoxia could also
be indicating that they acquire a spectrum of phenotypes in the presence of various
oxygen tensions and that astrocyte reactivity has several aspects. In either case, if
future studies support our observation that hypoxic astrocytes support glioma cell
proliferation and stemness then targeting this cross-talk would provide a novel
therapeutic opportunity.

Here, we examined how matrix from hypoxic astrocytes affects properties of glioma
cells cultured in normoxia. It would be interesting to study if hypoxic astrocytes
affect the cellular adaptation of glioma cells to hypoxia. In Paper I, we showed that
treatment of glioma cells with TGM2, a protein that was secreted in the ECM by
irradiated and reactive astrocytes, led to increased signaling through the integrin-B1
pathway. The integrin pathway has also been implicated in hypoxia regulation in
glioblastoma [352]. Whether hypoxic astrocytes produce TGM2 as part of their
reactive phenotype was not addressed in this study. However, it would be interesting
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to evaluate the production of TGM2 by astrocytes in hypoxia and study the integrin-
Bl pathway in relation to the effect of the hypoxic astrocyte-derived matrix on
glioma cell properties.

In this study, we examined the effect of temozolomide treatment on astrocyte
reactivity. Interestingly, we found that astrocytes become reactive in response to
temozolomide treatment, in a similar manner as irradiated astrocytes in papers | and
Il and hypoxic astrocytes in paper I1l. A few studies have implicated astrocytes in
glioma cell resistance to temozolomide [172, 353]. These observations together
suggest the astrocytes might have a tumor-protective role in response to
chemotherapy treatment. Studying this cross-talk could provide new opportunities
for therapeutically targeting the treatment resistant glioma cells.

In conclusion, we showed that astrocytes become reactive in response to hypoxia, a
common feature of glioblastomas. Glioma cells cultured on the matrix produced by
hypoxic astrocytes showed an increase in proliferation and drug-efflux capacity,
two pro-tumorigenic properties. More studies are needed to further elucidate the
cross-talk between hypoxic astrocytes and glioma cells in order to develop new
strategies for the treatment of glioblastoma.

Conclusions from Papers | and Il

In papers | and Il we have established the importance of one component of the
glioma microenvironment, namely the astrocytes, in glioblastoma progression. We
have shown that both intrinsic factors of the glioblastoma microenvironment such
as hypoxia, as well as extrinsic factors such as radiation or chemotherapy treatment,
render tumor-associated astrocytes reactive. Reactive astrocytes then produce ECM
that affects glioma cell properties such as proliferation, drug-efflux, self-renewal,
and radioresistance. In paper | we have identified at least one protein secreted by
irradiated astrocytes to be involved in this process, namely TGM2, and in paper Il
we have proposed various cytokines produced by hypoxic astrocytes as potential
drivers of glioma cell tumorigenicity.

Both papers focus on the astrocytes’ response to insult: in paper |, radiation, and in
paper 11, hypoxia and to a lesser extent temozolomide treatment. We found that all
treatments induced somatic hypertrophy and upregulation of vimentin expression
for up to 72 hours in primary human astrocytes treated in vitro with radiation,
hypoxia or temozolomide. Interestingly, no morphological changes were observed
in astrocytes 4 hours after irradiation or temozolomide treatment (unpublished data),
suggesting that more time is needed for the cells to acquire these phenotypes. Both
irradiation and temozolomide treatment induced somatic hypertrophy and
upregulation of vimentin within the same time frame, for up to 72 hours after
treatment. On the contrary, intermediate and severe hypoxia led to an increase in
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vimentin expression after 24 hours which was then replaced by an increase in cell
surface. Similar to the morphological changes, both radiation treatment and hypoxia
led to an increase in the production of cytokines from reactive astrocytes, although
different cytokines were produced in response to irradiation, and intermediate and
severe hypoxia.

This variability in the induction of reactivity features might arise from the activation
of different pathways in response to the various injuries. Temozolomide treatment
seems to render astrocytes reactive in a similar manner as irradiation, albeit to a
lesser degree. This is not surprising as both irradiation and temozolomide treatment
induce DNA damage that leads to the generation of DSBs and the recruitment of
ATM [354, 355]. Interestingly, a study on the additive effect of temozolomide to
radiation treatment, found that irradiation led to G2/M arrest in glioma cells faster
than temozolomide treatment did [356]. This suggests that the difference we
observed in the features of reactive astrogliosis between irradiated and
temozolomide treated astrocytes in paper Il might be reflecting a delay in the
response of the cells to the stimulus and not a difference in the degree of the
response. Hypoxia on the other hand seems to also induce astrocyte reactivity but
in a slightly different manner compared to the other two insults. For instance, matrix
from severely hypoxic astrocytes, similar to matrix from irradiated astrocytes,
affected the drug efflux of glioma cells cultured on it. However, matrix from
astrocytes exposed to intermediate hypoxia increased the number and size of
colonies that glioma cells form when cultured on it, a phenotype that we did not
observe when cells were cultured on matrix from irradiated astrocytes. These
observations might be explained by the production of different proteins from
differentially treated astrocytes that when incorporated in the matrix affect glioma
cell properties in different ways.

The variability in the reactivity responses that astrocytes exhibit could therefore be
a consequence of their phenotypic plasticity. Similar to the heterogeneity and
plasticity that characterizes glioma cells and GSCs [37-39], astrocytes might also
exhibit heterogeneity and plasticity between phenotypes. Notably, a binary
characterization of reactive astrocytes as neurotoxic or neuroprotective has been
suggested [357, 358]. However, this strict categorization disregards a vast spectrum
of phenotypes that stromal cells might adopt and hinders the efforts to fully
understand their response to insults and implications to tumor biology. As a result,
binary polarization states such as A1-A2 astrocytes or M1-M2 microglia are
gradually being replaced by theories that incorporate more plasticity even within
the stromal compartment of the tumor microenvironment [159, 359]. This plasticity
in stromal phenotypes has been documented for macrophages in the context of
glioblastoma, in a study that identified that the irradiated brain microenvironment
shifts tumor-associated macrophages towards a tumor-supportive phenotype [143].
The role of the microenvironment is also highlighted by the discovery that the
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microenvironment of the various segments of the gut leads to an oncogenic or
tumor-suppressive effect of mutant p53 [360].

Upregulation of TGM2 and of cytokines is not the only response of reactive
astrocytes. Our analysis of the proteome of irradiated astrocytes revealed other
proteins that might be interesting to study in the context of glioma cell stemness
maintenance. Interestingly, reactive astrocytes have been shown to also produce
higher levels of CD44 variant isoforms, such as CD44v6 [361]. This isoform of
CD44 has been successfully targeted by the use of specific antibodies or peptides
that block signal transduction from it [239, 362, 363]. Blocking the crosstalk
between reactive astrocytes and cancer cells by inhibiting TGM2, and cytokine or
other signaling, such as signaling by CD44v6, is one way of targeting reactive
astrocytes. Alternatively, the focus could lie in efforts to revert the reactive
phenotype of astrocytes. This approach would revert astrocytes to an anti-
tumorigenic phenotype, it would diminish the effect of treatments or hypoxia on
these cells, and would increase the effect of treatments.

Papers I and 1l mostly focused on the effects that reactive astrocyte-derived ECM
has on glioma cells. However, astrocytes might be affecting glioma cells either by
direct cell-cell contact, as it has been shown in other studies [172], or by soluble
factors secreted in the microenvironment. Interestingly, in another study from our
lab, we showed that irradiated and hypoxic astrocytes secrete the soluble delta-like
noncanonical Notch ligand 1 (DLK1) [364]. Treatment of glioma cells with
recombinant DLK1 increased proliferation and stemness, including self-renewal,
colony formation, and stem cell marker expression, possibly by stabilizing HIF-2a
expression. Overexpression of DLK1 led to a decrease in survival in a mouse model
of glioma [364]. Astrocytes could therefore be affecting glioma cell properties by
altering the ECM and their secretome, or by direct cell-cell interactions with glioma
cells.

All in all, our studies on astrocytes reveal a role of this cell type in glioblastoma
therapy resistance and recurrence. Our data highlight the importance of further
studies into the response of this and other stromal cell types to irradiation,
chemotherapy treatment, and hypoxia in search of new therapeutic opportunities for
glioblastoma patients.

Paper Il1: CD44 interacts with HIF-2a to modulate the
hypoxic phenotype of perinecrotic and perivascular
glioma cells

In this study, we aimed to investigate the role of CD44 signaling in hypoxic and
pseudo-hypoxic regions in glioblastoma. We showed that CD44 cleavage by
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ADAM17 was enhanced by hypoxia and led to the release of the CD44ICD which
interacted directly with HIF-2a, but not HIF-1a. Blocking the cleavage of CD44 led
to a decrease in stemness features of glioma cells in hypoxia and an increase in the
differentiation of primary glioma cells. Interestingly, CD44 was expressed both in
the well-oxygenated perivascular niche as well as in the poorly oxygenated
perinecrotic niche in vivo, along with HIF-2a alone or with both HIF-10 and HIF-
20, respectively. Moreover, the expression of the intracellular fragment CD441CD
led to increased stabilization and transcriptional activity of HIF-2a in the presence
of 1% and 5% oxygen. All in all, we showed that CD44 signaling is implicated in
maintaining the GSC phenotype by stabilizing HIF-2a and is active in the
perivascular and the perinecrotic niche.

Discussion

The relationship between hypoxia and stemness in glioblastoma has been
extensively studied. A link between the two is well-established, with hypoxia being
a known regulator of glioma cell stemness [205-211]. Similarly, the perivascular
niche and oxygen tensions higher than 1% have also been shown to increase glioma
cell stemness [207, 212-215]. The reported stabilization of the HIF factors in oxygen
tensions higher than 1% is referred to as pseudo-hypoxia. In this study, we addressed
how stemness phenotypes are differentially regulated in different niches, namely
the perivascular and the perinecrotic niche, and whether this regulation is dependent
on CD44 signaling. CD44 has been used as a stem cell marker in glioblastoma
studies [246]. In a previous study, CD44 was shown to be expressed in the
perivascular niche in vivo and the CD44ICD stabilized HIF-2a protein expression
by interacting with the transcriptional co-activator CBP/p300 in vitro in
glioblastoma [175]. With this study we aimed to further investigate the interaction
of CD44ICD with HIF-2a in glioma and its role in the perivascular and perinecrotic
niche.

The initial cleavage of CD44 has been previously shown to be mediated by
ADAM10 and ADAML17 [225, 226]. Here we showed that hypoxia leads to the
generation of mature ADAM17, but not of mature ADAM10, which then leads to
increased CD44 cleavage and the generation of the CD44ICD. The CD44ICD was
then found to interact with HIF-2a, but not HIF-1a, to stabilize HIF-2a protein
expression both in hypoxic and pseudo-hypoxic conditions and to be at least
partially responsible for increased stemness phenotypes of glioma cells in hypoxia.
These findings suggest that in the perinecrotic niche, HIF-2a is stabilized, due to
the lack of oxygen, leading to an increase in ADAM17 activity. This leads to
increased CD441CD generation which, in turn, leads to increased stabilization of
HIF-2a and intensification of hypoxia related phenotypes, such as stemness. In the
perivascular niche, the generation of the CD44ICD leads to the stabilization of HIF-
2a and the potentiation of its transcriptional activity. As a result, CD44ICD-
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expressing cells acquire a pseudo-hypoxic phenotype even in the presence of
oxygen in the perivascular niche.

The mechanism of ADAM17 stabilization by hypoxia and pseudo-hypoxia is not
fully understood yet. In human lung fibroblasts, ADAML17 transcription was
regulated by the hypoxia-induced binding of C/EBP to the gene’s promoter [365].
In rheumatoid arthritis, ADAM17 mRNA levels were increased under hypoxia by
direct binding of HIF-1a in the promoter region [366]. However, the authors did not
examine the effect of HIF-2a in ADAML7 regulation. An increase in ADAM17
expression was regulated by HIF-1a, but not by HIF-2a, in response to 1% oxygen
and by endoplasmic reticulum stress in response to severe hypoxia (<0.1% oxygen)
in human glioblastoma, breast and colon cancer cells, fibroblasts, and kidney cells
[367]. Here, we showed that ADAML17 expression is at least partially regulated by
HIF-2a in hypoxia. However, the mechanism of this regulation is unknown. If
ADAML17 activity is increased by pseudo-hypoxia has yet to be examined. We
detected the HIF-2a protein in glioma cells cultured at 5% oxygen, and this could
suggest that HIF-20. might regulate ADAM17 levels also at this oxygen tension.

In this study, we addressed the reason for the increased protein stabilization of HIF-
2a in response to ADAM-mediated cleavage. By using the ADAM inhibitor TAPI-
2 in the presence of 2,2’-dipyridyl (DIP), a prolyl hydroxylase inhibitor, and
MG132, a proteasome inhibitor, we showed that the stabilization of HIF-2a
following an ADAM-mediated cleavage of CD44 is dependent on hydroxylation by
the PHDs and on escaping proteasomal degradation. Whether other ADAM
substrates or indirect effects of the CD441CD generation are involved in the process
of stabilization of HIF-2a protein expression is still not fully understood.

Interestingly, we also found that CD44ICD interacts with and stabilizes HIF-2co but
not HIF-1a. In previous studies it was shown that CD44ICD increases the activity
of the transcriptional coactivator CBP/p300 [227] and by doing so it enhances HIF-
20 transcriptional activity in glioblastoma [175]. In accordance with these
observations, here we show that the preferential stabilization of HIF-2a and not
HIF-1a by CD44ICD is at least partially dependent on the FIH-mediated
hydroxylation of HIF-1a, a process that leads to abrogation of the interaction
between HIF-1a and CBP/p300 [98]. These data explain previous findings on
stabilization of HIF-2a in the perivascular and not just the perinecrotic niche, as
well as findings on stabilization of HIF-2a preferentially in cancer stem cells since
they express CD44 [175, 207].

Apart from being a stem cell marker, CD44 also characterizes astrocytes [368-370].
Moreover, it has been shown that reactive astrocytes express higher levels of CD44
variant isoforms compared to normal astrocytes [361]. In our mouse model of
glioma, CD44 was used as a stemness marker, marking cancer cells in the
perivascular and perinecrotic niche and being generally absent in the bulk of the
tumor, similar to previous reports about CD44 expression in this mouse model
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[175]. However, in Paper Il we showed that astrocytes are also present in hypoxic
areas in our mouse model of glioma. Moreover, astrocytes are surrounding blood
vessels and are therefore present in the perivascular niche [153]. To confirm that the
CD44 positive cells in the tissue samples of this study were in fact tumor cells and
not astrocytes, we could have co-stained with GFAP, to stain for astrocytes, and
with PDGF-B, since the tumor cells in our model are overexpressing it, or with
0lig2, since the majority of the tumor cells in our model are Olig2 positive [327].

Identifying other binding partners of CD44ICD apart from HIF-2a could further
elucidate how it is involved in maintaining glioma cell stemness. It is known that
CD441CD interacts with CBP/p300 [227], as well as with the Ezrin/radixin/moesin
family of proteins [371, 372]. In our lab we are currently working on detecting other
binding partners of CD441CD and characterizing their role in glioblastoma biology.
By doing so, we aim to identify pathways that are active primarily on glioma cells
or GSCs and therefore propose therapeutic targets that will have higher specificity
for tumor cells.

In conclusion, in this study we showed that CD44 is present in both hypoxic and
perivascular areas in glioblastoma and that CD44 cleavage is induced by ADAM17
in hypoxia, leading to the stabilization of HIF-2a. Importantly, the expression of the
CD441CD induced hypoxic signaling at the physiological oxygen tensions of the
perivascular niche. These data suggest that expression of CD44 by GSCs in the
perivascular and the perinecrotic niche activates the hypoxic signaling pathway in
these cells and mediates their stem-like phenotypes. All in all, we propose CD44 as
a promising therapeutic target for glioblastoma.

Paper IV: The p75 neurotrophin receptor enhances HIF-
dependent signaling in glioma

In this study we aimed to investigate the role of p75N™® signaling in hypoxia in
glioblastoma. We found that p75N™® is expressed in the perinecrotic niche in vivo
and it is upregulated by hypoxia in glioma lines. Using an siRNA to downregulate
the expression of p75N™ or a specific p75N™ inhibitor, we showed that inhibition
of p75N™R decreases the stabilization of HIF-1a and HIF-2a, as well as the
expression of several HIF target genes. Overexpression of p75N™® led to an increase
in HIF-1a and HIF-2a stabilization as well as to increased HIF transcriptional
activity. Moreover, we showed that downregulation of p75N™ mRNA expression or
pharmacological inhibition of p75N™® signaling decreased the drug-efflux capacity,
the stem-cell marker expression and the size of spheres generated by glioma cells
in hypoxia. Downregulation of p75N™ also negatively affected migration of glioma
cells in hypoxia. All in all, we showed that p75N™R signaling is upregulated in
response to hypoxia, it regulates the stabilization and transcriptional activity of the
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HIFs and is associated with hypoxia-induced glioma phenotypes such as stemness
and migration.

Discussion

Signal transduction through the p75N™® receptor follows a similar sequence of
cleavages as CD44. Ligand binding leads to an ADAM-mediated cleavage of the
extracellular domain and the generation of the membrane bound CTF, which is
followed by a y-secretase-mediated cleavage and the generation of the p75ICD
[257-260]. In paper Il we elucidated the prominent role of CD44 in maintaining
stemness through the generation of the CD44ICD under hypoxic and pseudo-
hypoxic conditions. Here, based on the similarities between the CD44 and p75N™R
cleavage cascades we aimed to identify the role of p75N™® in hypoxia-related
phenotypes in glioblastoma.

Upregulation of p75N™® in response to hypoxia has been studied in the context of
ischemia. P75NR has been reported to be upregulated in response to hypoxia in
murine endothelial cells in vivo [373], in human retinal pigment epithelial cells in
vitro [374], and in mouse neurons in vivo [375]. In contrast, very few studies have
addressed the interplay between p75N™R and hypoxia in the context of glioma. In
this study, we found that p75N™® is highly upregulated in response to hypoxia in
vitro and it is specifically expressed in perinecrotic and thus hypoxic areas in a
mouse model of glioma in vivo. How p75N™R expression is induced by hypoxia is
not known. One possibility would be that hypoxia induces an increase in NGFR
transcription, the gene encoding for p75N™; however, we found no evidence of that
in our cell systems (unpublished data). In fact, knocking down the HIFs did not
affect the p75N™® protein levels in hypoxia, suggesting that the upregulation of
p75N™R by hypoxia is not HIF-dependent. Another possibility is that p75NR is
protected from degradation under hypoxia, perhaps by interacting with co-receptors
such as TrkA. Interestingly, interaction between TrkA and p75N™® creates high
affinity binding sites for NGF [256], which is secreted by astrocytes in response to
hypoxia [376]. However, whether this binding stabilizes the receptor is unknown.

While p75N™R expression is not regulated by the HIFs, we found that p75N™®
increases HIF-1a and HIF-2a stabilization and transcriptional activity in glioma
cells in vitro. These findings are in line with a previous study that reports increased
stabilization and transcriptional activity of HIF-1a in hypoxia by p75N™R
overexpression in fibroblasts and neurons [261]. In that study, ADAM- and y-
secretase-mediated cleavage of p75N™® in hypoxia was shown to stabilize the levels
of the ubiquitin ligase Siah2, which is responsible for the degradation of the PHDs,
and as a result to stabilize HIF-1a protein expression levels. The effects of p75NTR
on HIF-2a stabilization were not addressed in that study. In this study, we found
that the MRNA levels of HIF-7/4 and EPASL, the gene encoding for HIF-2a, were
not affected by siRNA-mediated knockdown of p75N™ (unpublished data). This
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indicates that p75N™R induces protein stabilization rather than increased HIF o gene
transcription. Consequently, p75N™ could be inhibiting HIFo proteasomal
degradation by inducing PHD degradation in glioma cells too. Another possibility,
is that p75N™R mediates HIF stabilization by leading to Akt activation.
Phosphorylation and activation of Akt by p75N™ has been previously reported
[377], while regulation of HIF-1a stabilization by Akt is also documented [107,
108]. It cannot be excluded that p75N™® also affects the FIH/HIFa interaction,
although since p75N™® regulates both HIF-1a and HIF-2a in a similar manner, the
involvement of FIH seems less likely.

In glioblastoma, the p75NTr receptor is a well-established mediator of migration and
invasion [274-277]. This study further supports the role of p75N™ in glioma cell
migration, especially in hypoxia. Moreover, we provide evidence that p75N™R
signaling is necessary for the maintenance of glioma cell stemness, as glioma cells
treated with siRNA targeting p75N™ or a p75N™R inhibitor show reduced drug efflux,
stem cell marker expression, and sphere area in hypoxia. Identifying downstream
effectors of the p75N™R-mediated migration and stemness could assist in the
development of targeted therapies for glioma cells with these aggressive
phenotypes.

In conclusion, in this study we showed that p75N™® is expressed primarily in the
perinecrotic niche of murine gliomas, its expression is upregulated by hypoxia in
vitro, and it regulates HIFa stabilization and transcriptional activity. Moreover,
increased p75NTR signaling by hypoxic glioma cells leads to increased migration and
stemness. All in all, targeting p75"™ would minimize several hypoxia-related
phenotypes that are associated with glioblastoma aggressiveness.

Conclusions from Papers 11l and IV

In papers 11l and 1V we studied the signaling involved in the maintenance of the
hypoxic and pseudo-hypoxic glioma cells, with a focus on the maintenance of
aggressive phenotypes such as stemness and migration.

In these studies, we showed that CD44 and p75N™R signaling is important in the
maintenance of hypoxic phenotypes by glioma cells in the perivascular and
perinecrotic niche. In our lab we have identified that cleavage of DLK1, another
substrate of ADAM17 [378], also generates an intracellular fragment in a HIF- and
ADAM-dependent manner in response to hypoxia [379]. Once generated, the
DLK1-ICD translocates to the nucleus of glioma cells and mediates cellular
adaptations to hypoxia such as colony formation, stem cell marker expression,
increased glucose consumption, and invasion [379]. Overexpression of a cleavable
form of DLK1 led to more invasive tumor growth in a mouse model of glioma [379].
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Importantly, DLK1 was found expressed in the nucleus of cells in the perivascular
and the perinecrotic niche of murine gliomas [379].

Based on these studies, we propose that targeting the cleavage of these
transmembrane proteins (DLK1, CD44, and p75N™) wound inhibit the signaling
pathways that drive hypoxia-related phenotypes. This would in turn address features
of glioblastoma such as infiltrative growth, therapy resistance, and tumor recurrence
and consequently improve patient outcomes.

One way of targeting these proteins is to block the ligand-receptor interaction. In
glioblastoma, CD44 interacts with osteopontin, and upon ligand binding increases
stemness features in vitro and leads to more aggressive tumors in vivo, in a
CD441CD-dependent manner [175]. Recently, verbascoside, an inhibitor that
impedes CD44 dimerization, was identified [380]. The inhibitor decreased ligand
binding and subsequent CD44ICD generation. The inhibitor was shown to reduce
proliferation and stemness features of glioma cells, such as colony formation, stem
cell marker expression, and drug efflux, and led to prolonged survival in an
orthotopic mouse model of glioma [380]. In paper IV we used the p75N™® inhibitor
Ro 08-2750 to reduce signal transduction from the receptor. Ro 08-2750 blocks the
interaction between p75N™ and NGF by binding to NGF and inducing a
conformational change that no longer allows NGF to bind to p75N™ [381]. The
successful preclinical studies using these inhibitors might encourage the design of
molecules that cross the BBB and target the receptor-ligand binding of CD44 and
p75NTR in glioblastoma.

Another way of targeting CD44 and p75N™ signaling is to block the initial cleavage
of the receptors by MMPs or ADAMs. MT1-MMP is one of the metalloproteases
that cleaves CD44 [224]. Cyclosporin A was shown to affect glioma cell invasion
by affecting MT1-MMP translocation to invadopodia in glioma cells [382], but
whether this affects CD44 cleavage is not known. Conversely, inhibition of ADAMs
has been used more broadly to block substrate cleavage. In paper 1l we use TAPI-
2, TMI-1, and GI 254023X to block the initial cleavage of CD44 by ADAMs. TAPI-
2 inhibits both ADAM10 and ADAM17 [383], Gl 254023X is more specific for
ADAM10 than ADAM17 [384], and TMI-1 inhibits ADAM17 amongst other
MMPs [385]. These inhibitors also affect the proteolytic cleavage and signal
transduction though Notch, so data generated using them should address the effect
of Notch inhibition in the assesed phenotypes. For instance, in paper Il we
evaluated the effect of the Notch ICD in inducing the HIF-mediated transcriptional
activity. Overall, several different approaches have been used to target the ADAMs,
including small molecule inhibitors and antibodies; however, they have not proven
effective in clinical trials [386, 387].

In paper 111 we used the y-secretase inhibitor DAPT to block the generation of the
CD441CD. Using y-secretase inhibitors to treat glioblastoma is not a hnew concept,
as discussed in a previous chapter. Several clinical trials have used y-secretase

73



inhibitors to target Notch signaling in glioblastoma and other cancers. [388-391].
The Notch pathway is involved in stemness maintenance and tumor growth and,
like the CD44 and p75N™® pathways, also leads to the generation of an intracellular
domain in an ADAM- and y-secretase-dependent manner [392, 393]. Therefore,
clinical trials that target the generation of the Notch ICD, also target the generation
of CD44ICD and p75ICD. Phase 0 and | trials with the y-secretase inhibitor
RO4929097 in combination with bevacizumab or temozolomide and radiotherapy
showed that the inhibitor was well tolerated by glioblastoma patients, it crossed the
BBB, and blocked Notch activation [394, 395]. However, a subsequent phase Il trial
of the inhibitor in recurrent glioblastoma showed minimal improvement in patient
outcomes [302]. Moreover, long-term treatment with y-secretase inhibitors has
severe adverse effects and treatment regiments implementing y-secretase inhibitors
should take this into consideration. Although y-secretase has proven difficult to
target successfully in clinical trials, the biological importance of y-secretase-
mediated cleavages renders y-secretase inhibitors attractive drug candidates for
glioblastoma.

Glioblastomas are characterized by high intratumoral heterogeneity [37]. In fact,
hypoxia was one of the gene signatures that was heterogeneously expressed within
each tumor of a small patient cohort [37]. Moreover, cells from one patient were
shown to exhibit a spectrum of stemness-associated genes, suggesting that
microenvironmental factors might be affecting the GSC phenotype [37]. More
recent studies have shown that glioblastoma cellular states, including stemness, are
highly plastic, and this plasticity is partially dictated by microenvironmental cues,
including by hypoxia [38, 39]. In paper 111 we showed that GSC of the perivascular
and perinecrotic niche might differentially stabilize the HIFs in a CD44ICD-
dependent manner. Similarly, we showed nuclear localization of DLK1 in the
perivascular and perinecrotic niche, and even colocalization with CD44 in both
niches [379]. In paper IV we reported p75N™R to be associated with stemness
phenotypes in the perinecrotic niche, but to be absent from the perivascular niche.
These observations suggest that the two spatially distinct GSC populations, the one
located in the perivascular and the other in the perinecrotic niche, might represent
different manifestations of the same phenotypic state. These manifestations are
dictated by different microenvironmental cues, such as variations in oxygen tension.
Interestingly, the same signaling pathways can be differentially regulating
properties of glioma cells residing in specific niches, such as therapy resistance, as
is the case with Notchl signaling in the perivascular niche versus the tumor
microtube-dependent multicellular networks [396]. Therefore, targeting all niches
will be crucial for the successful elimination of all aggressive phenotypes.

Further studies on these proteins will provide more details on their role in
maintaining glioma cell stemness under different microenvironmental conditions
and will motivate the generation of targeted therapies for glioblastoma patients.
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Overall conclusions and future perspectives

In the clinic, glioblastoma is treated aggressively with surgery, chemotherapy,
radiotherapy, and tumor-treating fields. The infiltrative nature of these tumor, the
therapy resistance, and the frequent incidence of recurrences present
unsurmountable hurdles in the treatment of glioblastoma patients, most of who
succumb from the disease in a short period of time. There is therefore a dire need
for new approaches in the treatment of this incurable disease.

Tumors are complex systems where cancer cells and cells of the microenvironment
closely interact and affect each other’s properties. This close-knit microenvironment
is highly affected by therapeutic interventions during the treatment of the primary
tumor, but also by intrinsic characteristics of the microenvironment itself. This is
evident in studies of the clonal evolution of glioblastoma and other tumors during
therapy, where regardless of the tumor type, treated or recurrent tumors show
different evolutionary trajectories compared to the ones predicted from the primary
tumor [41-43, 397]. We need to fully understand the treatment- and
microenvironment-induced heterogeneity, to provide novel treatment options to
glioblastoma patients. The work included in this thesis directly addresses the need
for a better understanding of the mechanisms that contribute to glioma heterogeneity
in response to treatments, such as radiation or temozolomide, and
microenvironmental factors, such as hypoxia.

In papers | and 11 we delineate the pro-tumorigenic effects of radiation therapy and
hypoxia on tumor-associated astrocytes. These studies implicate irradiated and
hypoxic, and consequently reactive, astrocytes in glioblastoma stemness and tumor
aggressiveness. It will be imperative to understand all the potential pathways
involved in the cross-talk between reactive astrocytes and glioma cells. To this end,
further studying the ECM composition as well as the secretome of treated and
hypoxic astrocytes will better outline the role of this cell type in glioblastoma.

Another interesting question that remains to be addressed is whether differentially
treated astrocytes maintain different aspects of glioma stemness. If that is the case,
then several approaches need to be developed in order to perturb astrocyte reactivity
and the reciprocal signaling between reactive astrocytes and glioma cells. In paper
I, we propose that targeting the astrocyte-derived TGM2 could inhibit the effects of
reactive astrocytes on glioma cell stemness. Another approach to target reactive
astrocytes would be to revert their reactive phenotype. Reducing or eliminating
treatment- or hypoxia- induced astrocyte reactivity could reduce cancer stemness
and improve treatment outcomes.

In paper Il, we studied the effect of temozolomide on astrocyte reactivity.
Considering the vast use of this chemotherapeutic in patient care, further studies on
the response of astrocytes to this and other chemotherapeutic drugs might lead to
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the development of therapies that when administered concomitantly could improve
patient outcomes.

Finally, even though the focus of papers | and Il was the astrocytes, several other
stromal cells exist in the glioma microenvironment. A recent study showed that
macrophage-derived oncostatin M shifts glioma cells towards the more aggressive
mesenchymal-like state [38], and tumor cells of this state led to reciprocal changes
in the macrophages [398]. Our studies show that targeting astrocyte reactivity and
therefore the cross-talk between the treated or hypoxic astrocytes and glioma cells
can disturb the maintenance of the GSC population. This approach could lead to
better responses to therapies and to a decrease in the risk for recurrence. These and
other studies underline that understanding the cross-talk between stromal and
glioma cells is a necessary step for successfully treating glioblastomas.

Hypoxia is a hallmark of glioblastoma that not only affects stromal cells, but it also
greatly influences glioma cells. Notably, the HIFs, the transcription factors that
regulate the cellular responses to hypoxia, have been implicated in the maintenance
of GSCs. In papers Il and IV we provide further evidence in support of the role of
hypoxia in glioma cell stemness, by signaling mediated by CD44 and p75N™R. Our
studies show that targeting ADAM- and y-secretase-dependent cleavage of these
transmembrane proteins could inhibit glioma cell stemness and migration. For this
approach to succeed, other targets of these enzymes should be studied in relation to
these glioma phenotypes. Moreover, further studies will provide more evidence on
whether ADAM and y-secretase inhibition are viable targets or if the focus should
be on targeting downstream molecules that are more specific for the CD44 or p75N™R
pathways.

In paper 111 we revealed that the differential stabilization of the HIFs in hypoxic and
pseudo-hypoxic environments is regulated by the generation of the CD44ICD.
While we addressed how CD44ICD generation is induced by hypoxia, its induction
by pseudo-hypoxia remains elusive. Clarifying this could further improve our
understanding of the activation of the CD44 signaling pathway in the various GSC
niches. Although we described that CD44ICD is implicated in glioma cell stemness
by interacting with HIF-2a, further studies will show if interactions with other
binding partners also affect stemness or other aspects of glioblastoma biology.
Another important question that should be addressed is whether spatially distinct
GSC populations are also functionally different. If that is the case, then other
microenvironmental factors, apart from the differential stabilization of HIF-1a and
HIF-2a, present in each niche could be responsible for this plasticity.

Collectively, the work included in this thesis addresses the effects that extrinsic
factors, such as irradiation and temozolomide treatment, or intrinsic factors of the
microenvironment, such as hypoxia, have on stromal cells and tumor cells in
glioblastoma. Our studies indicate that both stromal cells and glioma cells are highly
plastic, and they exhibit a spectrum of phenotypes in response to different
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microenvironmental cues (Figure 7). It is essential to understand this plasticity and
the interactions between the various phenotypic states of stromal and glioma cells.
Only by doing so will it be possible to specifically target the phenotypes of glioma
cells that render treatment impossible, namely the increased infiltrative growth and
increased stemness.

Primary tumor - —, @

Recurrence
R o O
® ¥ @ « swvos
tumorcell  astrocyte  immune cell macropha_ge.f ECM stemness
microglia

Figure 7 Tumor and stromal cell plasticity in response to therapy and treatment in glioblastoma

Our studies support a model where the increasing hypoxia generated in the primary tumor, treatment of the primary
tumor with radiation or temozolomide, or other yet unknown microenvironmental cues lead to increased plasticity of
glioma cells and stromal cells. As a result, glioblastomas are repopulated by cells with more aggressive properties
and treatment-resistant recurrent tumors arise.

The complexity that characterizes tumor lesions, with dynamic changes occurring
in the glioma and stromal cell compartment, dictate the need for a holistic approach
in the treatment of glioblastomas. This concept leads to the abandonment of the
traditional monotherapy approach and instead emphasizes the need for targeted
therapies that concomitantly will lead to improved patient outcomes. This thesis
contributes to a growing list of potential therapeutic targets for glioblastoma and
provides a framework for future studies that will further elucidate the role of the
treated and hypoxic microenvironment in maintaining various glioma cell
phenotypes.

7






Acknowledgments

Time to take a moment and thank the people who helped make all this possible.

First, 1 would like to thank Alexander. You have been the most important person
in my journey as a scientist and for that | am grateful. I came in the lab as a master
student, planning to stay for a mere four months and now, 5.5 years later, here we
are! Thank you for teaching me to be critical about my work but also to get
enthusiastic about my data; | will try to keep this balance in my future career. Thank
you for helping me plan not just my projects in the lab but also my career steps after
Lund. You are a great supervisor and mentor and | feel lucky to have had the
opportunity to work with you.

Hakan, my co-supervisor, your enthusiasm about my various projects has always
been so appreciated. Thank you for always being there for me to share my
excitement about the latest piece of data (or my confusion about HIF regulation).

To all past and present members of the Pietras lab, thank you for creating such a
welcoming and fun place to do research. Elisa, thank you for being the other
Mediterranean person in the lab. You showed me how one can better manage the
time spent at the lab and how to plan one million experiments at once. Thank you
for all the discussions in the office. Elinn and Tracy, | had so much fun working
with you. Elinn, you were the first person | met apart from Alexander and one of
the best teachers | have ever had. | loved having you as my supervisor and you
helped build my confidence by showing trust in my abilities early on. Tracy, | have
enjoyed our discussions about astrocytes as much as our discussions about the best
camp sites in Skane. Thank you for teaching me science, without ever making me
feel like my questions were silly. Thank you for always being ready to give me
research or life advice, for your hospitality, and for letting me be a small part of
your family in Lund. Pauline and Rebecca, you might be newer in the lab, but it
feels like you have been here all along. Pauline, thank you for being always ready
to share your expertise and for never turning down a question. I have enjoyed all the
travel discussions over raclette and wine. Rebecca, | am so glad | had the
opportunity to work and share an office with you. Thank you for all your help with
experiments, for our chats about career goals, and for your suggestions about the
best beaches in the south of Skane. Christina, none of this would have been possible
without your skills. Thank you for always being there to lend a helping hand.

79



Past and present TCR members, thank you for creating such a nice environment to
work in.

Camilla and Sonia, thank you for sharing the nightmare of the FACS machine with
me. Margareta, thank you for always offering to help out and always spreading
positivity in the A corridor.

Katarzyna, Karin, Clara, Gjendine, Renée, Adriana, Matteo, Micha, Steven,
James, and Elina thank you for the most fun lunch breaks. Steven, you have been
one of the nicest office mates. Thank you for being so patient during the
aforementioned office discussions | had with Elisa and Rebecca in our shared office.
Gjendine, it has been fun sharing moments of despair and joy about graduating on
time with you. Your enthusiasm about academia is truly contagious. Clara, thank
you for making planning Christmas events or spexes so.much.fun! You are one of
the most positive and optimistic people | know and talking to you has always put
me in a better mood.

MDR gals, Vibha, Esther, Shelby, Gjendine, Sabine, Sakshi, Kreema, and Selvi,
thank you for making all the meetings and MDR events so enjoyable.

Noémie, | am so happy that I got to know you even though we got unlucky and only
started hanging out at the end of your time in Sweden. It has been so nice chatting
about life with you.

Karin, Katarzyna, Adriana, Clara, Andres, Gjendine, Fredrik, Andreas thank
you for being such impressive quiz friends and foes. Fredrik, I still can’t believe
that you know what topi means! Clara and Andres, thank you for being two of the
kindest people I know, for opening your home to all of us, and for always being
ready to share your power tools with your less handy friends.

Katarzyna and Karin, | am so happy to have met the best hiking partners!
Katarzyna, I think you are the only other person | know that gets as excited as me
about ultralight hiking gear and I love you for that! Karin, you are the one friend
that can understand exactly how | feel about life stuff and career stuff. Thank you
for sharing with me panic attacks but also the excitement about living abroad. Also
thank you for sharing with me a good amount of despair during the rainy days of
Abisko (and the joy of no rain and dry shoes!). Jonathan, thank you for the
company during hiking trips, parties, and dinners!

Kajsa, Claes, Andreas, Daniel, and Sabine, thank you for all the barbecues and
the parties and for so generously welcoming me into your gang. Life in Lund would
not have been the same without you.

Line, my first friend in Lund, thank you for all the life discussions, the hikes, the
trips.

Thore, Git, Therese, Kalle, Bea, Johan, Michael, Lotta, Oscar, Sheila, och alla
barn, tack for att ni valkomnade mig in i er familj. Det har varit sa trevligt att traffa

80



er och spendera jul, pask och midsommar med er! Thore, tack for att du alltid fragar
om min forskning och &r intresserad av mitt jobb och mina framtida planer.

Mikaela, you are my connection between Sweden and Greece! X¢ gvyapiotd yio
OAOVC TOVG KAPEDES KOl TIC ALOOPUNTES GUVOAVTHOELS LAG.

Avva, pmopet va pog yopilovv yrmdpetpa, Opms Kabe popd mov Bprokdpacte givar
cov va pnv €xel mepdost pépa amd v mpadtn cvvivinon 100 ypoévia mpv oty
miateio Xvuvtaypartog. Eioalr amd tovg mo aveEaptnToug Kol OmopucIoTIKOVS
avBpmTovg mov EEpm Kot forOnoec Kat epéva va Yive o TEPmETIONC!

INota, Tavia, ®oteav, Mévia kot Avacstacia dev EEpm TL Ba Ekava yopic eadg!!
To ykpovmdxt pog oto whatsapp vanpée (otkd kabOAn T Sudpkelo, TOL
OUKTOPIKOV. XaG EVYOPIOTHO TOGO TOAD OV NGAGTAV TAVIOTE SLOBECIES VO LLOV
AVOTTEPOOETE TO NOIKO KAl VO LoV SDCETE EVEPYELD VO GLVEYXICM TNV EPELVA KO
T1¢ melomopieg. Avomopov® Yo To. LEALOVTIKA opadikd pog taéida! Avrpéa, oe
EVYOPIGTAO TOGO TOAD Yo TV Tapéa (Kot Ta wotd mov Nmape pall) Tov xpdvo mTov
TéPAca oTA Agyovd. Xe evyapIoT® OV NGOLV T0GO dafécipog va dafdoels ta
yadeg motivational letters kot vo pe axodoelg va AG® acTopdTnTo Yo
petomTuylakd tpoypaupote. Koping Opume, o€ euyoptotd mov pe ponoeg oto Stuff
you should know! Ma(i pe Niko, Kvpiako, ALEEN kot [TETpo, 60g EVYXOPLOTH TOV
Kkd0e popd mov yupilm EALGOa pe kdvete vimbw cav va, unv Exm eOyel ToTé.

oo cvero, Osice, Ogior, . - oth . -
EvpOtepn owoyévela, Oeieg, Oeiot, Eadépora, cog gvyapioTd Tov KABE Popad Tov
BplokopacTe 6T OTiTI TOV TATTOVO®V (1 TVYOio 6To dpOHo) M culntnon sival
névto afiactn Kot To EVOLaPEPOV EMKPIVEG!

Hadepoakia, MNopyo, Kehlv kot Iodvva, cog evyapiotd yio v Topéa OA0 anTd
T ypovia. KéAlo kot lodvva, cag euyaplotd Tov NacTaY TAVTH TOG0 SLobECIUES
va pe prio&evnoete oty ABMva. Kdavate ta tagidia pov oty EALGde mold mo
gvydpiota Ko yapn o€ £6dc £yd kat o Emil gdyape tig mo vootiueg miteg e Lmng
pog!

Iopdévn, Moovv 10 TP®TO UEAOG TTOL EKOAVE OLOOKTOPIKO GTNV OIKOYEVELD KoL
olyovpa emmpéaceg kot guéva! Eyd xar o Emil 6a Bvpudpacte yuo mavto v
niobepaneia to [Idoyo oto YoP1d. Avrryovn, yoipopat Tov pog dgiyvelg mmg sival
to academic life kou mov mepvhg adapoptipnta T1¢ dakonés cov poli pog.
Hiéxtpo kot Tpravra@uire siote ta KaADTEPA avNYAKLO TOL UTOPEL KOVEIG Vo
QovtaoTel Kol yoipopal oA vo mepvawm ypdvo poli cag ot OdAacca Kol 6To
XWPL0.

[évvv ko Xwdpo, dev pnopd vo eoaviaotd Ty (on ota Eéva yopig €0d4g. Zog
EVYOPLOTM TOGO TOAD Y1a TIG ATEIPES POPEC OV [l Priocevinoate oty Komeyydyn.
NovTto0 [ov 6g guyaploTd Yio TNV mopéa OAa avtd To ¥pdvia! T'a ta payid, Tig
BoAtec, Ta Taidia kat Tig oAovuyTieg (Tdpa TeEAELTAIN e TAPEX TO AVVOVTGAKL aVTi
yio v Koo pévn KaAionn!). Avomopove va yvopicm to vEo pmpdkt!

81



O¢ie Taoo ko1 Ogia Mapia, svyaplotd yio OAeg TIC ynTovpeg oto Kovptéot kdbe
@opa mov épyopat EAAGSa. Ogia Miva, 6e e00PLOTA Y10l TO ELYLYMTIKA UNVOLOTOL
o710 Viber ka1 yio ta Aovkoduia Tov 6TélveLg oe gpéva katl Tov Emil. Osgia Avva,
ELYOPIOTA Y10 TIC KOLPEVTEG 6TO P10, TIG EmokéEWeLS 6To Lund kot Tig forteg otnv
Komeyydyn. Nové kar Nové, svyoapiotd mov ndvta deiyvete evolopepov yia ) Lo
pov ot Xovndia. Idpyo, oe guyoplotd yio TV atelein LIOGTAPIEN GOV KoL
NV o™ oV dElYVeEIS OTIC dSuvATOTNTEG HoL. Ogia Avva Kot ooy ALEKO, Gog
EVYOPIOTO Y10 TNV TOPEQ OA T XPpOVIA 6TV ABTva, Yo GAO TO GTILTIKO (OyNTO Kot
NV Yopa oL delyvete OTAV GOG GLVOVTAM.

INayia Bacilo, og uyoplotd 1060 TOAD Y10 OAES TIG IGTOPIEC TOL UOV £XELS TEL
oML OVTA TO YPOVIL. ZE EVYOPLOTA TOV YOUIPEGUL TAVTO OTOV EPYOUAGTE GTO YOPLO
KOL TOV AVTTAGOL OTOV PEVYOLUE. Xg EEPOVY OAOL GTO EPYOCTIPLO GAV TNV KAADTEPT
yioyé!

Adépoia pov, T Ba ékava ympic €06G Kol TV vrooTNPiEn coc; Adepeé pov,
yoipopot mov potpalesal v Tpéha Lov Yio TG mefomopieg Ko ta fovvd Kot TV
QYA LoV Y10 TNV EMOTHUN! ZE EVYOPIOTD Y10 OAEG TIC KOLPEVTEG Lag OA oVTE TOL
xPOVIOL KOt Yoo TNV Topéa ToV ¥pOVo TOL TEPACH OTO AgYove TP QUY® Yo
Youndia. Agv Ba Egxdom moté mOcES Tavieg eldaie ekelvn TV xpovid! Adepen pov,
vopilm 0Tt 6Aa awtd Ta Ypovia €xelg otnpiEel Kabe pov amdeacn Kol HE €YElg
BonOnoet va metdym kabe 610Y0. ATO T0 OTOV EAEYEC GTO ANUNTPT VO, KAVEL NGLY 0
Otav £01vaL TOVEAANVIES, LEYPL TOPO TTOL AEG GTO ANUNTPOVTCAKL VO KAVEL novyic
OTOV YPAQ® TNV TTVYLOKN LOV. XE ELYOPIOTM TOV £KAVEG EREVA Kot Tov AnunTpn
vovoOg y1o. TO ANUNTPOLTOAKL MO Kol TOV €0M KOl EVOUIGL YPOVO LE TOIPVELG
TAEPOVO YOOV KAOE TP®L Y10 VO, TNG T KOANUEPE. ANUNTPA, AVUTOU®D VO, GE
O® Vo LeYOADVELS, Vo YVOpiLelg Tov KOGHO Kol va Xopdlelg Tov dkd Gov dpopo.
INopyo, svyopiotd mov eicor whvio 1660 avektikdg poll pog étav KAvouue
KATAANYT 61O OTitL Gov!

Mopa kot propmd, Tinota omd OAc autd dev Ba yvoTay TPoyHaTIKOTNTA XMPIG
€0dg. Mmapma, dev o Egxdom TOTE MOV EUMOIVEG OTO YPAMEIO LOL OTOV
TPOETOOLOLOVY Y10 TOVEAAVIEG VO, LLOV TTELG KAANVOYTO Kol LoV EAEYEG VO KAV
vropovn ko Bo Tepdoet. Mmopel va un cuUe®VEIG TAVTOL LLE TIG UTOPAGELS OV, OEV
L€ OTAUATNOES OUMG TOTE OO TO VO, KAV® TOL KEPAALOD OV Kol LOVO UE T1) 01K
oov fondeio katdpepa vo TeETHY® TO OVEPS LOL TOV TEAEVTUI®V 15 ¥povav. Mapd
LoV, GE ELYOPIOTM OV TAVTH GTNPILES TIG AMOPAGELS LoV KOl 0 CTILOLVOY TTAVTOL
oToLOEG Ko Ta&idto paKpld and e6éva. Xe gvYupIoTO Yio OAN TNV oTHPIEn o€ Ol
T JPACUATO KoL Yio TO OTL £KOVEG HLOOMUATO OyYAIKOV Y10, VO, WA WE TOVC
(IAOVG KOl TOVG GUVASEAPOVG OV GTO, EEMTEPIKA.

Emil, you have been by my side through all the fun (and the difficult times) of the
PhD. You have always managed to make me feel a lot better after each set back,
and a lot happier about each triumph. Thank you for sharing my love for science
and for travelling, for wanting to live in new cities with me, for taking up hiking

82



just because | love it, for tagging along without any hesitation at all the events of
my big fat Greek family because | love them. Thank you for being so patient with
me while | was writing this book. X¢ ayandw, (ovloHvi!

"Eva televtaio gvyopiotd oy yrayic Koliiory mov mévta Eleye OTL 01 GTOVOES oG
Ba mpémel va Epyovral mhvta TPATES, 6TOV oo Miun mov pog amelhovoe Ot Oa
pog BaArel va uAdpe ta Tpofota av dev d1afAalovpE, Kot 6ToV manmod Oavaoy Tov
pog €uabe v €vola TG EPYOTIKOTNTOG e TO va uag PAlel vo «dovAebovpey ota.
movnyopla oto Kovptéotl. Mag Aeinete Kot ot TpeLs.

Finally, a big thank you to Alexander, Clara, Tracy, Emil, Elinn, and Hakan who
helped edit this thesis. Thank you for your input!

83






References

10.

11.

12.

13.

14.

Sung, H., et al., Global cancer statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin, 2021.

Hajdu, S.I., A note from history: landmarks in history of cancer, part 1.
Cancer, 2011. 117(5): p. 1097-102.

Mukherjee, S., The emperor of all maladies : a biography of cancer. 1st
Scribner trade paperback ed. 2011, New York: Scribner.

Hajdu, S.I., M. Vadmal, and P. Tang, A note from history: Landmarks in
history of cancer, part 7. Cancer, 2015. 121(15): p. 2480-513.

Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000.
100(1): p. 57-70.

Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next generation.
Cell, 2011. 144(5): p. 646-74.

Ostrom, Q.T., et al., CBTRUS Statistical Report: Primary Brain and Other
Central Nervous System Tumors Diagnosed in the United States in 2013-
2017. Neuro Oncol, 2020. 22(12 Suppl 2): p. iv1-iv96.

Wesseling, P. and D. Capper, WHO 2016 Classification of gliomas.
Neuropathol Appl Neurobiol, 2018. 44(2): p. 139-150.

Stupp, R., et al., Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblastoma in a
randomised phase Il study: 5-year analysis of the EORTC-NCIC trial.
Lancet Oncol, 2009. 10(5): p. 459-66.

Stummer, W., et al., Fluorescence-guided surgery with 5-aminolevulinic
acid for resection of malignant glioma: a randomised controlled
multicentre phase Il trial. Lancet Oncol, 2006. 7(5): p. 392-401.
Laperriere, N., et al., Radiotherapy for newly diagnosed malignant glioma
in adults: a systematic review. Radiother Oncol, 2002. 64(3): p. 259-73.
Stupp, R., et al., Effect of Tumor-Treating Fields Plus Maintenance
Temozolomide vs Maintenance Temozolomide Alone on Survival in
Patients With Glioblastoma: A Randomized Clinical Trial. JAMA, 2017.
318(23): p. 2306-2316.

Brandes, A.A., et al., Recurrence pattern after temozolomide concomitant
with and adjuvant to radiotherapy in newly diagnosed patients with
glioblastoma: correlation With MGMT promoter methylation status. J Clin
Oncol, 2009. 27(8): p. 1275-9.

Weller, M., et al., Standards of care for treatment of recurrent
glioblastoma--are we there yet? Neuro Oncol, 2013. 15(1): p. 4-27.

85



15.

16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

217.

28.

29.

86

Suchorska, B., et al., Complete resection of contrast-enhancing tumor
volume is associated with improved survival in recurrent glioblastoma-
results from the DIRECTOR trial. Neuro Oncol, 2016. 18(4): p. 549-56.
Lamborn, K.R., S.M. Chang, and M.D. Prados, Prognostic factors for
survival of patients with glioblastoma: recursive partitioning analysis.
Neuro Oncol, 2004. 6(3): p. 227-35.

Weller, M., et al., MGMT Promoter Methylation Is a Strong Prognostic
Biomarker for Benefit from Dose-Intensified Temozolomide Rechallenge in
Progressive Glioblastoma: The DIRECTOR Trial. Clin Cancer Res, 2015.
21(9): p. 2057-64.

Sanson, M., et al., Isocitrate dehydrogenase 1 codon 132 mutation is an
important prognostic biomarker in gliomas. J Clin Oncol, 2009. 27(25): p.
4150-4.

Noushmehr, H., et al., Identification of a CpG island methylator phenotype
that defines a distinct subgroup of glioma. Cancer Cell, 2010. 17(5): p. 510-
22.

Han, S., et al., IDH mutation in glioma: molecular mechanisms and
potential therapeutic targets. Br J Cancer, 2020. 122(11): p. 1580-1589.
Brennan, C.W., et al., The somatic genomic landscape of glioblastoma.
Cell, 2013. 155(2): p. 462-77.

Verhaak, R.G., et al., Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell, 2010. 17(1): p. 98-110.
Hegi, M.E., et al., MGMT gene silencing and benefit from temozolomide in
glioblastoma. N Engl J Med, 2005. 352(10): p. 997-1003.

Esteller, M., et al., Inactivation of the DNA-repair gene MGMT and the
clinical response of gliomas to alkylating agents. N Engl J Med, 2000.
343(19): p. 1350-4.

Perry, A. and P. Wesseling, Histologic classification of gliomas. Handb
Clin Neurol, 2016. 134: p. 71-95.

Hartmann, C., et al., Patients with IDH1 wild type anaplastic astrocytomas
exhibit worse prognosis than IDH1-mutated glioblastomas, and IDH1
mutation status accounts for the unfavorable prognostic effect of higher
age: implications for classification of gliomas. Acta Neuropathol, 2010.
120(6): p. 707-18.

Ohgaki, H. and P. Kleihues, Genetic alterations and signaling pathways in
the evolution of gliomas. Cancer Sci, 2009. 100(12): p. 2235-41.

Szerlip, N.J., et al., Intratumoral heterogeneity of receptor tyrosine kinases
EGFR and PDGFRA amplification in glioblastoma defines subpopulations
with distinct growth factor response. Proc Natl Acad Sci U S A, 2012.
109(8): p. 3041-6.

Shinojima, N., et al., Prognostic value of epidermal growth factor receptor
in patients with glioblastoma multiforme. Cancer Res, 2003. 63(20): p.
6962-70.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

An, Z., et al.,, Epidermal growth factor receptor and EGFRvIII in
glioblastoma: signaling pathways and targeted therapies. Oncogene, 2018.
37(12): p. 1561-1575.

Ohgaki, H., et al., Genetic pathways to glioblastoma: a population-based
study. Cancer Res, 2004. 64(19): p. 6892-9.

Nakamura, M., et al., p14ARF deletion and methylation in genetic pathways
to glioblastomas. Brain Pathol, 2001. 11(2): p. 159-68.

Zhang, Y., etal., The p53 Pathway in Glioblastoma. Cancers (Basel), 2018.
10(9).

Biernat, W., et al., Alterations of cell cycle regulatory genes in primary (de
novo) and secondary glioblastomas. Acta Neuropathol, 1997. 94(4): p. 303-
9.

Sherr, C.J. and J.M. Roberts, CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev, 1999. 13(12): p. 1501-12.
Wang, Q., et al., Tumor Evolution of Glioma-Intrinsic Gene Expression
Subtypes  Associates with  Immunological Changes in the
Microenvironment. Cancer Cell, 2017. 32(1): p. 42-56 €6.

Patel, A.P., et al, Single-cell RNA-seq highlights intratumoral
heterogeneity in primary glioblastoma. Science, 2014. 344(6190): p. 1396-
401.

Neftel, C., et al., An Integrative Model of Cellular States, Plasticity, and
Genetics for Glioblastoma. Cell, 2019. 178(4): p. 835-849 e21.

Dirkse, A., et al., Stem cell-associated heterogeneity in Glioblastoma
results from intrinsic tumor plasticity shaped by the microenvironment. Nat
Commun, 2019. 10(1): p. 1787.

Sottoriva, A., et al., Intratumor heterogeneity in human glioblastoma
reflects cancer evolutionary dynamics. Proc Natl Acad Sci U S A, 2013.
110(10): p. 4009-14.

Johnson, B.E., et al., Mutational analysis reveals the origin and therapy-
driven evolution of recurrent glioma. Science, 2014. 343(6167): p. 189-193.
Kim, H., et al., Whole-genome and multisector exome sequencing of
primary and post-treatment glioblastoma reveals patterns of tumor
evolution. Genome Res, 2015. 25(3): p. 316-27.

Wang, J., et al., Clonal evolution of glioblastoma under therapy. Nat Genet,
2016. 48(7): p. 768-76.

Greaves, M. and C.C. Maley, Clonal evolution in cancer. Nature, 2012.
481(7381): p. 306-13.

Lapidot, T., et al., A cell initiating human acute myeloid leukaemia after
transplantation into SCID mice. Nature, 1994. 367(6464): p. 645-8.

Kreso, A. and J.E. Dick, Evolution of the cancer stem cell model. Cell Stem
Cell, 2014. 14(3): p. 275-91.

Batlle, E. and H. Clevers, Cancer stem cells revisited. Nat Med, 2017.
23(10): p. 1124-1134.

Al-Hajj, M., et al., Prospective identification of tumorigenic breast cancer
cells. Proc Natl Acad Sci U S A, 2003. 100(7): p. 3983-8.

87



49.

50.

51.

52.

53.

54.

55.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

65.

88

Li, C., et al., Identification of pancreatic cancer stem cells. Cancer Res,
2007. 67(3): p. 1030-7.

O'Brien, C.A., etal., A human colon cancer cell capable of initiating tumour
growth in immunodeficient mice. Nature, 2007. 445(7123): p. 106-10.
Singh, S.K,, et al., Identification of human brain tumour initiating cells.
Nature, 2004. 432(7015): p. 396-401.

Hermann, P.C., et al., Distinct populations of cancer stem cells determine
tumor growth and metastatic activity in human pancreatic cancer. Cell
Stem Cell, 2007. 1(3): p. 313-23.

Lee, J., et al., Tumor stem cells derived from glioblastomas cultured in
bFGF and EGF more closely mirror the phenotype and genotype of primary
tumors than do serum-cultured cell lines. Cancer Cell, 2006. 9(5): p. 391-
403.

Wang, X., et al., Reciprocal Signaling between Glioblastoma Stem Cells
and Differentiated Tumor Cells Promotes Malignant Progression. Cell
Stem Cell, 2018. 22(4): p. 514-528 €5.

Plaks, V., N. Kong, and Z. Werb, The cancer stem cell niche: how essential
is the niche in regulating stemness of tumor cells? Cell Stem Cell, 2015.
16(3): p. 225-38.

Hambardzumyan, D. and G. Bergers, Glioblastoma: Defining Tumor
Niches. Trends Cancer, 2015. 1(4): p. 252-265.

Clevers, H., STEM CELLS. What is an adult stem cell? Science, 2015.
350(6266): p. 1319-20.

Tirosh, 1., et al., Single-cell RNA-seq supports a developmental hierarchy
in human oligodendroglioma. Nature, 2016. 539(7628): p. 309-313.
Venteicher, A.S., et al., Decoupling genetics, lineages, and
microenvironment in IDH-mutant gliomas by single-cell RNA-seq. Science,
2017. 355(6332).

Filbin, M.G., et al., Developmental and oncogenic programs in H3K27M
gliomas dissected by single-cell RNA-seq. Science, 2018. 360(6386): p.
331-335.

Quintana, E., et al., Efficient tumour formation by single human melanoma
cells. Nature, 2008. 456(7222): p. 593-8.

Pastrana, E., V. Silva-Vargas, and F. Doetsch, Eyes wide open: a critical
review of sphere-formation as an assay for stem cells. Cell Stem Cell, 2011.
8(5): p. 486-98.

Hu, Y. and G.K. Smyth, ELDA: extreme limiting dilution analysis for
comparing depleted and enriched populations in stem cell and other assays.
J Immunol Methods, 2009. 347(1-2): p. 70-8.

Bao, S., et al., Glioma stem cells promote radioresistance by preferential
activation of the DNA damage response. Nature, 2006. 444(7120): p. 756-
60.

Wang, Y., et al., Temporal DNA-PK activation drives genomic instability
and therapy resistance in glioma stem cells. JCI Insight, 2018. 3(3).



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

17,

78.

79.

80.

Wee, B., et al., ABCG2 regulates self-renewal and stem cell marker
expression but not tumorigenicity or radiation resistance of glioma cells.
Sci Rep, 2016. 6: p. 25956.

Diehn, M., et al., Association of reactive oxygen species levels and
radioresistance in cancer stem cells. Nature, 2009. 458(7239): p. 780-3.
Carruthers, R.D., et al., Replication Stress Drives Constitutive Activation of
the DNA Damage Response and Radioresistance in Glioblastoma Stem-like
Cells. Cancer Res, 2018. 78(17): p. 5060-5071.

Gritti, A., et al., Epidermal and fibroblast growth factors behave as
mitogenic regulators for a single multipotent stem cell-like population from
the subventricular region of the adult mouse forebrain. J Neurosci, 1999.
19(9): p. 3287-97.

Bradshaw, A., et al., Cancer Stem Cell Hierarchy in Glioblastoma
Multiforme. Front Surg, 2016. 3: p. 21.

Gupta, P.B., et al., Stochastic state transitions give rise to phenotypic
equilibrium in populations of cancer cells. Cell, 2011. 146(4): p. 633-44.
Schwitalla, S., et al., Intestinal tumorigenesis initiated by dedifferentiation
and acquisition of stem-cell-like properties. Cell, 2013. 152(1-2): p. 25-38.
Evans, S.M., et al., Imaging and analytical methods as applied to the
evaluation of vasculature and hypoxia in human brain tumors. Radiat Res,
2008. 170(6): p. 677-90.

Evans, S.M., et al., Comparative measurements of hypoxia in human brain
tumors using needle electrodes and EF5 binding. Cancer Res, 2004. 64(5):
p. 1886-92.

Keeley, T.P. and G.E. Mann, Defining Physiological Normoxia for
Improved Translation of Cell Physiology to Animal Models and Humans.
Physiol Rev, 2019. 99(1): p. 161-234.

McKeown, S.R., Defining normoxia, physoxia and hypoxia in tumours-
implications for treatment response. Br J Radiol, 2014. 87(1035): p.
20130676.

Carmeliet, P. and R.K. Jain, Angiogenesis in cancer and other diseases.
Nature, 2000. 407(6801): p. 249-57.

Semenza, G.L. and G.L. Wang, A nuclear factor induced by hypoxia via de
novo protein synthesis binds to the human erythropoietin gene enhancer at
a site required for transcriptional activation. Mol Cell Biol, 1992. 12(12):
p. 5447-54.

Maxwell, P.H., C.W. Pugh, and P.J. Ratcliffe, Inducible operation of the
erythropoietin 3' enhancer in multiple cell lines: evidence for a widespread
oxygen-sensing mechanism. Proc Natl Acad Sci U S A, 1993. 90(6): p.
2423-7.

Ema, M., et al., A novel bHLH-PAS factor with close sequence similarity to
hypoxia-inducible factor lalpha regulates the VEGF expression and is
potentially involved in lung and vascular development. Proc Natl Acad Sci
US A, 1997. 94(9): p. 4273-8.

89



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

90

Tian, H., S.L. McKnight, and D.W. Russell, Endothelial PAS domain
protein 1 (EPAS1), a transcription factor selectively expressed in
endothelial cells. Genes Dev, 1997. 11(1): p. 72-82.

Wang, G.L., et al., Hypoxia-inducible factor 1 is a basic-helix-loop-helix-
PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S
A, 1995. 92(12): p. 5510-4.

Bersten, D.C., et al., bHLH-PAS proteins in cancer. Nat Rev Cancer, 2013.
13(12): p. 827-41.

Jiang, B.H., et al., Dimerization, DNA binding, and transactivation
properties of hypoxia-inducible factor 1. J Biol Chem, 1996. 271(30): p.
17771-8.

Schofield, C.J. and P.J. Ratcliffe, Oxygen sensing by HIF hydroxylases. Nat
Rev Mol Cell Biol, 2004. 5(5): p. 343-54.

Depping, R., et al., Nuclear translocation of hypoxia-inducible factors
(HIFs): involvement of the classical importin alpha/beta pathway. Biochim
Biophys Acta, 2008. 1783(3): p. 394-404.

Semenza, G.L., et al., Hypoxia response elements in the aldolase A, enolase
1, and lactate dehydrogenase A gene promoters contain essential binding
sites for hypoxia-inducible factor 1. J Biol Chem, 1996. 271(51): p. 32529-
37.

Carrero, P., et al., Redox-regulated recruitment of the transcriptional
coactivators CREB-binding protein and SRC-1 to hypoxia-inducible factor
lalpha. Mol Cell Biol, 2000. 20(1): p. 402-15.

Ema, M., et al., Molecular mechanisms of transcription activation by HLF
and HIF1alpha in response to hypoxia: their stabilization and redox signal-
induced interaction with CBP/p300. EMBO J, 1999. 18(7): p. 1905-14.
Huang, L.E., et al., Activation of hypoxia-inducible transcription factor
depends primarily upon redox-sensitive stabilization of its alpha subunit. J
Biol Chem, 1996. 271(50): p. 32253-9.

Maynard, M.A., et al., Multiple splice variants of the human HIF-3 alpha
locus are targets of the von Hippel-Lindau E3 ubiquitin ligase complex. J
Biol Chem, 2003. 278(13): p. 11032-40.

Makino, Y., et al., Inhibitory PAS domain protein is a negative regulator of
hypoxia-inducible gene expression. Nature, 2001. 414(6863): p. 550-4.
Makino, Y., et al., Inhibitory PAS domain protein (IPAS) is a hypoxia-
inducible splicing variant of the hypoxia-inducible factor-3alpha locus. J
Biol Chem, 2002. 277(36): p. 32405-8.

Ivan, M., et al., HIFalpha targeted for VHL-mediated destruction by proline
hydroxylation: implications for O2 sensing. Science, 2001. 292(5516): p.
464-8.

Jaakkola, P., et al., Targeting of HIF-alpha to the von Hippel-Lindau
ubiquitylation complex by O2-regulated prolyl hydroxylation. Science,
2001. 292(5516): p. 468-72.



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Masson, N., et al., Independent function of two destruction domains in
hypoxia-inducible factor-alpha chains activated by prolyl hydroxylation.
EMBO J, 2001. 20(18): p. 5197-206.

Yu, F., etal., HIF-1alpha binding to VHL is regulated by stimulus-sensitive
proline hydroxylation. Proc Natl Acad Sci U S A, 2001. 98(17): p. 9630-5.
Lando, D., et al., Asparagine hydroxylation of the HIF transactivation
domain a hypoxic switch. Science, 2002. 295(5556): p. 858-61.

Koivunen, P., et al., Catalytic properties of the asparaginyl hydroxylase
(FIH) in the oxygen sensing pathway are distinct from those of its prolyl 4-
hydroxylases. J Biol Chem, 2004. 279(11): p. 9899-904.

Mahon, P.C., K. Hirota, and G.L. Semenza, FIH-1: a novel protein that
interacts with HIF-lalpha and VHL to mediate repression of HIF-1
transcriptional activity. Genes Dev, 2001. 15(20): p. 2675-86.

Bracken, C.P., et al., Cell-specific regulation of hypoxia-inducible factor
(HIF)-1alpha and HIF-2alpha stabilization and transactivation in a graded
oxygen environment. J Biol Chem, 2006. 281(32): p. 22575-85.
Nakayama, K., et al., Siah2 regulates stability of prolyl-hydroxylases,
controls HIFlalpha abundance, and modulates physiological responses to
hypoxia. Cell, 2004. 117(7): p. 941-52.

Koh, M.Y. and G. Powis, HAF : the new player in oxygen-independent
HIF-1alpha degradation. Cell Cycle, 2009. 8(9): p. 1359-66.

Luo, W., et al., Hsp70 and CHIP selectively mediate ubiquitination and
degradation of hypoxia-inducible factor (HIF)-1alpha but Not HIF-2alpha.
J Biol Chem, 2010. 285(6): p. 3651-3663.

Cheng, J., et al., SUMO-specific protease 1 is essential for stabilization of
HIFlalpha during hypoxia. Cell, 2007. 131(3): p. 584-95.

van Hagen, M., etal., RNF4 and VHL regulate the proteasomal degradation
of SUMO-conjugated Hypoxia-Inducible Factor-2alpha. Nucleic Acids
Res, 2010. 38(6): p. 1922-31.

Zundel, W., et al., Loss of PTEN facilitates HIF-1-mediated gene
expression. Genes Dev, 2000. 14(4): p. 391-6.

Zhong, H., et al., Modulation of hypoxia-inducible factor 1lalpha expression
by  the epidermal growth factor/phosphatidylinositol 3-
kinase/PTEN/AKT/FRAP pathway in human prostate cancer cells:
implications for tumor angiogenesis and therapeutics. Cancer Res, 2000.
60(6): p. 1541-5.

Hudson, C.C., et al., Regulation of hypoxia-inducible factor Zlalpha
expression and function by the mammalian target of rapamycin. Mol Cell
Biol, 2002. 22(20): p. 7004-14.

Ravi, R., et al., Regulation of tumor angiogenesis by p53-induced
degradation of hypoxia-inducible factor lalpha. Genes Dev, 2000. 14(1):
p. 34-44.

Richard, D.E., E. Berra, and J. Pouyssegur, Nonhypoxic pathway mediates
the induction of hypoxia-inducible factor lalpha in vascular smooth muscle
cells. J Biol Chem, 2000. 275(35): p. 26765-71.

91



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

92

Haddad, JJ. and S.C. Land, A non-hypoxic, ROS-sensitive pathway
mediates TNF-alpha-dependent regulation of HIF-lalpha. FEBS Lett,
2001. 505(2): p. 269-74.

Zelzer, E., et al., Insulin induces transcription of target genes through the
hypoxia-inducible factor HIF-lalpha/ARNT. EMBO J, 1998. 17(17): p.
5085-94.

Feldser, D., et al., Reciprocal positive regulation of hypoxia-inducible
factor lalpha and insulin-like growth factor 2. Cancer Res, 1999. 59(16):
p. 3915-8.

Talks, K.L., et al., The expression and distribution of the hypoxia-inducible
factors HIF-1alpha and HIF-2alpha in normal human tissues, cancers, and
tumor-associated macrophages. Am J Pathol, 2000. 157(2): p. 411-21.
Stroka, D.M., et al., HIF-1 is expressed in normoxic tissue and displays an
organ-specific regulation under systemic hypoxia. FASEB J, 2001. 15(13):
p. 2445-53.

Wiesener, M.S., et al., Widespread hypoxia-inducible expression of HIF-
2alpha in distinct cell populations of different organs. FASEB J, 2003.
17(2): p. 271-3.

Holmquist-Mengelbier, L., et al., Recruitment of HIF-lalpha and HIF-
2alpha to common target genes is differentially regulated in
neuroblastoma: HIF-2alpha promotes an aggressive phenotype. Cancer
Cell, 2006. 10(5): p. 413-23.

Koh, M.Y., et al., The hypoxia-associated factor switches cells from HIF-
lalpha- to HIF-2alpha-dependent signaling promoting stem cell
characteristics, aggressive tumor growth and invasion. Cancer Res, 2011.
71(11): p. 4015-27.

Rosenberger, C., et al., Expression of hypoxia-inducible factor-1lalpha and
-2alpha in hypoxic and ischemic rat kidneys. J Am Soc Nephrol, 2002.
13(7): p. 1721-32.

Shen, C. and W.G. Kaelin, Jr., The VHL/HIF axis in clear cell renal
carcinoma. Semin Cancer Biol, 2013. 23(1): p. 18-25.

Raval, R.R., et al., Contrasting properties of hypoxia-inducible factor 1
(HIF-1) and HIF-2 in von Hippel-Lindau-associated renal cell carcinoma.
Mol Cell Biol, 2005. 25(13): p. 5675-86.

Mazumdar, J., et al., HIF-2alpha deletion promotes Kras-driven lung tumor
development. Proc Natl Acad Sci U S A, 2010. 107(32): p. 14182-7.
Semenza, G.L., Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 2003.
3(10): p. 721-32.

Ruan, K., G. Song, and G. Ouyang, Role of hypoxia in the hallmarks of
human cancer. J Cell Biochem, 2009. 107(6): p. 1053-62.

Bristow, R.G. and R.P. Hill, Hypoxia and metabolism. Hypoxia, DNA
repair and genetic instability. Nat Rev Cancer, 2008. 8(3): p. 180-92.
Bouquet, F., et al., A DNA-dependent stress response involving DNA-PK
occurs in hypoxic cells and contributes to cellular adaptation to hypoxia. J
Cell Sci, 2011. 124(Pt 11): p. 1943-51.



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Jiang, Y., et al., DNAPK Inhibition Preferentially Compromises the Repair
of Radiation-induced DNA Double-strand Breaks in Chronically Hypoxic
Tumor Cells in Xenograft Models. Mol Cancer Ther, 2021. 20(9): p. 1663-
1671.

Balkwill, F.R., M. Capasso, and T. Hagemann, The tumor
microenvironment at a glance. J Cell Sci, 2012. 125(Pt 23): p. 5591-6.
Quail, D.F. and J.A. Joyce, The Microenvironmental Landscape of Brain
Tumors. Cancer Cell, 2017. 31(3): p. 326-341.

Charles, N.A., et al., The brain tumor microenvironment. Glia, 2012. 60(3):
p. 502-14.

Daneman, R. and A. Prat, The blood-brain barrier. Cold Spring Harb
Perspect Biol, 2015. 7(1): p. a020412.

Zhou, W., et al., Targeting Glioma Stem Cell-Derived Pericytes Disrupts
the Blood-Tumor Barrier and Improves Chemotherapeutic Efficacy. Cell
Stem Cell, 2017. 21(5): p. 591-603 e4.

Cheng, L., et al., Glioblastoma stem cells generate vascular pericytes to
support vessel function and tumor growth. Cell, 2013. 153(1): p. 139-52.
Phoenix, T.N., et al., Medulloblastoma Genotype Dictates Blood Brain
Barrier Phenotype. Cancer Cell, 2016. 29(4): p. 508-522.

Rossi, M.L., et al., Immunohistological study of mononuclear cell infiltrate
in malignant gliomas. Acta Neuropathol, 1987. 74(3): p. 269-77.
Bowman, R.L., et al., Macrophage Ontogeny Underlies Differences in
Tumor-Specific Education in Brain Malignancies. Cell Rep, 2016. 17(9): p.
2445-2459.

Chen, Z., et al., Cellular and Molecular Identity of Tumor-Associated
Macrophages in Glioblastoma. Cancer Res, 2017. 77(9): p. 2266-2278.
Hussain, S.F., et al, The role of human glioma-infiltrating
microglia/macrophages in mediating antitumor immune responses. Neuro
Oncol, 2006. 8(3): p. 261-79.

Komohara, Y., et al., Possible involvement of the M2 anti-inflammatory
macrophage phenotype in growth of human gliomas. J Pathol, 2008. 216(1):
p. 15-24.

Coniglio, S.J., et al., Microglial stimulation of glioblastoma invasion
involves epidermal growth factor receptor (EGFR) and colony stimulating
factor 1 receptor (CSF-1R) signaling. Mol Med, 2012. 18: p. 519-27.

Liu, H., et al., Pro-inflammatory and proliferative microglia drive
progression of glioblastoma. Cell Reports, 2021. 36(11).

Akkari, L., et al., Dynamic changes in glioma macrophage populations
after radiotherapy reveal CSF-1R inhibition as a strategy to overcome
resistance. Sci Transl Med, 2020. 12(552).

Wu, A., et al., Glioma cancer stem cells induce immunosuppressive
macrophages/microglia. Neuro Oncol, 2010. 12(11): p. 1113-25.

Zhou, W., et al., Periostin secreted by glioblastoma stem cells recruits M2
tumour-associated macrophages and promotes malignant growth. Nat Cell
Biol, 2015. 17(2): p. 170-82.

93



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

94

Shi, Y., et al., Tumour-associated macrophages secrete pleiotrophin to
promote PTPRZ1 signalling in glioblastoma stem cells for tumour growth.
Nat Commun, 2017. 8: p. 15080.

Venkatesh, H.S., et al., Targeting neuronal activity-regulated neuroligin-3
dependency in high-grade glioma. Nature, 2017. 549(7673): p. 533-537.
Venkatesh, H.S., et al., Neuronal Activity Promotes Glioma Growth
through Neuroligin-3 Secretion. Cell, 2015. 161(4): p. 803-16.

Qin, E.Y., et al., Neural Precursor-Derived Pleiotrophin Mediates
Subventricular Zone Invasion by Glioma. Cell, 2017. 170(5): p. 845-859
el9.

Venkataramani, V., et al., Glutamatergic synaptic input to glioma cells
drives brain tumour progression. Nature, 2019. 573(7775): p. 532-538.
Venkatesh, H.S., et al., Electrical and synaptic integration of glioma into
neural circuits. Nature, 2019. 573(7775): p. 539-545.

Wang, J., et al., Invasion of white matter tracts by glioma stem cells is
regulated by a NOTCH1-SOX2 positive-feedback loop. Nat Neurosci, 2019.
22(1): p. 91-105.

Sofroniew, M.V. and H.V. Vinters, Astrocytes: biology and pathology. Acta
Neuropathol, 2010. 119(1): p. 7-35.

Sofroniew, M.V., Astrocyte Reactivity: Subtypes, States, and Functions in
CNS Innate Immunity. Trends Immunol, 2020. 41(9): p. 758-770.
Schiweck, J., B.J. Eickholt, and K. Murk, Important Shapeshifter:
Mechanisms Allowing Astrocytes to Respond to the Changing Nervous
System During Development, Injury and Disease. Front Cell Neurosci,
2018. 12: p. 261.

Sofroniew, M.V., Molecular dissection of reactive astrogliosis and glial
scar formation. Trends Neurosci, 2009. 32(12): p. 638-47.

Wanner, 1.B., et al., Glial scar borders are formed by newly proliferated,
elongated astrocytes that interact to corral inflammatory and fibrotic cells
via STAT3-dependent mechanisms after spinal cord injury. J Neurosci,
2013. 33(31): p. 12870-86.

Anderson, M.A., et al., Astrocyte scar formation aids central nervous
system axon regeneration. Nature, 2016. 532(7598): p. 195-200.

Escartin, C., et al., Reactive astrocyte nomenclature, definitions, and future
directions. Nat Neurosci, 2021. 24(3): p. 312-325.

Eng, L.F., et al., An acidic protein isolated from fibrous astrocytes. Brain
Res, 1971. 28(2): p. 351-4.

Andriezen, W.L., The Neuroglia Elements in the Human Brain. Br Med J,
1893. 2(1700): p. 227-30.

Le, D.M,, et al., Exploitation of astrocytes by glioma cells to facilitate
invasiveness: a mechanism involving matrix metalloproteinase-2 and the
urokinase-type plasminogen activator-plasmin cascade. J Neurosci, 2003.
23(10): p. 4034-43.



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Okolie, O., et al., Reactive astrocytes potentiate tumor aggressiveness in a
murine glioma resection and recurrence model. Neuro Oncol, 2016. 18(12):
p. 1622-1633.

Mega, A., et al., Astrocytes enhance glioblastoma growth. Glia, 2020.
68(2): p. 316-327.

Bajetto, A., et al., Glial and neuronal cells express functional chemokine
receptor CXCR4 and its natural ligand stromal cell-derived factor 1. J
Neurochem, 1999. 73(6): p. 2348-57.

Barbero, S., et al., Stromal cell-derived factor lalpha stimulates human
glioblastoma cell growth through the activation of both extracellular
signal-regulated kinases 1/2 and Akt. Cancer Res, 2003. 63(8): p. 1969-74.
Hallal, S., et al., Extracellular Vesicles Released by Glioblastoma Cells
Stimulate Normal Astrocytes to Acquire a Tumor-Supportive Phenotype Via
p53 and MYC Signaling Pathways. Mol Neurobiol, 2019. 56(6): p. 4566-
4581.

Oushy, S., et al., Glioblastoma multiforme-derived extracellular vesicles
drive normal astrocytes towards a tumour-enhancing phenotype. Philos
Trans R Soc Lond B Biol Sci, 2018. 373(1737).

Zhang, W., et al., Direct gap junction communication between malignant
glioma cells and astrocytes. Cancer Res, 1999. 59(8): p. 1994-2003.
Oliveira, R., et al., Contribution of gap junctional communication between
tumor cells and astroglia to the invasion of the brain parenchyma by human
glioblastomas. BMC Cell Biol, 2005. 6(1): p. 7.

Sin, W.C,, et al., Astrocytes promote glioma invasion via the gap junction
protein connexin43. Oncogene, 2016. 35(12): p. 1504-16.

Chen, W., et al., Glioma cells escaped from cytotoxicity of temozolomide
and vincristine by communicating with human astrocytes. Med Oncol,
2015. 32(3): p. 43.

Kim, S.J., et al., Astrocytes upregulate survival genes in tumor cells and
induce protection from chemotherapy. Neoplasia, 2011. 13(3): p. 286-98.
Henrik Heiland, D., et al., Tumor-associated reactive astrocytes aid the
evolution of immunosuppressive environment in glioblastoma. Nat
Commun, 2019. 10(1): p. 2541.

Pietras, A., et al., Osteopontin-CD44 signaling in the glioma perivascular
niche enhances cancer stem cell phenotypes and promotes aggressive
tumor growth. Cell Stem Cell, 2014. 14(3): p. 357-69.

Rath, B.H., et al., Astrocytes enhance the invasion potential of glioblastoma
stem-like cells. PLoS One, 2013. 8(1): p. e54752.

Zimmermann, D.R. and M.T. Dours-Zimmermann, Extracellular matrix of
the central nervous system: from neglect to challenge. Histochem Cell Biol,
2008. 130(4): p. 635-53.

Mahesparan, R., et al., Expression of extracellular matrix components in a
highly infiltrative in vivo glioma model. Acta Neuropathol, 2003. 105(1): p.
49-57.

95



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

96

Leins, A., et al., Expression of tenascin-C in various human brain tumors
and its relevance for survival in patients with astrocytoma. Cancer, 2003.
98(11): p. 2430-9.

Brosicke, N. and A. Faissner, Role of tenascins in the ECM of gliomas. Cell
Adh Migr, 2015. 9(1-2): p. 131-40.

Sarkar, S., et al., Activation of NOTCH Signaling by Tenascin-C Promotes
Growth of Human Brain Tumor-Initiating Cells. Cancer Res, 2017. 77(12):
p. 3231-3243.

Ulrich, T.A., E.M. de Juan Pardo, and S. Kumar, The mechanical rigidity
of the extracellular matrix regulates the structure, motility, and
proliferation of glioma cells. Cancer Res, 2009. 69(10): p. 4167-74.
Umesh, V., et al., Microenvironmental stiffness enhances glioma cell
proliferation by stimulating epidermal growth factor receptor signaling.
PL0S One, 2014. 9(7): p. e101771.

Miroshnikova, Y.A., et al., Tissue mechanics promote IDH1-dependent
HIFlalpha-tenascin C feedback to regulate glioblastoma aggression. Nat
Cell Biol, 2016. 18(12): p. 1336-1345.

Lorand, L. and R.M. Graham, Transglutaminases: crosslinking enzymes
with pleiotropic functions. Nat Rev Mol Cell Biol, 2003. 4(2): p. 140-56.
Akimov, S.S., et al., Tissue transglutaminase is an integrin-binding
adhesion coreceptor for fibronectin. J Cell Biol, 2000. 148(4): p. 825-38.
Fesus, L. and M. Piacentini, Transglutaminase 2: an enigmatic enzyme with
diverse functions. Trends Biochem Sci, 2002. 27(10): p. 534-9.

Mehta, K., et al., Prognostic significance of tissue transglutaminase in drug
resistant and metastatic breast cancer. Clin Cancer Res, 2004. 10(23): p.
8068-76.

Miyoshi, N., et al., TGM2 is a novel marker for prognosis and therapeutic
target in colorectal cancer. Ann Surg Oncol, 2010. 17(4): p. 967-72.
Erdem, S., etal., The increased transglutaminase 2 expression levels during
initial tumorigenesis predict increased risk of metastasis and decreased
disease-free and cancer-specific survivals in renal cell carcinoma. World J
Urol, 2015. 33(10): p. 1553-60.

Yuan, L., et al., Tissue transglutaminase 2 inhibition promotes cell death
and chemosensitivity in glioblastomas. Mol Cancer Ther, 2005. 4(9): p.
1293-302.

Mangala, L.S., et al., Tissue transglutaminase expression promotes cell
attachment, invasion and survival in breast cancer cells. Oncogene, 2007.
26(17): p. 2459-70.

Kim, D.S., et al., Reversal of drug resistance in breast cancer cells by
transglutaminase 2 inhibition and nuclear factor-kappaB inactivation.
Cancer Res, 2006. 66(22): p. 10936-43.

Dyer, L.M., et al., The transglutaminase 2 gene is aberrantly
hypermethylated in glioma. J Neurooncol, 2011. 101(3): p. 429-40.

Fu, J., et al., TGM2 inhibition attenuates ID1 expression in CD44-high
glioma-initiating cells. Neuro Oncol, 2013. 15(10): p. 1353-65.



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Yuan, L., et al, Transglutaminase 2 inhibitor, KCCO009, disrupts
fibronectin assembly in the extracellular matrix and sensitizes orthotopic
glioblastomas to chemotherapy. Oncogene, 2007. 26(18): p. 2563-73.

Yin, J., et al., Transglutaminase 2 Inhibition Reverses Mesenchymal
Transdifferentiation of Glioma Stem Cells by Regulating C/EBPbeta
Signaling. Cancer Res, 2017. 77(18): p. 4973-4984.

Fatyol, K. and A.A. Szalay, The pl4ARF tumor suppressor protein
facilitates nucleolar sequestration of hypoxia-inducible factor-lalpha
(HIF-1alpha ) and inhibits HIF-1-mediated transcription. J Biol Chem,
2001. 276(30): p. 28421-9.

Zagzag, D., et al., Hypoxia-inducible factor 1 and VEGF upregulate
CXCR4 in glioblastoma: implications for angiogenesis and glioma cell
invasion. Lab Invest, 2006. 86(12): p. 1221-32.

Du, R, et al., HIFlalpha induces the recruitment of bone marrow-derived
vascular modulatory cells to regulate tumor angiogenesis and invasion.
Cancer Cell, 2008. 13(3): p. 206-20.

Sathornsumetee, S., et al., Tumor angiogenic and hypoxic profiles predict
radiographic response and survival in malignant astrocytoma patients
treated with bevacizumab and irinotecan. J Clin Oncol, 2008. 26(2): p. 271-
8.

Bar, E.E., Glioblastoma, cancer stem cells and hypoxia. Brain Pathol, 2011.
21(2): p. 119-29.

Colwell, N., et al., Hypoxia in the glioblastoma microenvironment: shaping
the phenotype of cancer stem-like cells. Neuro Oncol, 2017. 19(7): p. 887-
896.

Lathia, J.D., et al., Cancer stem cells in glioblastoma. Genes Dev, 2015.
29(12): p. 1203-17.

Heddleston, J.M., et al., The hypoxic microenvironment maintains
glioblastoma stem cells and promotes reprogramming towards a cancer
stem cell phenotype. Cell Cycle, 2009. 8(20): p. 3274-84.

Bar, E.E., et al., Hypoxia increases the expression of stem-cell markers and
promotes clonogenicity in glioblastoma neurospheres. Am J Pathol, 2010.
177(3): p. 1491-502.

Li, Z., et al., Hypoxia-inducible factors regulate tumorigenic capacity of
glioma stem cells. Cancer Cell, 2009. 15(6): p. 501-13.

Soeda, A., et al., Hypoxia promotes expansion of the CD133-positive
glioma stem cells through activation of HIF-lalpha. Oncogene, 2009.
28(45): p. 3949-59.

Qiang, L., et al., HIF-1alpha is critical for hypoxia-mediated maintenance
of glioblastoma stem cells by activating Notch signaling pathway. Cell
Death Differ, 2012. 19(2): p. 284-94.

Wang, P., et al., HIFlalpha regulates single differentiated glioma cell
dedifferentiation to stem-like cell phenotypes with high tumorigenic
potential under hypoxia. Oncotarget, 2017. 8(17): p. 28074-28092.

97



211.

212.

213.

214,

215.

216.

217.

218.

2109.

220.
221.

222.

223.
224,

225.

226.

98

Bhagat, M., et al., HIF-2alpha mediates a marked increase in migration
and stemness characteristics in a subset of glioma cells under hypoxia by
activating an Oct-4/Sox-2-Mena (INV) axis. Int J Biochem Cell Biol, 2016.
74: p. 60-71.

Calabrese, C., et al., A perivascular niche for brain tumor stem cells. Cancer
Cell, 2007. 11(1): p. 69-82.

Zhu, T.S., et al., Endothelial cells create a stem cell niche in glioblastoma
by providing NOTCH ligands that nurture self-renewal of cancer stem-like
cells. Cancer Res, 2011. 71(18): p. 6061-72.

Galan-Moya, E.M., et al., Secreted factors from brain endothelial cells
maintain glioblastoma stem-like cell expansion through the mTOR
pathway. EMBO Rep, 2011. 12(5): p. 470-6.

Bao, S., et al., Stem cell-like glioma cells promote tumor angiogenesis
through vascular endothelial growth factor. Cancer Res, 2006. 66(16): p.
7843-8.

Ricci-Vitiani, L., et al., Tumour vascularization via endothelial
differentiation of glioblastoma stem-like cells. Nature, 2010. 468(7325): p.
824-8.

Soda, Y., et al., Transdifferentiation of glioblastoma cells into vascular
endothelial cells. Proc Natl Acad Sci U S A, 2011. 108(11): p. 4274-80.
Wang, R., et al.,, Glioblastoma stem-like cells give rise to tumour
endothelium. Nature, 2010. 468(7325): p. 829-33.

Naor, D., R.V. Sionov, and D. Ish-Shalom, CD44: structure, function, and
association with the malignant process. Adv Cancer Res, 1997. 71: p. 241-
319.

Pure, E. and R.K. Assoian, Rheostatic signaling by CD44 and hyaluronan.
Cell Signal, 2009. 21(5): p. 651-5.

Aruffo, A., et al., CD44 is the principal cell surface receptor for
hyaluronate. Cell, 1990. 61(7): p. 1303-13.

Jalkanen, S. and M. Jalkanen, Lymphocyte CD44 binds the COOH-terminal
heparin-binding domain of fibronectin. J Cell Biol, 1992. 116(3): p. 817-
25.

Weber, G.F., et al., Receptor-ligand interaction between CD44 and
osteopontin (Eta-1). Science, 1996. 271(5248): p. 509-12.

Kajita, M., et al., Membrane-type 1 matrix metalloproteinase cleaves CD44
and promotes cell migration. J Cell Biol, 2001. 153(5): p. 893-904.
Nakamura, H., et al., Constitutive and induced CD44 shedding by ADAM-
like proteases and membrane-type 1 matrix metalloproteinase. Cancer Res,
2004. 64(3): p. 876-82.

Nagano, O., et al., Cell-matrix interaction via CD44 is independently
regulated by different metalloproteinases activated in response to
extracellular Ca(2+) influx and PKC activation. J Cell Biol, 2004. 165(6):
p. 893-902.



227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Okamoto, 1., et al., Proteolytic release of CD44 intracellular domain and
its role in the CD44 signaling pathway. J Cell Biol, 2001. 155(5): p. 755-
62.

Campbell, S., et al., CD44 is expressed throughout pre-implantation human
embryo development. Hum Reprod, 1995. 10(2): p. 425-30.

Wheatley, S.C., C.M. Isacke, and P.H. Crossley, Restricted expression of
the hyaluronan receptor, CDA44, during postimplantation mouse
embryogenesis suggests key roles in tissue formation and patterning.
Development, 1993. 119(2): p. 295-306.

Sretavan, D.W., et al., Embryonic neurons of the developing optic chiasm
express L1 and CD44, cell surface molecules with opposing effects on
retinal axon growth. Neuron, 1994. 12(5): p. 957-75.

Mackay, C.R., et al., Expression and modulation of CD44 variant isoforms
in humans. J Cell Biol, 1994. 124(1-2): p. 71-82.

Li, L., et al., Growth factor regulation of hyaluronan synthesis and
degradation in human dermal fibroblasts: importance of hyaluronan for the
mitogenic response of PDGF-BB. Biochem J, 2007. 404(2): p. 327-36.
Acharya, P.S., et al., Fibroblast migration is mediated by CD44-dependent
TGF beta activation. J Cell Sci, 2008. 121(Pt 9): p. 1393-402.

Oksala, O., et al., Expression of proteoglycans and hyaluronan during
wound healing. J Histochem Cytochem, 1995. 43(2): p. 125-35.

Okamoto, 1., et al., Proteolytic cleavage of the CD44 adhesion molecule in
multiple human tumors. Am J Pathol, 2002. 160(2): p. 441-7.

Zhao, S., et al., CD44 Expression Level and Isoform Contributes to
Pancreatic Cancer Cell Plasticity, Invasiveness, and Response to Therapy.
Clin Cancer Res, 2016. 22(22): p. 5592-5604.

Sugahara, K.N., et al., Hyaluronan oligosaccharides induce CD44 cleavage
and promote cell migration in CD44-expressing tumor cells. J Biol Chem,
2003. 278(34): p. 32259-65.

Ouhtit, A., et al., In vivo evidence for the role of CD44s in promoting breast
cancer metastasis to the liver. Am J Pathol, 2007. 171(6): p. 2033-9.
Matzke-Ogi, A., et al., Inhibition of Tumor Growth and Metastasis in
Pancreatic Cancer Models by Interference With CD44v6 Signaling.
Gastroenterology, 2016. 150(2): p. 513-25 e10.

Lakshman, M., et al., CD44 promotes resistance to apoptosis in human
colon cancer cells. Exp Mol Pathol, 2004. 77(1): p. 18-25.

Trochon, V., et al., Evidence of involvement of CD44 in endothelial cell
proliferation, migration and angiogenesis in vitro. Int J Cancer, 1996.
66(5): p. 664-8.

Ranuncolo, S.M., et al., CD44 expression in human gliomas. J Surg Oncol,
2002. 79(1): p. 30-5; discussion 35-6.

Yoshida, T., et al, CD44 in human glioma correlates with
histopathological grade and cell migration. Pathol Int, 2012. 62(7): p. 463-
70.

99



244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

100

Tsatas, D., et al., EGF receptor modifies cellular responses to hyaluronan
in glioblastoma cell lines. J Clin Neurosci, 2002. 9(3): p. 282-8.

Xu, Y., I. Stamenkovic, and Q. Yu, CD44 attenuates activation of the hippo
signaling pathway and is a prime therapeutic target for glioblastoma.
Cancer Res, 2010. 70(6): p. 2455-64.

Anido, J., et al., TGF-beta Receptor Inhibitors Target the
CD44(high)/Id1(high) Glioma-Initiating Cell Population in Human
Glioblastoma. Cancer Cell, 2010. 18(6): p. 655-68.

Jin, L., et al., Targeting of CD44 eradicates human acute myeloid leukemic
stem cells. Nat Med, 2006. 12(10): p. 1167-74.

Todaro, M., et al., CD44v6 is a marker of constitutive and reprogrammed
cancer stem cells driving colon cancer metastasis. Cell Stem Cell, 2014.
14(3): p. 342-56.

Olsson, E., et al., CD44 isoforms are heterogeneously expressed in breast
cancer and correlate with tumor subtypes and cancer stem cell markers.
BMC Cancer, 2011. 11: p. 418.

Chanmee, T., et al., Excessive hyaluronan production promotes acquisition
of cancer stem cell signatures through the coordinated regulation of Twist
and the transforming growth factor beta (TGF-beta)-Snail signaling axis. J
Biol Chem, 2014. 289(38): p. 26038-26056.

Hong, S.P., et al., CD44-positive cells are responsible for gemcitabine
resistance in pancreatic cancer cells. Int J Cancer, 2009. 125(10): p. 2323-
3L

Tsubouchi, K., et al.,, The CD44 standard isoform contributes to
radioresistance of pancreatic cancer cells. J Radiat Res, 2017. 58(6): p.
816-826.

Yan, Y., et al., KLF4-Mediated Suppression of CD44 Signaling Negatively
Impacts Pancreatic Cancer Stemness and Metastasis. Cancer Res, 2016.
76(8): p. 2419-31.

Liu, W.H., et al., CD44-associated radioresistance of glioblastoma in
irradiated brain areas with optimal tumor coverage. Cancer Med, 2020.
9(1): p. 350-360.

Chao, M.V., Neurotrophins and their receptors: a convergence point for
many signalling pathways. Nat Rev Neurosci, 2003. 4(4): p. 299-309.
Roux, P.P. and P.A. Barker, Neurotrophin signaling through the p75
neurotrophin receptor. Prog Neurobiol, 2002. 67(3): p. 203-33.

Bronfman, F.C., Metalloproteases and gamma-secretase: new membrane
partners regulating p75 neurotrophin receptor signaling? J Neurochem,
2007. 103 Suppl 1: p. 91-100.

Weskamp, G., et al., Evidence for a critical role of the tumor necrosis factor
alpha convertase (TACE) in ectodomain shedding of the p75 neurotrophin
receptor (p75NTR). J Biol Chem, 2004. 279(6): p. 4241-9.

Jung, K.M., et al., Regulated intramembrane proteolysis of the p75
neurotrophin receptor modulates its association with the TrkA receptor. J
Biol Chem, 2003. 278(43): p. 42161-9.



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.
274.

275.

Frade, J.M., Nuclear translocation of the p75 neurotrophin receptor
cytoplasmic domain in response to neurotrophin binding. J Neurosci, 2005.
25(6): p. 1407-11.

Le Moan, N., et al., Oxygen-dependent cleavage of the p75 neurotrophin
receptor triggers stabilization of HIF-1alpha. Mol Cell, 2011. 44(3): p.
476-90.

Descamps, S., et al., Nerve growth factor stimulates proliferation and
survival of human breast cancer cells through two distinct signaling
pathways. J Biol Chem, 2001. 276(21): p. 17864-70.

Okumura, T., etal., The biological role of the low-affinity p75 neurotrophin
receptor in esophageal squamous cell carcinoma. Clin Cancer Res, 2006.
12(17): p. 5096-103.

De la Cruz-Morcillo, M.A., et al., p75 neurotrophin receptor and pro-
BDNF promote cell survival and migration in clear cell renal cell
carcinoma. Oncotarget, 2016. 7(23): p. 34480-97.

Shonukan, O., et al., Neurotrophin-induced melanoma cell migration is
mediated through the actin-bundling protein fascin. Oncogene, 2003.
22(23): p. 3616-23.

Restivo, G., et al., low neurotrophin receptor CD271 regulates phenotype
switching in melanoma. Nat Commun, 2017. 8(1): p. 1988.

Gao, F., et al., The neurotrophic tyrosine kinase receptor TrkA and its
ligand NGF are increased in squamous cell carcinomas of the lung. Sci
Rep, 2018. 8(1): p. 8135.

Faulkner, S., et al., Neurotrophin Receptors TrkA, p75(NTR), and Sortilin
Are Increased and Targetable in Thyroid Cancer. Am J Pathol, 2018.
188(1): p. 229-241.

Boiko, A.D., et al., Human melanoma-initiating cells express neural crest
nerve growth factor receptor CD271. Nature, 2010. 466(7302): p. 133-7.
Huang, S.D., et al., Self-renewal and chemotherapy resistance of p75NTR
positive cells in esophageal squamous cell carcinomas. BMC Cancer, 2009.
9:p. 9.

Tong, D., et al., p75 neurotrophin receptor: A potential surface marker of
tongue squamous cell carcinoma stem cells. Mol Med Rep, 2017. 15(5): p.
2521-2529.

Kim, J., etal., Tumor initiating but differentiated luminal-like breast cancer
cells are highly invasive in the absence of basal-like activity. Proc Natl
Acad Sci U S A, 2012. 109(16): p. 6124-9.

Imai, T., et al, CD271 defines a stem cell-like population in
hypopharyngeal cancer. PL0oS One, 2013. 8(4): p. €62002.

Johnston, A.L., et al., The p75 neurotrophin receptor is a central regulator
of glioma invasion. PLoS Biol, 2007. 5(8): p. e212.

Wang, L., et al., Gamma-secretase represents a therapeutic target for the
treatment of invasive glioma mediated by the p75 neurotrophin receptor.
PLoS Biol, 2008. 6(11): p. e289.

101



276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

102

Berghoff, J., et al., Gamma-secretase-independent role for cadherin-11 in
neurotrophin receptor p75 (p75(NTR)) mediated glioblastoma cell
migration. Mol Cell Neurosci, 2015. 69: p. 41-53.

Ahn, B.Y., et al., Glioma invasion mediated by the p75 neurotrophin
receptor (p75(NTR)/CD271) requires regulated interaction with PDLIML1.
Oncogene, 2016. 35(11): p. 1411-22.

Mandel, J.J., et al., Inability of positive phase Il clinical trials of
investigational treatments to subsequently predict positive phase 111 clinical
trials in glioblastoma. Neuro Oncol, 2018. 20(1): p. 113-122.

Reijneveld, J.C., E.E. Voest, and M.J. Taphoorn, Angiogenesis in malignant
primary and metastatic brain tumors. J Neurol, 2000. 247(8): p. 597-608.
Chinot, O.L., et al., Bevacizumab plus radiotherapy-temozolomide for
newly diagnosed glioblastoma. N Engl J Med, 2014. 370(8): p. 709-22.
O'Rourke, D.M., et al., A single dose of peripherally infused EGFRvIII-
directed CAR T cells mediates antigen loss and induces adaptive resistance
in patients with recurrent glioblastoma. Sci Transl Med, 2017. 9(399).
Baklaushev, V.P., et al., Treatment of glioma by cisplatin-loaded nanogels
conjugated with monoclonal antibodies against Cx43 and BSAT1. Drug
Deliv, 2015. 22(3): p. 276-85.

Deng, L., et al., SDF-1 Blockade Enhances Anti-VEGF Therapy of
Glioblastoma and Can Be Monitored by MRI. Neoplasia, 2017. 19(1): p. 1-
7.

Mercurio, L., et al., Targeting CXCR4 by a selective peptide antagonist
modulates tumor microenvironment and microglia reactivity in a human
glioblastoma model. J Exp Clin Cancer Res, 2016. 35: p. 55.

Kang, T., et al., Synergistic targeting tenascin C and neuropilin-1 for
specific penetration of nanoparticles for anti-glioblastoma treatment.
Biomaterials, 2016. 101: p. 60-75.

Silacci, M., et al., Human monoclonal antibodies to domain C of tenascin-
C selectively target solid tumors in vivo. Protein Eng Des Sel, 2006. 19(10):
p. 471-8.

Fallah, J. and B.l. Rini, HIF Inhibitors: Status of Current Clinical
Development. Curr Oncol Rep, 2019. 21(1): p. 6.

Galanis, E., etal., Phase I/11 trial of vorinostat combined with temozolomide
and radiation therapy for newly diagnosed glioblastoma: results of Alliance
NO874/ABTC 02. Neuro Oncol, 2018. 20(4): p. 546-556.

Ellingson, B.M., et al., Validation of postoperative residual contrast-
enhancing tumor volume as an independent prognostic factor for overall
survival in newly diagnosed glioblastoma. Neuro Oncol, 2018. 20(9): p.
1240-1250.

Renfrow, J.J., et al., Attenuating hypoxia driven malignant behavior in
glioblastoma with a novel hypoxia-inducible factor 2 alpha inhibitor. Sci
Rep, 2020. 10(1): p. 15195.



291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Choueiri, T.K., etal., Inhibition of hypoxia-inducible factor-2alpha in renal
cell carcinoma with belzutifan: a phase 1 trial and biomarker analysis. Nat
Med, 2021. 27(5): p. 802-805.

Ahmed, S.U., et al., Selective Inhibition of Parallel DNA Damage Response
Pathways Optimizes Radiosensitization of Glioblastoma Stem-like Cells.
Cancer Res, 2015. 75(20): p. 4416-28.

Carruthers, R., et al., Abrogation of radioresistance in glioblastoma stem-
like cells by inhibition of ATM kinase. Mol Oncol, 2015. 9(1): p. 192-203.
Vecchio, D., et al., Predictability, efficacy and safety of radiosensitization
of glioblastoma-initiating cells by the ATM inhibitor KU-60019. Int J
Cancer, 2014. 135(2): p. 479-91.

Golding, S.E., et al., Improved ATM kinase inhibitor KU-60019
radiosensitizes glioma cells, compromises insulin, AKT and ERK
prosurvival signaling, and inhibits migration and invasion. Mol Cancer
Ther, 2009. 8(10): p. 2894-902.

Kim, S.S., et al., A nanoparticle carrying the p53 gene targets tumors
including cancer stem cells, sensitizes glioblastoma to chemotherapy and
improves survival. ACS Nano, 2014. 8(6): p. 5494-514.

Kim, S.S., et al.,, A tumor-targeting p53 nanodelivery system limits
chemoresistance to temozolomide prolonging survival in a mouse model of
glioblastoma multiforme. Nanomedicine, 2015. 11(2): p. 301-11.

Siney, EJ., et al., Metalloproteinases ADAM10 and ADAM17 Mediate
Migration and Differentiation in Glioblastoma Sphere-Forming Cells. Mol
Neurobiol, 2017. 54(5): p. 3893-3905.

Floyd, D.H., et al., Alpha-secretase inhibition reduces human glioblastoma
stem cell growth in vitro and in vivo by inhibiting Notch. Neuro Oncol,
2012. 14(10): p. 1215-26.

Bazzoni, R. and A. Bentivegna, Role of Notch Signaling Pathway in
Glioblastoma Pathogenesis. Cancers (Basel), 2019. 11(3).

Tanaka, S., et al., Strong therapeutic potential of gamma-secretase inhibitor
MRKO03 for CD44-high and CD133-low glioblastoma initiating cells. J
Neurooncol, 2015. 121(2): p. 239-50.

Peereboom, D.M., et al., A Phase Il and Pharmacodynamic Trial of
R0O4929097 for Patients With Recurrent/Progressive Glioblastoma.
Neurosurgery, 2021. 88(2): p. 246-251.

Chen, J., etal., A restricted cell population propagates glioblastoma growth
after chemotherapy. Nature, 2012. 488(7412): p. 522-6.

Berezovsky, A.D., et al., Sox2 promotes malignancy in glioblastoma by
regulating plasticity and astrocytic differentiation. Neoplasia, 2014. 16(3):
p. 193-206, 206 €19-25.

Nobre, A.R., et al., Bone marrow NG2+/Nestin+ mesenchymal stem cells
drive DTC dormancy via TGF-42. Nature Cancer, 2021. 2(3): p. 327-339.
Desmarais, G., et al., Infiltration of glioma cells in brain parenchyma
stimulated by radiation in the F98/Fischer rat model. Int J Radiat Biol,
2012. 88(8): p. 565-74.

103



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

104

Birch, J.L., et al., A Novel Small-Molecule Inhibitor of MRCK Prevents
Radiation-Driven Invasion in Glioblastoma. Cancer Res, 2018. 78(22): p.
6509-6522.

Park, C.M., et al., lonizing radiation enhances matrix metalloproteinase-2
secretion and invasion of glioma cells through Src/epidermal growth factor
receptor-mediated p38/Akt and phosphatidylinositol 3-kinase/Akt signaling
pathways. Cancer Res, 2006. 66(17): p. 8511-9.

Zhai, G.G., et al., Radiation enhances the invasive potential of primary
glioblastoma cells via activation of the Rho signaling pathway. J
Neurooncol, 2006. 76(3): p. 227-37.

Kegelman, T.P., et al., Inhibition of radiation-induced glioblastoma
invasion by genetic and pharmacological targeting of MDA-9/Syntenin.
Proc Natl Acad Sci U S A, 2017. 114(2): p. 370-375.

Jamal, M., et al., Microenvironmental regulation of glioblastoma
radioresponse. Clin Cancer Res, 2010. 16(24): p. 6049-59.

Suto, N., K. Ikura, and R. Sasaki, Expression induced by interleukin-6 of
tissue-type transglutaminase in human hepatoblastoma HepG2 cells. J Biol
Chem, 1993. 268(10): p. 7469-73.

Ritter, S.J. and P.J. Davies, Identification of a transforming growth factor-
betal/bone morphogenetic protein 4 (TGF-betal/BMP4) response element
within the mouse tissue transglutaminase gene promoter. J Biol Chem,
1998. 273(21): p. 12798-806.

Shin, D.M., et al., Cell type-specific activation of intracellular
transglutaminase 2 by oxidative stress or ultraviolet irradiation:
implications of transglutaminase 2 in age-related cataractogenesis. J Biol
Chem, 2004. 279(15): p. 15032-9.

Han, X., et al., The role of Src family kinases in growth and migration of
glioma stem cells. Int J Oncol, 2014. 45(1): p. 302-10.

Pelaz, S.G., et al., Targeting metabolic plasticity in glioma stem cells in
vitro and in vivo through specific inhibition of c-Src by TAT-Cx43266-283.
EBioMedicine, 2020. 62: p. 103134.

Jaraiz-Rodriguez, M., et al., A Short Region of Connexin43 Reduces Human
Glioma Stem Cell Migration, Invasion, and Survival through Src, PTEN,
and FAK. Stem Cell Reports, 2017. 9(2): p. 451-463.

Yun, H.S., et al., The Radiosensitizing Effect of AZD0530 in Glioblastoma
and Glioblastoma Stem-Like Cells. Mol Cancer Ther, 2021. 20(9): p. 1672-
1679.

Haas, T.L., et al., Integrin alpha7 Is a Functional Marker and Potential
Therapeutic Target in Glioblastoma. Cell Stem Cell, 2017. 21(1): p. 35-50
e9.

Stupp, R., et al., Cilengitide combined with standard treatment for patients
with newly diagnosed glioblastoma with methylated MGMT promoter
(CENTRIC EORTC 26071-22072 study): a multicentre, randomised, open-
label, phase 3 trial. Lancet Oncol, 2014. 15(10): p. 1100-8.



321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

Nabors, L.B., et al., Two cilengitide regimens in combination with standard
treatment for patients with newly diagnosed glioblastoma and
unmethylated MGMT gene promoter: results of the open-label, controlled,
randomized phase Il CORE study. Neuro Oncol, 2015. 17(5): p. 708-17.
Kim, N., et al., Allosteric inhibition site of transglutaminase 2 is unveiled
in the N terminus. Amino Acids, 2018. 50(11): p. 1583-1594.

Lorand, L. and S.M. Conrad, Transglutaminases. Mol Cell Biochem, 1984.
58(1-2): p. 9-35.

Hausch, F., et al., Design, synthesis, and evaluation of gluten peptide
analogs as selective inhibitors of human tissue transglutaminase. Chem
Biol, 2003. 10(3): p. 225-31.

Choi, K., et al., Chemistry and biology of dihydroisoxazole derivatives:
selective inhibitors of human transglutaminase 2. Chem Biol, 2005. 12(4):
p. 469-75.

Marques-Torrejon, M.A., E. Gangoso, and S.M. Pollard, Modelling
glioblastoma tumour-host cell interactions using adult brain organotypic
slice co-culture. Dis Model Mech, 2018. 11(2).

Ozawa, T., et al., Most human non-GCIMP glioblastoma subtypes evolve
from a common proneural-like precursor glioma. Cancer Cell, 2014. 26(2):
p. 288-300.

Bleau, A.M., et al., PTEN/PI3K/Akt pathway regulates the side population
phenotype and ABCG2 activity in glioma tumor stem-like cells. Cell Stem
Cell, 2009. 4(3): p. 226-35.

Golebiewska, A., et al., Critical appraisal of the side population assay in
stem cell and cancer stem cell research. Cell Stem Cell, 2011. 8(2): p. 136-
47,

Leder, K., et al., Mathematical modeling of PDGF-driven glioblastoma
reveals optimized radiation dosing schedules. Cell, 2014. 156(3): p. 603-
616.

Montay-Gruel, P., et al., Hypofractionated FLASH-RT as an Effective
Treatment against Glioblastoma that Reduces Neurocognitive Side Effects
in Mice. Clin Cancer Res, 2021. 27(3): p. 775-784.

Leblond, M.M., et al., Hypoxia induces macrophage polarization and re-
education toward an M2 phenotype in U87 and U251 glioblastoma models.
Oncoimmunology, 2016. 5(1): p. e1056442.

Wang, X., et al., Hypoxia enhances CXCR4 expression favoring microglia
migration via HIF-lalpha activation. Biochem Biophys Res Commun,
2008. 371(2): p. 283-8.

Kucharzewska, P., et al., Exosomes reflect the hypoxic status of glioma cells
and mediate hypoxia-dependent activation of vascular cells during tumor
development. Proc Natl Acad Sci U S A, 2013. 110(18): p. 7312-7.

Jin, P., et al., Astrocyte-derived CCL20 reinforces HIF-1-mediated hypoxic
responses in glioblastoma by stimulating the CCR6-NF-kappaB signaling
pathway. Oncogene, 2018. 37(23): p. 3070-3087.

105



336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

106

Sims, N.R. and W.P. Yew, Reactive astrogliosis in stroke: Contributions of
astrocytes to recovery of neurological function. Neurochem Int, 2017. 107:
p. 88-103.

Lofstedt, T., et al., Hypoxia inducible factor-2alpha in cancer. Cell Cycle,
2007. 6(8): p. 919-26.

Mathieu, J., et al., Hypoxia-inducible factors have distinct and stage-
specific roles during reprogramming of human cells to pluripotency. Cell
Stem Cell, 2014. 14(5): p. 592-605.

Appelhoff, R.J., et al., Differential function of the prolyl hydroxylases
PHD1, PHD2, and PHD3 in the regulation of hypoxia-inducible factor. J
Biol Chem, 2004. 279(37): p. 38458-65.

Khan, M.N., et al., Factor inhibiting HIF (FIH-1) promotes renal cancer
cell survival by protecting cells from HIF-1alpha-mediated apoptosis. Br J
Cancer, 2011. 104(7): p. 1151-9.

Hu, C.J., et al., The N-terminal transactivation domain confers target gene
specificity of hypoxia-inducible factors HIF-1alpha and HIF-2alpha. Mol
Biol Cell, 2007. 18(11): p. 4528-42.

Hu, C.J., et al., Differential roles of hypoxia-inducible factor lalpha (HIF-
lalpha) and HIF-2alpha in hypoxic gene regulation. Mol Cell Biol, 2003.
23(24): p. 9361-74.

Simonson, T.S., et al., Genetic evidence for high-altitude adaptation in
Tibet. Science, 2010. 329(5987): p. 72-5.

Yi, X., et al., Sequencing of 50 human exomes reveals adaptation to high
altitude. Science, 2010. 329(5987): p. 75-8.

Beall, C.M., et al., Natural selection on EPAS1 (HIF2alpha) associated
with low hemoglobin concentration in Tibetan highlanders. Proc Natl Acad
Sci U S A, 2010. 107(25): p. 11459-64.

Kim, J.K., et al., Tumoral RANKL activates astrocytes that promote glioma
cell invasion through cytokine signaling. Cancer Lett, 2014. 353(2): p. 194-
200.

Penuelas, S., et al., TGF-beta increases glioma-initiating cell self-renewal
through the induction of LIF in human glioblastoma. Cancer Cell, 20009.
15(4): p. 315-27.

Hong, X., et al., SDF-1 and CXCR4 are up-regulated by VEGF and
contribute to glioma cell invasion. Cancer Lett, 2006. 236(1): p. 39-45.
Xia, W., et al., Angiogenin promotes U87MG cell proliferation by
activating NF-kappaB signaling pathway and downregulating its binding
partner FHL3. PL0S One, 2015. 10(2): p. e0116983.

Lucio-Eterovic, A.K., Y. Piao, and J.F. de Groot, Mediators of glioblastoma
resistance and invasion during antivascular endothelial growth factor
therapy. Clin Cancer Res, 2009. 15(14): p. 4589-99.

Tarassishin, L., et al., Interleukin-1-induced changes in the glioblastoma
secretome suggest its role in tumor progression. J Proteomics, 2014. 99: p.
152-168.



352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

Skuli, N., et al., Alphavbeta3/alphavbeta5 integrins-FAK-RhoB: a novel
pathway for hypoxia regulation in glioblastoma. Cancer Res, 2009. 69(8):
p. 3308-16.

Yu, T., et al., Delivery of MGMT mRNA to glioma cells by reactive
astrocyte-derived exosomes confers a temozolomide resistance phenotype.
Cancer Lett, 2018. 433: p. 210-220.

Jazayeri, A., et al., ATM- and cell cycle-dependent regulation of ATR in
response to DNA double-strand breaks. Nat Cell Biol, 2006. 8(1): p. 37-45.
Caporali, S., et al., DNA damage induced by temozolomide signals to both
ATM and ATR: role of the mismatch repair system. Mol Pharmacol, 2004.
66(3): p. 478-91.

Chalmers, A.J., et al., Cytotoxic effects of temozolomide and radiation are
additive- and schedule-dependent. Int J Radiat Oncol Biol Phys, 2009.
75(5): p. 1511-9.

Guttenplan, K.A., et al., Neurotoxic Reactive Astrocytes Drive Neuronal
Death after Retinal Injury. Cell Rep, 2020. 31(12): p. 107776.

Liddelow, S.A., et al., Neurotoxic reactive astrocytes are induced by
activated microglia. Nature, 2017. 541(7638): p. 481-487.

Murray, P.J., et al., Macrophage activation and polarization: nomenclature
and experimental guidelines. Immunity, 2014. 41(1): p. 14-20.

Kadosh, E., et al., The gut microbiome switches mutant p53 from tumour-
suppressive to oncogenic. Nature, 2020. 586(7827): p. 133-138.

Haegel, H., et al., Activated mouse astrocytes and T cells express similar
CD44 variants. Role of CD44 in astrocyte/T cell binding. J Cell Biol, 1993.
122(5): p. 1067-77.

Matzke, A., et al., A five-amino-acid peptide blocks Met- and Ron-
dependent cell migration. Cancer Res, 2005. 65(14): p. 6105-10.
Tremmel, M., et al., A CD44v6 peptide reveals a role of CD44 in VEGFR-
2 signaling and angiogenesis. Blood, 2009. 114(25): p. 5236-44.

Grassi, E.S., et al., Niche-derived soluble DLK1 promotes glioma growth.
Neoplasia, 2020. 22(12): p. 689-701.

Chen, J.Y., C.H. Lin, and B.C. Chen, Hypoxia-induced ADAM 17
expression is mediated by RSK1-dependent C/EBPbeta activation in human
lung fibroblasts. Mol Immunol, 2017. 88: p. 155-163.

Charbonneau, M., et al., Hypoxia-inducible factor mediates hypoxic and
tumor necrosis factor alpha-induced increases in tumor necrosis factor-
alpha converting enzyme/ADAM17 expression by synovial cells. J Biol
Chem, 2007. 282(46): p. 33714-33724.

Rzymski, T., et al., The unfolded protein response controls induction and
activation of ADAM17/TACE by severe hypoxia and ER stress. Oncogene,
2012. 31(31): p. 3621-34.

Liu, Y., et al., CD44 expression identifies astrocyte-restricted precursor
cells. Dev Biol, 2004. 276(1): p. 31-46.

107



369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

108

Yuan, S.H., et al., Cell-surface marker signatures for the isolation of neural
stem cells, glia and neurons derived from human pluripotent stem cells.
PL0S One, 2011. 6(3): p. e17540.

Asher, R. and A. Bignami, Hyaluronate binding and CD44 expression in
human glioblastoma cells and astrocytes. Exp Cell Res, 1992. 203(1): p.
80-90.

Legg, J.W. and C.M. Isacke, Identification and functional analysis of the
ezrin-binding site in the hyaluronan receptor, CD44. Curr Biol, 1998.
8(12): p. 705-8.

Schmitt, M., et al., CD44 functions in Wnt signaling by regulating LRP6
localization and activation. Cell Death Differ, 2015. 22(4): p. 677-89.
Kuo, M.H., et al., Astaxanthin Ameliorates Ischemic-Hypoxic-Induced
Neurotrophin Receptor p75 Upregulation in the Endothelial Cells of
Neonatal Mouse Brains. Int J Mol Sci, 2019. 20(24).

Zhang, J., et al., Effects of p75 neurotrophin receptor on regulating
hypoxia-induced angiogenic factors in retinal pigment epithelial cells. Mol
Cell Biochem, 2015. 398(1-2): p. 123-34.

Andsberg, G., Z. Kokaia, and O. Lindvall, Upregulation of p75
neurotrophin receptor after stroke in mice does not contribute to
differential vulnerability of striatal neurons. Exp Neurol, 2001. 169(2): p.
351-63.

Ishitsuka, K., et al., Neurotrophin production in brain pericytes during
hypoxia: a role of pericytes for neuroprotection. Microvasc Res, 2012.
83(3): p. 352-9.

Roux, P.P., et al., The p75 neurotrophin receptor activates Akt (protein
kinase B) through a phosphatidylinositol 3-kinase-dependent pathway. J
Biol Chem, 2001. 276(25): p. 23097-104.

Wang, Y. and H.S. Sul, Ectodomain shedding of preadipocyte factor 1
(Pref-1) by tumor necrosis factor alpha converting enzyme (TACE) and
inhibition of adipocyte differentiation. Mol Cell Biol, 2006. 26(14): p.
5421-35.

Grassi, E.S., V. Pantazopoulou, and A. Pietras, Hypoxia-induced release,
nuclear translocation, and signaling activity of a DLK1 intracellular
fragment in glioma. Oncogene, 2020. 39(20): p. 4028-4044.

Wang, C., etal., Alow MW inhibitor of CD44 dimerization for the treatment
of glioblastoma. Br J Pharmacol, 2020. 177(13): p. 3009-3023.
Niederhauser, O., et al., NGF ligand alters NGF signaling via p75(NTR)
and trkA. J Neurosci Res, 2000. 61(3): p. 263-72.

Kwiatkowska, A., et al., Downregulation of Akt and FAK phosphorylation
reduces invasion of glioblastoma cells by impairment of MT1-MMP
shuttling to lamellipodia and downregulates MMPs expression. Biochim
Biophys Acta, 2011. 1813(5): p. 655-67.

Moss, M.L. and F.H. Rasmussen, Fluorescent substrates for the proteinases
ADAM17, ADAM10, ADAMS, and ADAM12 useful for high-throughput
inhibitor screening. Anal Biochem, 2007. 366(2): p. 144-8.



384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

Ludwig, A., et al., Metalloproteinase inhibitors for the disintegrin-like
metalloproteinases ADAM10 and ADAM17 that differentially block
constitutive and phorbol ester-inducible shedding of cell surface molecules.
Comb Chem High Throughput Screen, 2005. 8(2): p. 161-71.

Zhang, Y., et al, Identification and characterization of 4-[[4-(2-
butynyloxy)phenyl]sulfonyl]-N-hydroxy-2,2-dimethyl-
(3S)thiomorpholinecar boxamide (TMI-1), a novel dual tumor necrosis
factor-alpha-converting enzyme/matrix metalloprotease inhibitor for the
treatment of rheumatoid arthritis. J Pharmacol Exp Ther, 2004. 309(1): p.
348-55.

Smith, T.M., Jr., A. Tharakan, and R.K. Martin, Targeting ADAM10 in
Cancer and Autoimmunity. Front Immunol, 2020. 11: p. 499.

Moss, M.L. and D. Minond, Recent Advances in ADAM17 Research: A
Promising Target for Cancer and Inflammation. Mediators Inflamm, 2017.
2017: p. 9673537.

Feng, J., et al., DAPT, a gamma-Secretase Inhibitor, Suppresses
Tumorigenesis, and Progression of Growth Hormone-Producing
Adenomas by Targeting Notch Signaling. Front Oncol, 2019. 9: p. 809.
Hovinga, K.E., et al., Inhibition of notch signaling in glioblastoma targets
cancer stem cells via an endothelial cell intermediate. Stem Cells, 2010.
28(6): p. 1019-29.

Lin, J., et al., gamma-secretase inhibitor-1 enhances radiosensitivity of
glioblastoma cell lines by depleting CD133+ tumor cells. Arch Med Res,
2010. 41(7): p. 519-29.

McCaw, T.R., et al., Gamma Secretase Inhibitors in Cancer: A Current
Perspective on Clinical Performance. Oncologist, 2021. 26(4): p. e608-
e621.

Mumm, J.S., et al., A ligand-induced extracellular cleavage regulates
gamma-secretase-like proteolytic activation of Notchl. Mol Cell, 2000.
5(2): p. 197-206.

Brou, C., et al., A novel proteolytic cleavage involved in Notch signaling:
the role of the disintegrin-metalloprotease TACE. Mol Cell, 2000. 5(2): p.
207-16.

Pan, E., et al., Phase | study of RO4929097 with bevacizumab in patients
with recurrent malignant glioma. J Neurooncol, 2016. 130(3): p. 571-579.
Xu, R., etal., Molecular and Clinical Effects of Notch Inhibition in Glioma
Patients: A Phase 0/I Trial. Clin Cancer Res, 2016. 22(19): p. 4786-4796.
Jung, E., et al., Tumor cell plasticity, heterogeneity, and resistance in
crucial microenvironmental niches in glioma. Nat Commun, 2021. 12(1):
p. 1014.

Salehi, S., et al., Clonal fitness inferred from time-series modelling of
single-cell cancer genomes. Nature, 2021. 595(7868): p. 585-590.

Hara, T., et al., Interactions between cancer cells and immune cells drive
transitions to mesenchymal-like states in glioblastoma. Cancer Cell, 2021.
39(6): p. 779-792 el1.

109









LUND

UNIVERSITY

FACULTY OF
MEDICINE

Translational Cancer Research
Department of Laboratory Medicine

Lund University, Faculty of Medicine
Doctoral Dissertation Series 2021:108
ISBN 978-91-8021-115-4

ISSN 1652-8220

% NORDIC SWAN ECOLABEL 3041 0903

K74

Printed by Media-Tryck, Lund 2021

80"211154




	Tom sida
	Vasiliki hela avh G5.pdf
	Tom sida
	Paper II.pdf
	Introduction 
	Materials and Methods 
	Generation of Murine Gliomas 
	Cell Culture and Treatments 
	Immunofluorescence 
	Western Blot 
	Real-Time qPCR 
	Cytokine Array 
	Astrocyte-Derived Matrix 
	Colony Assay 
	Side Population 
	Statistical Analysis 

	Results 
	Astrocytes Adopt a Reactive Phenotype in Response to Stress Related to the Glioma Microenvironment 
	Low Oxygen Tension Induces a Strong Hypoxic Response in Astrocytes 
	Astrocytes Produce Hypoxia-Related Cytokines In Vitro and Are Present in Hypoxic Areas In Vivo 
	Extracellular Matrix from Hypoxic Astrocytes Alters the Properties of Glioma Cells 

	Discussion 
	Conclusions 
	References

	Paper III.pdf
	CELREP4037_annotate.pdf
	CD44 Interacts with HIF-2α to Modulate the Hypoxic Phenotype of Perinecrotic and Perivascular Glioma Cells
	Introduction
	Results
	CD44 Expression and Cleavage Is Enhanced at Hypoxia in Glioma
	ADAM17 Expression Is Induced at Hypoxia in Glioma, and ADAM Inhibition Blocks CD44 Cleavage
	ADAM Inhibition Modulates the Hypoxic Response of Glioma Cells
	CD44ICD Enhances HIF-2α Specifically via Protein-Protein Interaction
	CD44 Is Associated with Hypoxic and Pseudo-Hypoxic GBM Phenotypes
	Targeting ADAMs Reduces Glioma Stemness at Hypoxia

	Discussion
	Experimental Procedures
	Generation of Murine Gliomas
	Immunofluorescence
	Quantification of Staining
	Cell Culture, Hypoxia, and Reagents
	Western Blot and Co-immunoprecipitation
	Real-Time qPCR
	Side Population Assay
	Luciferase Assays and Plasmids
	Sphere Formation and Proliferation Assay
	Bioinformatic Analysis
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


	celrep_4037_mmc1.pdf
	Supplemental figure 1_170714a
	Supplemental figure 2_170714a
	Supplemental figure 3_170714a
	Supplemental figure 4_170714


	Tom sida
	Paper IV.pdf
	The p75 neurotrophin receptor enhances HIF-dependent signaling in glioma
	Introduction
	Material and methods
	Reagents
	Generation of murine glioma
	Immunofluorescent labelling of tumor cryosections
	Cell culture and treatment
	Quantitative real-time PCR (qPCR)
	Western blot
	Luciferase assays
	Side population assay
	Sphere formation
	Proliferation assay, wound healing assay and transwell migration assay
	Statistical analysis

	Results
	p75NTR expression is induced at hypoxia in glioma in vivo and in vitro
	p75NTR regulates HIF expression at hypoxia
	Hypoxia-induced glioma stemness is dependent on p75NTR
	Hypoxia-induced glioma migration is dependent on p75NTR

	Discussion
	Conclusions
	Acknowledgements
	Declarations of interest
	Supplementary material
	References






