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Radiobiology of brain tumors: new hints
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... thus paralleling the improved knowledge in Pathobiology:
THE GENETIC & MOLECULAR CLASSIFICATION FOR GLIOBLASTOMA

Putative GBEM
cells of origin: Primary GBM subtypes:
Neural stem cell Classical
Transit
amplifying cell
. Mesenchymal
Neural/Glial
progenitor TIC BCPC
>>@0>>8
Sequential genetic Neural
alterations & clonal
evolution
Proneural
Oligodendrocyte
__/' BCPC Secondary GEM

Grade II/11]
Astrocytoma >




Gerweck LE et al., Radiation Sensitivity of Cultured  Williams JR, Gridley DS, Slater JB, Radiobiology of Resistant

Glioblastoma Cells, Radiology 1977; 125:231 Glioblastoma Cells, www.intechopen 2011; 3-22
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Fan QW, Weiss WA:

Targeting the RTK-PI3K-mTOR

Axis in Malignant Glioma:
Overcoming Resistance-

Curr Top Microbiol Immunol.
2010; 347: 279-296.

Personal Contributions:

e | Modulating Autophagy as

a IR Enhancerin a
Cell-Death pathway.




Lysosome Hydrolases

Palumbo S, Comincini S.
F " e J Cell Phys 2013;228:1-8

Phagophore

Cytosolic proteins
and organelles

Autophagosome

Autophagy is initiated by the generation of the phagophore, an isolation membrane that likewise

derives from the endoplasmic reticulum. This phagophore surrounds the material destined to degradation,
and eventually forms a double-membrane vesicle known as autophagosome. Autophagosomes mature by
fusing with lysosomes or late endosomes and hence generate auto(phago)lysosomes. Finally, the luminal
content of the auto(phago)lysosome is catabolized by acidic hydrolases, resulting in the generation of
metabolic substrates that are reexported into the cytosol via permeases of the auto(phago)lysosomal
membrane. A Ligh microscopy at 20X resolution (A), electron microscopy (B), LC3B-GFP transduction (C)
and orange-acridine staining (D) of human glioma T98G cells after autophagy induction.



Radiotherapy and Onoolagy '99 (2001) 237-261
Contents lists available 81 ScienceDirect

Radiotherapy and Oncology

journal hemepage: www.thegreenjournal.com

Editorial
Molecular and translational radiation biology/oncology: What's up?

H. Peter Rodemann ?, Bradly G. Wouters ™

* Depravtment of Radiation Omcology. Eberhard- Kark University of Tibingen, Germany: " Dalario Canoer Insfitule and Compbell Family Mititute for Concer Research,
Urshversity Heafth Network. Torersin, Conada; * Deportmensis of Rodiarion Onoolegy and Medicol Biopineics, Usiverainy of Tormase, Comds

Molecular Radiobiology: the biennial
International Wofsherg Meetings on Molecular Radiation Biology / Oncology 1998 - 2013

Our understanding of the biological contributions to radiation
response, and their underlying molecular basis, has seen remark-

able progress in recent years. Research areas with the strongest im-
pact on developing new biology driven treatment strategies in

radiotherapy include:

+ DNA-damage response and repair mechanisms.

¢ Radiation-induced inter- and intracellular communication and
signaling.

¢ Micro-environmental factors and biological/molecular imaging.

o Tumor profiling, biomarkers and molecular targeting.

The four “Wolfsberg’s domains of Molecular Radiation Biology”



The four “Wolfsberg’s domains of Molecular Radiation Biology”

e DNA-damage response and repair mechanisms.

e Radiation-induced inter- and intracellular communication and
signaling.

e Micro-environmental factors and biological/molecular imaging.

o Tumor profiling, biomarkers and molecular targeting.

e

All of these domains
are involved by
AUTOPHAGY.

Janji B et Al, 2013:

Role of Autophagy in
Cancer and Tumor
Progression. Chapter 9,
INTECH Open Science,

AUTOPHAGY
Autophagy: a phylogenetic-preserved mechanism devoted to

degrade long-lived proteins, and cytoplasmic organelles. A
membranous organelle is involved (autophagosome), that is, a
double-membrane vescicle that progressively engulf cytoplasmic
constituents and delivers them to lysomes for degradation.

It may act as a pro-survival mechanism to several kinds of stresses
(e.g.: damaged mitochondria, protein aggregation, pathogens,
starvation).

It may also act as a pro-death mechanism (the so-called Type |l
programmed cell death [PCD], or autophagy-associated PCD),
morphologically and biochemically different from apoptosis (Type
|_PCD).

Studies on apoptotic-defective cells suggest that autophagic PCD

might emerge as a cell death mechanism once the primary PCD
pathway is inhibited. Autophagy PCD is activated in cells derived

from breast, colon, prostate and brain cancers, in_response to
anti-cancer drugs and to lonizing Radiation (IR).




Autophagy may exert a pro-survival effect, as suggested by autophagy
inhibition by silencing some autophagic genes, resulting in enhancement of IR

sensitivity.

AR
Cancer Research

Blocked Autophagy Sensitizes Resistant Carcinoma Cells to
Radiation Therapy

Arja Apal, Ingrid Heir, Hang Sohwarz, of B
Cancer Ras 200068 1605 10l Pubished pnlng Merch 3, 008

... 1N conclusion, inhibition of autophagy may sensitize cancer cells
to radiation, whereas basal clonogenicity of untreated resistant
cells may be even enhanced by inhibition of autophagy. Our data
suggest that inhibition of autophagy in cancer cells may vary
dependent on the type of cancer, individual characteristics of
cancer cells, microenvironments, and therapeutic treatment. In our
system, short time inhibition of autophagy was beneficial to

enhance cytotoxicity of radiotherapy in resistant cancer cells.

Note: GB cell lines were not studied in this experience.
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Autophagy may exert a pro-survival effect, as suggested by autophagy
inhibition by silencing (shRNA) some autophagic genes, resulting in
enhancement of IR sensitivity in a primary GB CD133* cell line.

Int. . Cancer: 125, T17-T22 (2009)
& 2009 UICC

SHORT REPORT

The induction of autophagy by y-radiation contributes to the radioresistance of
glioma stem cells

Stephanie L. Lomonaco’, Susan Finniss', Cunli Xiang', Ana DeCarvalho', Felix Umansky', Steven N. Kalkanis',

Tom Mikkelsen' and Chaya Brodie'*

'William and Karen Davidson Laboratory of Cell Signaling and Tumovrigenesis, Department of Neurosurgery,
{'ff.r'mﬂfﬂ Brain Tumor Center, Henry Ford Hospital, Detroir, Ml
“Mina and Everard Goodman Faculty of Life-Sciences, Bar-llan Universiry, Ramar-Gan, [srael
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Protein and mRNA expression of autophagy gene Beclin 1 in human brain tumours.
Miracco C, Cosci E, Oliveri G, Luzi P, Pacenti L, Monciatti I, Mannucci S, De Nisi MC, Toscano M, Malagnino V, Falzarano SM,

Pirtoli L, Tosi P. o ) )
Int J Oncol. 2007 Feb:30(2):429-36. ... in most high-grade astrocytic, ependymal neoplasms

and atypical meningiomas we found a decrease of
cytoplasmic protein expression that was, instead,

high in the majority of low-grade tumours ... .

The expression level of Beclin 1 mRNA was significantly lower
in glioblastomas than in grade Il (p=0.04) and grade | (p=0.01)
astrocytomas ... .”

The prognostic role of Beclin 1 protein expression in high-grade gliomas.

Pirtoli L, Cevenini G, Tini P, Vannini M, Oliveri G, Marsili S, Mourmouras V, Rubino G, Miracco C.
Autophagy. 2009 Oct:5(7):930-6. Epub 2009 Oct 8.
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AUTOPHAGY-RELATED
CELL DEATH MANIPULATION PIOK-1 fAKE  MAPK / Erci
IN GLIOBLASTOMA CELL LINES Signaling Signaling
(Palumbo S, Pirtoli L, Tini P et Al, AMP:
Different involvement of autophagy ' ATP
in human malignant glioma cell lines
undergoing irradiation and temozolomide

treatment, J. Cell. Biochem., 2012)

p53 / Genotoxic

Stress *
/ Autophagy induction via mTOR

inhibition: (Rapamycin)
promotes sensitivity to IR-induced
cell death

-/ _ Membrane

Mucleation

Sequestration

BECN1 or ATG-7 genes prevents

Autophagy inhibition by siRNA of
IR-induced cell death
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AUTOPHAGY-RELATED CELL DEATH MANIPULATION

IN GLIOBLASTOMA CELL LINES

(Palumbao 5, Pirtoli L, Tini P et Al, Different invelvement
of autophagy in human malignant glioma cell lines

undergeoing irradiation and temozoelomide treatment,
J. Cell. Biochem., 2012)

Cell-death investigation in T98G cells.
LC3-1 to LC3-ll conversion, BacMam LC3B-DFB
transducion, DAPI staining and sub-G1 apoptotic
population analysis.
A) LC3-11/LC3-I ratio: higher in IR than in
NC cells;
B) to discern whether increase in LC3-1l was
due to autophagy or lysosomal accumulation,
BafAl 10nM was added =@ further increase in
LC3-1l level at each IR dose, compared to NC:
autophagic flux enhanced at low-intermediate
IR doses (evaluated also by MacMam 2.0 viral
vector, transducing and expressing LC3-|
fluorescent LC3B protein). NC and transducted
only cells; diffuse F. pattern; IR cells: punctate
F. pattern (LC3B-GFP accumulation on
autophagosome-like vescicles).
C) DAPI-staining: no apoptotic features (nuclear
fragmentation, chromatin condensation,
apoptotic bodies), also with Rapamycin.
Staurosporine highlighted apoptotic features.

|.J H u . D) cell-cycle FACS analysis: sub-G1 apoptotic population. No appreciable
variations of sub G1-pop. between IR cells and NC: no apoptosis induced.



Palumbo S, Pirtoli L, Tini P et Al,

Different involvement of autophagy

in human malignant glioma cell lines
undergoing irradiation and temozolomide
treatment, ). Cell. Biochem., 2012

Rapamycin
. Ul M3 ! 0 0.1 0,5 1 M ph-p70/p70 ratio in T98G ph-p70/p70 ratio in
U37IMG
— — . 2 2
TO  — — - | ph-p70 56 kinase
1 + . , 1 T
o D R oscee o M MM . M L
o 0,1 0,3 1 o 0.1 03 1
Rapamycin (uM) Rapamycin (uh)
16 |THES —— — - LC3-11/1 ratio in T98G LC3-11/1 ratio in U373-MG
14 - — O — ____-! LC3 = g =
. | v 100 # :
S B N N W
1] A ——————— i —— . DELA-ACTIN o 0+ ;
0 0,1 0.3 1 0 0,1 03 1

Rapamycin (M) Rapamycin (k)

T98G U373MG

Autophagy induction by Rapamycin in T98G and U373MG GB cell lines:

Evaluation of ph-p70S6K, p70S6K, and LC3 expression by immunoblotting, after 24h rapamycin
incubation (0.1, 0.5, 1 pM)

Note: Protein expression is normalized with Beta-Actin for densitometric analysis and referred to the expression of
untreated cells.



IRRADIATION (IR)

Palumbo S, Pirtoli L, Tini P et Al, "
Different involvement of autophagy

in human malignant glioma cell lines * 1D

5F

undergoing irradiation and temozolomide &5 | | B {—#—TEBG
treatment, J. Cell. Biochem., 2012 U373MG
0,01
0 035 1.2 2 5 7
Dose (Gy)
A) IR + Rapamycin, T98G B) IR + Rapamycin, U373MG
1 1 t——F—%
|| * W I
[ —4—|R L - |
-
v 01 IR +Rapa 0.5uM % 01 _ + IR
B |R +Rapa 0.75uM IR +Rapa 1uM
IR +Rapa 1um
0,01 - 0,01
0 035 12 2 5 7 0 035 12 2 5 7
Dose [G"l'] Dose [G"f}

Autophagy induction by Rapamycin:

» an enhancement of the effect of IR in T98G is observed with increasing concentrations,
and it is more marked at low doses;

» asignificant enhancement of the effect of IR is observed also in U373MG, except for the
highest dose.



T98G U373IMG

Palumbo S, Pirtoli L, Tini P et Al, . don S

Different involvement of autophagy megPEes | (SN e fr

in human malignant glioma cell lines FEmssss [ee———] s | Jl_j‘{“![llq N AREEY

undergoing irradiation and temozolomide ; -sw= | ————-__ o aes

treatment, ). Cell. Biochem., 2012 [ emm— . 1 o) I
| . BT JUJJJU

Cell-death pathways involved in IR-sensitivity: :

T98G: protein expression: Becnl and Atg5 (autophagy markers) highly expressed at low-intermediate doses, and a weak
Caspase-3/7 cleavage (just early apoptosis activation);

U373MG: protein expression: Becnl (poorly) and Atg5 expressed only at intermediate-high doses; no Caspase-3/7 cleavage
(no apoptosis activation);

SF 14 - SF 1.2
siRNA Beclin1 - atg7: T98G: IR A) SIRNA Bedlin1 - atg7: U373MG: IR B)
12
e 1 I_'_I
o)
10
0.8
08
*NC v #NC
B IRNA BECN1 v 5 5iRNA BECN1
0,6 g .
siRMA ATGT SIRMNA ATG T
& 04
0,4 - =
0,2 0.2
0 0
6 1 2 3 4 5 & Gy o 1 2 3 4 5 & G

Autophagy inhibition by knocking-down Becnl1 and Atg7 through siRNA transfection:
» A)autophagy inhibition totally prevented 1.2 Gy IR effect on SF of T98G;
* B) no relevant effect of autophagy inhibition was shown in U373MG.



Autophagy induction in T98G and U373MG enhances IR cell-killing mostly at low-doses. This
effect occurs also at low dose-rates. Autophagy suppression reduces IR sensitivity in T98G and

has no effect in U373MG (L. Pirtoli, S. Palumbo, P. Tini, 2013: unpublished data).
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This might have a relevant effect in the gradient region, if
reproduced in vivo, and could be optimized through a “Gradient

Modulation” methodology.
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Epidermal Growth Factor Receptor (EGFR)
Expression correlates with clinical and MULTIFOCALITY
pathological features, response to therapy, (SYNCR-. METACR.)I

and survival in Glioblastoma. A preliminary EGFR-/+: 0/23 "‘,
report based on a patient series. : -l
(P. Tini, G. Rubino, S. Palumbo, EGFR++I_+++' e P
A. Cerase, L. Pirtoli, C. Miracco, Syncr. p=.001

2013, unpublished data). Metacr. p=.002

68 pts, 2007=> 2011;
IHC EGFR -/+: 23/68;
EGFR ++/+++: 45/68

RATE OF RE-GROWTH:
(mean, after RT+TMZ)

EGFR-/+: - 69.5%

En + 18 da
(mean)

EGFR++/+++: + 139.5%

p=0.002



Epidermal Growth Factor Receptor (EGFR) MULTIFOCALITY

Expression correlates with clinical and
pathological features, response to therapy, (SYNCR-. METACR«)I
and survival in Glioblastoma. A preliminary EGFR-/+: 0/23 '

report based on a patient series. ;
(P. Tini, G. Rubino, S. Palumbo, EGFR++I_+++' 2%
A. Cerase, L. Pirtoli, C. Miracco, Syncr. p=.001
2013, unpublished data). Metacr. p=.002
68 pts, 2007=> 2011;
IHC EGFR -/+: 23/68;
RATE OF RE-GROWTH: ~+ EGFR¥+/+++
(mean, after RT+TMZ) <~
EGFR-/+: - 69.5% o
EGFR++/+++: + 139.5% “°" —
1o 3 2 e e G " + EGFR-/+
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Autophagy
Cell death

Fan Q-W, Weiss WA:

Targeting the RTK-PI3K-mTOR
Axis in Malignant Glioma:
Overcoming Resistance

Curr Top Microbiol Immunol.
2010; 347. 279-296.

*I

A main role of Autophagy in the
EGFR-PI3K-Akt-mTOR axis
can also be demonstrated
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EGFR silencing by a four siRNA pool, mTOR
inhibition by Rapamicyn, and IR (2 Gy).
Clonogenic tests in T98G and U373MG cell
lines.

(S. Palumbo, P. Tini, L. Pirtoli et Al., 2013,

unpublished results).
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EGFR silencing by a four siRNA pool,
mTOR inhibition by Rapamicyn, and IR
(2 Gy). Cell migration tests in T98G cell
line.

(S. Palumbo, P. Tini, L. Pirtoli et Al.,
2013, unpublished results).
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Glioblastoma: From
Molecular Pathology to
Targeted Treatment

Timothy F. Cloughesy,! Webster K. Cavenee,’’
and Paul S. Mischel***

! Deparmment of Newrology and Neuro-Oncology Program, University of California,
Los Angeles, California 900%3; email: pmischel@ucsd.edu

*Ludwig Instivate for Cancer Research, *Moores Cancer Center, *Deparment of
Pathology, University of California, La Jolla, California %2093
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If mTOR Is Such a Compelling
Glioblastoma Target, Why Did
R b Fail ins the Clinic:
Of Feedback Loops and
Cross-Talk Pathways

Antitumor Activity of Rapamycin in a Phase |
Trial for Patients with Recurrent
PTEN-Deficient Glioblastoma

Tim F. Cloughasy'*, Kol Yoshimoto™", Phicanh Nghlemphu'®, Kevin Brown®, Julle Dang”, Shaojun Zhu®, Tell Hsush®,
Yinan Chen®, Wel Wang®, David Youngkin®, Linda Llau®, Neil Martin®, Don Becker®, Marvin Bargsneider”, Albert Lal',
Richard Green, Tom Ogleshy’, Michasl Koleto®, Joff Trent”, Steve Horvath®, Paul S, Mischel™, ingo K. Mellinghatf*™,
Charlus L. Sawyers
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The mTOR Signalling Pathway in Human Cancer, Pépulo H et Al.

Int. J. Mol. Sci. 2012, 13, 1886-1918

Table 2. mTOR inhibitors in clinical trials.

mTOR inhibitors Mechanism of action References
Rapamycin and analogues
Binding to the immunophilin FKBP12
Deforolimus Partial mTORC1 inhibitor [206)
Cell-type specific mTORC2 mhibitor
Binding to the immunophilin FKBP12
Everolimus Partial mTORC1 mmhibitor [206]
Cell-type specific mTORC2 inhibitor
Binding to the immunophilin FKBP12
Sirolimus Partial mTORC inhibitor [206]
Cell-type specific mTORC2 inhubitor
Binding to the immunophilin FKBP12
Temsirolimus Partial mTORC1 mhibitor [206]
Cell-type specific mTORC2 inhibitor
Small molecule inhibitors of kinases
AZDR05S ATP competitive inhibitor of mTOR [207]
Ku-0063794 Specific mTORC1 and mTORC2 inhibitor [208]
PP242 mTOR kinase inhibitor [201]
PR30 mTOR kinase inhibitor [201]
Lab EHPEI‘iEI‘IEES Torinl TDR kinasic Linhibit::rl [202]
: i ] Frompentesesghibitor of mTOR [209]
with IR: nTOR and PI3K dual-specificity inhibitof:
I(uger 2013 : P-E : -cnmpctitivc mhibitor of PI3K and mTOR [205]
Pravo 2008 PI-103 ATP competitive inhibitor of DNA-PK, PI3K and mTOR [210]
PKI-179, PKI-587  ATP competitive inhibitor of DNA-PK, PI3K and mTOR [211,212]
XL765 ATP-competitive inhibitor of DNA-FK, PI3K and mTOR [203]




Improving IR- and TMZ- sensitivity by Autophagy manipulation might be
achieved also downstream the mTOR pathway, by targeting miRNAs.

Review Article J Cell Physiol, 2013, in press.

Emerging roles of microRNA in medulating cell-death processes in malignant
glioma’
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microRNA-17 regulates the expression
of ATG7 and modulates the autophagy process,
improving the sensitivity to Temozolomide
and low-dose ionizing radiation treatments
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Conclusions:

During the last 3 decades, Molecular - Mechanistic RB has replaced (or integrated) Math
Modeling, paralleling the improved knowledge in Pathobiology.

Autophagy (ATG) is a bio-molecular mechanism involving all the domains of Mechanistic
RB; it can act both as a pro-survival and a pro-death mechanism. Intra-cellular autophagy
signal pathways are actively investigated in GB. Increased suggestion exists of a main
cell-death role of ATG in sensitizing GB to IR and TMZ, both on clinical and lab grounds.

Enhanced ATG seems to enhance IR sensitivity mostly at low IR doses and dose-rates,
thus suggesting new RT modalities in the clinical setting, in combination with ATG
modulating agents.

ATG is involved also in GF signaling (e.g.: EGFR), that can be modulated by ATG
manipulation in order to counteract some aggressive behaviors of GB, e.g.: high growth

rate and invasiveness.

However, feed-back escape mechanisms have been documented, from the main ATG
induction strategy (that is, mTOR inhibition) and unsatisfactory results can be anticipated
of clinical trials using Rapalogs associated with IR. This might be obviated by dual PI3K-
mTOR inhibitors, and/or by targeting the ATG pathway downstream along the mTOR
cascade (e.g.: by inhibiting by antagonists miRNAs acting against ATG genes expression).

The complex pathobiology of GB makes this disease an elusive one in respect of therapy,
and a great deal of further study is necessary in molecular and translational RB of GB.




