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ABSTRACT

Radiation resistant cancer stem cells are the megison for treatment failure and tumor recurrerfter a
cancer radiotherapy. Increasing biological evidendemonstrate that these cells possess the capacity
repair radiation induced DNA damage, protect thdwmesefrom radiation derived reactive oxygen species
survive and proliferate after several fractionsaafiotherapy and finally, repopulate the heteroggrd the
tumor. Thus, targeting and eliminating these cealfould be necessary to achieve cancer cure in
radiotherapy. Three major approaches that speltifitarget radioresistant cancer stem cells havenbe
recently investigated. First, inhibition of T@GFa major mediator of the tissue response to radiahas
been shown to induce radiosensitization of cantemscells by targeting the DNA damage response
mechanism. Second, by preventing Notch activatiorind fractionated radiotherapy, cancer stem cells
were depleted from their ability to repopulate thwnor after radiation. Finally, telomerase activity
inhibitors have shown to specifically decrease ¢hacer stem cell population after radiotherapythi@
present review, we evaluate these radiosentitizipgroaches and their possible effects when combined
with fractionated radiotherapy as they promiseda@lpowerful tool in the battle against this cancer

Keywords: Cancer Stem Cells (CSC), Reactive Oxygen Speci€&SJRDouble Strand Breaks (DSB),
Extra Cellular Matrix (ECM), Anticancer Treatments

1. INTRODUCTION incidence of new cases estimated for that yeamasck
_ ) to 12.6 millions (Boyle and Levin, 2008). More ratg,

Between 1991 and 2007, cancer mortality ratesén th 1 g million new cases of cancer were estimated€drl
US decreased 22.2% for men and 13.9% for womeny, the US with a predicted mortality of almost X0
(Siegelet al., 2011), thanks in part to the development of jeaths (Siegedt al., 2011). In this context and even with
early detection techniques, like the discovery & t the considerable reduction in mortality rates dyrine
prsotate-specific antigen (Toubetal., 1996) and the |55t twenty years, cancer is the leading causeeathd
improvements in appropriate treatment and palkativ among men and women younger than 85 in the US since
techniques including surgery, radiotherapy and 1999 (Landist al., 1999).
chemotherapy. But despite these encouraging trends, | s also well established that despite the imprognts

cancer is still one of the leading causes of daath . pieveq in the field of cancer therapy, the respoto
developed and developing countries and behaworald. o

L oI . ifferent treatments is still heterogeneous andntunfately,
trends indicate an alarming increase in the exgosur h oritv of the treated t ntain theacis t
risk factors, specially for low-and middle-income '€ Maorily of the treated tumors maintain eacap 0
countries (McCormack and Boffetta, 2011). During '€€merge gfter the tregtment. Th|s heterog.ene.n;ptmnly
2008, cancer alone was responsible for 13% ofdted t Observed in a population basis, but also in sitigteors,

number of deaths worldwide, almost 7.6 millions #mel ~ animal models and even in cancer cells in culturd a
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indicates that the response of single cancer dells (Zeisberg and Neilson, 2009), has been suggestea as
anticancer treatments is heterogeneous. mechanism to initiate tumors for non cancer stelfa.ce

A hierarchical organization of cancer cells Is for all of those controversial issues that, foe
subpopulations has been known for more than fiigry, ~ Purpose of this review, we will not get into théstence
when serial transplantation experiments demonstrate of single deterministic stem cells in the tumor tbe
differential metastatic potential within the calisa given  plasticity capabilities of all cancer cells to bewocancer
tumor (Southam and Brunschwig, 1961). In this cxnte  stem cells and we will just focus our intent in the
one of the most accepted theories that explainsecan Vvariability of responses to cancer therapy that are
cells heterogeneity in their resistance to antieanc Observed as a result of the intrinsic tumor hetemedy and
therapies resides in the existence of a sub-popuolaf ~ how to overcome them with novel therapeutic
cells within the tumor with specific capabilitigsat make ~ approaches. To do that, we will consider the enteof
them particularly resistant to both chemo and theimpy @ population of cells within the tumor that, after
(Eramoet al., 2006; Liuet al., 2006; Ghodst al., 2007; radiotherapy has killed most of the tumor volume,
Kang and Kang, 2007; Mimeaudt al., 2007; Maet al., remain almost unaffected and, more importantly,
2008). These cells possess the capacity to seifwemd  retain the capacity to regrow into a fully develdpe
to generate the heterogeneous lineages of carltetie ~ cancer (Pajonlet al., 2010) Fig. 1) and in the shake of
comprise the tumor (Clarlet al., 2006) and are known as simplicity, we will retain the traditional and most
Cancer Stem Cells (CSC) (Regaal., 2001). However, common nomenclature that entitles these cells &sCS
the existence of CSCs is still controversial (Tra894; Radiotherapy and cancer radioresistance:
Hill, 2006; Hill and Perris, 2007) mainly due to Radiotherapy is one of the least expensive cancer
interpretation and nomenclature issues about what greatments and one of the most effective in terrhs o
stem cell truly is and to continuous discrepanciespatient cure and overall survival (Dunscoméeal.,
about what combination of surface biomarkers 2007). In high-income countries, radiotherapy sticag
characterize and differentiate the CSC from otherysed for direct and palliative treatment in 52%lbhew
cancer cells (Baumanet al., 2008; Al-Assaret al. cancer cases (Delangyal., 2005; Kimmet al., 2005).
2009; Alexanderet.al., _2009; McCordet aI._,_2009; This numbers vary depending on the tumor type, but
Ropoloet al., 2009; Smitfet al., .2011_).' In addition, fe_w make radiotherapy particularly required for theatneent
years ago (Maniet al., 2008) identiied a connection of several solid cancers like breast, lung andtpteg83,

between the stem cell signature and the epithédial .
Mesenchymal Transition (EMT) program suggestind tha 76_ a_nd 6_0% r(_aspectl_ve_ly) (Delaney al., 2.005)' The
principles in which radiation therapy bases itsceas and

differentiated cells may acquire stem capabilit®sme ) i o
recent reports indicate the ability of single carmslls to ~ Mechanisms of action when killing cancer cells,were
initiate tumors (Quintanat al., 2008) and this epithelial catégorized by Whitners almost 40 years ago aé Ris

plasticity, although controversial since the EMgrsiture ~ Of Radiobiology: Repair of DNA damage, Redistributi
in differentiated cells differs from that execuiedcancer ~ of cells in the cell cycle, Repopulation and
cells when acquiring metastatic potential (reviewad Reoxygenation of hypoxic tumor areas (Withers, 3975

VAT

(OCSC@ NonCSC

Fig. 1. Cancer recurrence after fractionated radiotherégyRadiation therapy induces DNA damage in canedls &illing the
majority of the tumor volume while acting as a sgn mechanism for the intrinsically more resist&8Cs. (b) The
surviving population of CSCs commence the repopuiath the tumor by reentering in cell cycle, pral#gng and
establishing an initial program of self renewaltthcreases their numbers. Further fractions ofathérapy contribute
to the selection of the CSC population and enrioh temaining tumor with symmetrically dividing CS() The
increased population of CSC operates as seedgdtifgpation, causing a rapid regrow of the tumaiume generally
faster than the initial rate of the disease
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The most studied and well known effect of in breast cancer CSCs characterized by an antiokida
radiation and radiotherapy is the induction of deub profile in which the CSCs showed increased
strand breaks in the DNA of the target cells. latth expression of glutamate cystein ligase and glubathi
regards, high dose radiation, like the one empldged synthetase. This translates into a more efficient
radiotherapy, induces direct ionization of the DNA scavenging of radiation induced ROS and results in
causing a number of Double Strand Breaks (DSBhén t less DSBs when compared to non CSCs irradiated at
genome of a single cell directly proportional te tiose ~ the same dose (Dietat al., 2009).

(Olive et al., 1991). In addition, as a physical property of ~ Summarizing, CSCs exhibit an increased overall
ionizing radiation, highly Reactive Oxygen Species resistance to radiotherapy due to a more efficetivation
(ROS) are generated by the ionization of water of the_D_DR mechamsm after radiation and to thepamty
molecules. Those induce local radical scavengers{0 minimize ROS induced DNA damageFid. 2).
such as glutathione that contribute as well to eaus Fortunately, these characteristics also providevaavenue
double strand breaks in the DNA (Mitchell and Rysso for anticancer therapy and further evidences have
1987). As a response to the damage, the cellsaetiv demonstrated that, by specifically targeting thitrere is an

a DNA Damage Response (DDR) mechanism Capab|é)verall benefit in the tumors response to radiation

to repair a certain amount of these breaks. The TGFP as a target for cancer stem cells
principle by which radiation is effective against Radiosensitization: One of the most interesting
cancer cells is because it generates enough datoage approaches to target the CSCs increased resistance
override the DDR mechanism and induce cell death. 'adiotherapy has been recently reported by three

However the activation of the DDR mechanism in independent groups, in which breast cancer (Bougju,
cancer cells populations is heterogeneous as eséden 2011) and glioblastoma cell lines (Anid al., 2010;
by differential survival of certain subpopulatioafter ~ Zhanget al., 2011) were radiosensitized by inhibition of
radiotherapy. For example, in gliobastoma a pojrdat Transforming Growth Factop (TGF3). Bouquetet al.
of CD133 putative cancer stem cells, was shown to be(2011) reported in both colony forming assays amd i
especially efficient in the repair of the radiatimeluced  vivo tumor control the inhibition of TGFwith a small
DSB as shown with the Alkaline Comet assay (Beal., molecule or a neutralizing antibody increased the
2006). Higher resistance to radiation was also foum  radiosensitivity of breast cancer. Interestingljey
breast cancer cell lines in mammosphere colonyshowed that TG inhibition reduces the efficiency of
assays enriched for CD24 CD44"" putative CSCs  the DDR mechanism by specifically preventing the
(Phillips et al., 2006), together with a more efficient phosphorilation of ATM after radiation induced DNA
repair of the DNA damage as evidencedyblgAX foci  damage (Bouquedt al., 2011). While the heterogeneity
(Diehn and Clarke, 2006; Philligs al., 2006), a marker  of the tumor populations response was not evalyated
for the_phosphorllatlo_n of the h|stor!e H2AX afte_peﬁl (Anido et al., 2010) showed that inhibition of TGF
recognition of a DSB in the DNA (Olive, 2004). Pany specifically reduces the population of CDAd1"
in the same direction, breast LBD24CD29  putative glioblastoma CSCs (Anidet al., 2010:
mammosphere derived cells exhibited a distifiet  7panget al., 2011) reported that glioblastoma CD133
catenin andyH2AX activation patterns after radiation o5 in colony formation assays were specifically
exposure, suggesting a possible role of the Wnt- o diosensitize and suffered more DNA damage when th
catenin pathway in the DDR r'esponse to r";‘d"rj‘t'oncuItures were treated with the same inhibitors. efak
induced DSBs (Chert al., 2007, Woodwardet al., together, these studies indicate that the inhibiib TGH3

2007). In this context, inhibition of Chkl " : . ;
I ! . sensitize CSCs to radiotherapy by directly targetimeir
phosphorilation, a downstream mediator of #iH2AX capacity to response to DNA damai(2)

DDR pathway, has been shown to radiosensitize glianal . . : . .

atypical teratoid/rhabdoid CD133cells (Bao et al., . TG,FB IS a fam|Iy.of cy.toklnes.mvol_ved In most
2006; Chiouet al., 2008; Ropoloet al., 2009). In _b|olog|cal processes |n_clud|ng prphferathn, migpa,
addition to the DDR activation, autophagy has beeninvasion, differentiation, angiogenesis, immune
proposed as an alternative mechanism for the dtiquis  '€SPonse and apoptosis (Mosksal., 2011). Just since
of radiation resistance employed by CD182lls and it its first role as an inhibitor of the mammary glaemil buds
has been shown that autophagy inhibition sensitihed development was identified by (Silberstein and Bani
cells to radiation reducing the sphere forming citpaf ~ 1987) the controversy of its diametrically opposets
glioma CSCs (Lomonacoet al., 2009). Finally, arose as few months later, (Knab#eal., 1987) showed

described another mechanism of radiation resistancdéhat TGP was produced by the mammary gland to
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contribute to hormone resistance (Knaldbeal., 1987). through a TGB dependent activation of the transcription
Since then, TGF has been associated with tumor factors Snail and Twist (Zeisberg and Neilson, 2009

suppressor  functions,  controlling  proliferation, Additionally, inhibition of TGP can provide a new
apoptosis and instability, as well as with tumasrpotion interesting approach in radiosentitizing tumors &8Cs
ones such as migration, invasion and plasticity. through its effect on reoxygenation. Hypoxic canots

The main regulator of TGFis the restrain of the show increased resistance to radiation (Thomliresah
active cytokine from the Latent complex (LTEFin Gray, 1955) especially when they are under intéemit
which is secreted associated with the Latency Aateat hypoxic conditions (Zolzer and Streffer, 2002), @i
Peptide (LAP). This process of activation is theirma can be explained by the intermittent angiogenesis
controller for the bioactivity of TGE The LTGHB induced in the CSCs perivascular niches through the
complexes are secreted to the Extra Cellular Matrixexpression of Hypoxia-Inducible Factox (HIF-a)
(ECM) which serves as a reservoir (Flaumenhaft and(Gustafssort al., 2005; Pajonlet al., 2010). In contrast,
Rifkin, 1992). These can be then locally activated persistent chronic hypoxia may increase radiosegitgit
through a wide variety of mechanisms including by decreasing RAD51-dependent DNA damage repair
integrins,  metalloproteinases, elastase, plasmin,(Chanet al., 2008). A direct approach to induce chronic
thrombospondin (reviewed in (Mosesal., 2011)) and, hypoxia is to prevent tumor angiogenesis. Intemgbfi
more interestingly, ionizing radiation and ROS it has been shown that ionizing radiation may irduc
(Barcellos-Hoff and Dix, 1996). Upon activation, F§s  endothelial cell kill itself (Garcia-Barrost al., 2003;
binds to the type Il TGF receptor (BIIR) promoting Imaizumi et al., 2010) and a synergistic effect between
dimerization and transactivation of the type | PGF anti-angiogenic therapies and radiation has been
Receptor  (BIR), triggering a  downstream observed (Seiwert and Cohen, 2008). BQtas been
phosphorilation signaling of the SMAD transcription shown to stimulate angiogenesis through local
factors cascade (Derynck and Zhang, 2003; Massagudranscriptional activation of Vascular Endothelial
2008). Activated SMADs then translocate from the Growth Factor (VEGF) and Connective-Tissue Growth
cytoplasm to the nucleus where they regulate trgotisn Factor (CTGF) (Sanchez-Elsnetral., 2001; Kanget al.,
of various target genes (reviewed in (Mosesl., 2011)) 2003) and also by inducing endothelial cells toresp
that translate into the different range of respsnse monocyte chemoattractant Protein-1 (MCP-1) for the
observed in cancer cells. The diametrically opposedrecruitment of vascular smooth muscle and mesenahym
response observed to TERctivation can be explained cells toward the endothelium (M#al., 2007). Thus the
by a molecular balance of transcription factor GFEB  power of inhibiting TGB in this scenario will reside in
isoforms, LIP and LAP (Gomia al., 2006) that controls  that, after radiotherapy, the surviving CSCs wilk b
a key program for the induction of c-myc and repi@s  prevented for the possibility or reoxigenation and
of p15. As a result, cancer cells become insemsitiv ~ expansion, as angiogenesis will be blocked.

proliferative and instability controls while acqeithe In essence, three major components of cancer
malignant characteristics of invasion, motility and malignancy can be targeted by inhibiting TEG#
plasticity (Massague, 2008). combination with radiotherapy. In addition to the

In the light of these roles of T@Fin cancer specific radiosensitization effect caused in theCE€S
establishment and progression it would be expeittad the tumor plasticity and angiogenesis capacity loan
in addition to the DNA damage radiosentitizing effe blocked resulting in an increased control of theadu
described above, the inhibition of T@BEan result in an  mass, essential for further targeting of the cameds
overall benefit for radiotherapy as several cajit#ds! of in fractionated radiotherapy.
both CSCs and non CSCs will be compromised. For Targeting the cancer stem cell nichéfhe
example, by inhibiting TGF it would be expected that dependence of the CSCs to their local
the invasive and metastatic potential of the tunwvaits microenvironment is not only important for their
be reduced. Interestingly, that effect was shown byresponse to reoxygenation and evidences accumulate
(Bouquetet al., 2011) as they reported a significant showing that cancer cells are established in niches
decrease in the number of lung metastasis in agrafto  composed of several cell types that contribute to
model for breast cancer after treatment with ramtiaand regulation and maintenance of the CSCs pool
TGFj inhibitors (Bouquett al., 2011). Such effect can (Scadden, 2006; Gilbertson and Rich, 2007;
be attributed to a direct inhibition of the EMT gram Hambardzumyaret al., 2008). Is from these niches
which increases cancer cells motility and invasion where, after radiotherapy has killed most of thedu

///// Science Publications 46 AMJ



Ignacio Fernandez-Garcia / American Medical Jousn@): 43-55, 2014

volume, radioresistant cancer stem cells exit thetranslocates into the nucleus and binds to CBF-1,
guiescent state in which they reside and initidte t transforming this factor from transcriptional regser
repopulation of the tumoiF(g. 1). to activator. As a result, several products are
Different cell cycle stages are characterized byexpressed to promote progression into the S-phase
different resistance to radiation, being cells itosis the  (Weinmaster and Kopan, 2006), recruitment into cell
most sensitive ones (Pawlik and Keyomarsi, 2004).cycle (Campy) and maintenance of the stem cell
Although there is only direct evidence from phenotype (Wtetal., 2007) Fig. 3).
hematopoietic stem cells (Hoey al., 2009; Korkaya and Thus, the activation of the Notch pathway in CSCs
Wicha, 2009), CSCs are believed to exist in a qeies can be targeted during fractionation radiotherapy t
GO state in their niches and they become recruited prevent the repopulation of the tumor after each
enter in cell cycle in order to initiate prolifei@t and fraction of radiation. As a prove of principle, the
repopulation of the tumor after radiotherapy. ThetdN potential benefit of inhibiting Notch has been
pathway has been identified as one of the moleculardemonstrated by knockdown of Notchl or Notch2 and
mechanisms implicated in this transition (\&uwal., 2007; ex vivo irradiation of glioma cells before injeatio
Campaet al., 2008). It has been described that multiple which resulted into extended tumor latency morentha
radiation fractions promote Notch activation abdve either treatment alone (Wargg al., 2010). In a recent
levels observed for single doses (Phillgsl., 2006).  report (Liuet al., 2011) showed that Notch inhibition
This is concomitant with an increase in the numiier both by y-secretase inhibition and by delta ligand
cycling CSCs (Vlashiet al., 2009) being recruited specific blockade resulted in a synergistic tumavgh
from their niches to repopulate the tumor and opens delay when combined with radiotherapy in colorectal
new window for radiosensitization. carcinoma and head and neck cancer cells é.ial.,
The repopulation capacity of the cancer stem cells,2011). Interestingly, the group also reported a
recruited from their perivascular niches to actvel significant anti angiogenic effect of the deltaaligl
proliferate again, is the main reason for the failof blockade when combined with radiotherapy, indiaatin
radiation therapy (Withergt al., 1988; Beseet al., that specific inhibition of the Notch pathway may
2005). This imply that CSCs in radiation treatedasas  interfere not only with the recruitment and repatian
not only have to exit their quiescent stage, bsbal capacity of the CSCs, but also with their ability t
initiate a new program of symmetric and asymmetric recruit endothelial cells to promote angiogenesis.
divisions to establish the tumor heterogeneity,allgu Telomerase targeting and radiotheralmyaddition to
with faster growth rate than that from non treatedors.  the window opened for the combination of radiotpgra
This is done through an increased initial frequenfy  with inhibitors for the Notch pathway, the existeraf a
symmetric divisions that leads to a higher number o CSCs niche that operates as a seed for tumor
CSCs in the niches early after radiation, whiclerain repopulation, uncovers a new possibility for
will switch to asymmetric divisions to generate the radiosensitization in fractionated radiotherapytofieere
progeny of heterogeneous tumor cells. Interestjriijy ~ targeting and the inhibition of telomerase activity
mechanism that orchestrate the decision betweemstin The terminal regions of linear genomes are called
and asymmetric divisions in both normal tissue stemTelomeres (Blackburn, 1984). They are formed by
cells and in CSCs, employs the Notch, Wnt and Heslge multiple tandem repetitions of a six nucleotide satce
pathways (Phillip&t al., 2006; Xuet al., 2008; Bisson and  that confers chromosomal stability and protectanfro
Prowse, 2009). In that regards several reports hagen irregular recombination, degradation and end to end
activation of the Notch and Wnt pathways after atiolin fusions (Artandi and Attardi, 2005). A whole pratei
(Phillips e al., 2006; Woodward et al., 2007, complex composed by six telomere-associated protein
Scharpfeneckest al., 2009). called Shelterin, contributes to the stabilityfwdge terminal
Activation of the Notch pathway requires cell tdice regions by creating a two-loops system that pretéoe
contacts, where binding between the Notch recegoidr  telomeres from being recognized as a double stoaeak
ligands of the Delta or Jagged family occur. After by the DNA damage response mechanism-conformation
binding, the Notch receptor is divided and the known as capped telomere-(De Lange, 2005).
extracellular part is internalized into the ligacell, Telomeres are the main cause for the “mitotic clock
while the remaining Notch is cleaved in the receptll for aging” (Blasco, 2005). During the cell cycleigw to
by y-secretase. This cleavage induces the releasesof ththe cell division at the end of the S phase whernNA
Notch  receptor intracellular domain  which is finishing its replication, the polymerase conxgle are
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unable to synthesize the end of the new strandE\g, activity, increase radiosensitivity of cancer calsadiation
creating a gap in the 5’ region (Olovnikov, 1978his  (Ayouazet al., 2008; Wesbuest al., 2010) Fig. 4).

process will cause a progressive shortening of the There are two different approaches for targeting
telomeres in proliferating cells every time theyide  telomerase activity: Direct enzyme inhibition anative
(Harley, 1991) that will lead to the disruption #fe  telomerase immunotherapy. Different telomeraseviyti
protecting system enabled by the sheltering and thenhibitors have been proven to have anticancer gutims
recognition of the telomeres as a DSB-uncappedin cell culturesin vitro as well as in animal models
telomeres-which will activate the cellular seneseen (Dikmen et al., 2005; Kelland, 2007). Furthermore, we
pathway (Artandi and Attardi, 2005; De Lange, 2005) have recently showed that inhibition of telomerase
But this process can be bypassed by the expresdion activity with small molecule inhibitors specificgll
the telomerase protein complex. Telomerase is a DNAenhances radiosensitivity of the AldH positive pagian
polymerase ribonucleoprotein complex Comprising an of lung CSCs. We observed an increased tumor dantro
RNA subunit (TERC) and a Reverse Transcriptasevivo after radiation and telomerase inhibition causgd b
component (TERT) that is express in normal stemthe specific deletion of the AldH positive cellacteased
cells and in embryonic tissues as a mechanism toradiosensitivity of the AldH positive cells was@isroven
prevent telomere attrition (Floregt al., 2006). The in vitro by sphere forming and colony survival assa
activation of the complex requires the interactwn  (Serranoet al., 2011). As a different approach, cancer
its main subunits TERT and TERC with dyskerin 1 immunotherapies use synthetic TERT peptides todedu
(Cohen et al., 2007), a protein for assembling and an immune response against cancer cells expressing
stabilizing the complex. Thus, the regulation of th TERT antigens. Recent results from phase /Il céhi
telomerase is done through individual mechanisnag th trials have prove increased survival of patients \stage

control the expression of its three major companemd |1l non-small cell lung cancer when immunized with
through the assembling process that binds thenthiege telomerase peptide vaccination in patients afteriniga
(reviewed in (Florest al., 2006; Collins, 2008). been treated with radiotherapy (Brunseigal., 2011).

In addition, the activity is mediated by the acisbty Although the specific response of the CSCs to the
of the complex to the telomeres and as such, depemd  telomerase based immunotherapy was not evaludtied, t
the Shelterin complex conformation and its own results support the idea of a decrease in theferative
regulation (De Lange, 2005; Seimighal., 2005). It is  capacity of the cancer cells after the combinatafn
well known that telomerase is overexpressed in theradiotherapy with the inhibition of telomerase. dfiyy an
majority of human cancers (Holt and Shay, 1999), example for direct telomere targeting for radiogeagion
where it acts as a mechanism to bypass telomerehas been recently described by (Megteal., 2011) in
derived senescence and apoptosis. More importantlyglioblastoma cells using a G-cuadruplex ligand that
ionizing radiation has been repeatedly shown to upselectively binds to the spatial configuration biet
regulate telomerase activity in several cancerloetls  telomeres causing instability and telomere uncagpin
invitro (Finnonet al., 2000; Wangt al., 2000; Perez  As a result, they showed a delay in the activatdn
Mdel et al., 2002; Raret al., 2009). the DDR mechanism byH2AX and 53BP1 foci,

The differences between normal and cancer cells inresulting in enhanced radiosensitivity of GBM cells
terms of telomerase expression and telomere lengti{Merleetal., 2011).
provide a therapeutic opportunity for telomerase  Given the specificity and selectivity of telomerase
inhibition-based therapies. Cancer patients areliksly based therapies, the addition of a radiosensitizaffect
to develop resistance to telomerase-based therdmes in the CSC population reinforce even more the g@en
to other cancer drugs and telomerase-based therapge in the combination of telomerase-telomere inhilpitio
unlikely to cause tissue toxicity to normal non agents for controlling the tumor repopulation after
telomerase expressing cells (Harley, 2008). Intamidi  radiotherapy. This way, the surviving cancer céfiat
telomere dysfunction has been shown to enhance theemain after radiation will suffer from continuous
radiosensitivity of cancer cells by decreasing thetelomere attrition under the telomerase inhibition
efficiency of the DDR mechanism in repairing the treatment while proliferating to repopulate the twum
induced DNA (Wonget al., 2000). This characteristic has This will finally cause telomere dysfunction and
been employed to develop new agents that, by smlif  apoptosis, which contribute even further to conti
targeting the telomeres conformation or the telaser tumor volume after several fractions of radiation.
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Fig. 2. TGFj inhibition as a target for CSCs resistance toatéu induced DNA damage. (a) The increased rasigisnce of CSCs is
obtained by two intrinsic mechanisms: First, theADd#damage repair mechanism is generally activatec refficiently in CSCs
than in non CSCs as evidenced by phosphorilatid®héfl and ATM; Second, the overexpression of GCL @8& facilitates
the scavenging of radiation induced ROS, resultmgess DNA double strand breaks. (b) By targeting=-F @ith small
molecule inhibitors or neutralizing antibodies aancells in general and CSCs in particular becoreersensitive to radiation
induced DNA damage due to a decrease in the pholgtiom of ATM and the consequent blockade of BIdA damage
response mechanism. In addition, by inhibiting B&$everal other cancer cells capabilities suclngmgenesis and metastasis
can be compromised resulting in an overall bengfdater than radiosensitization itself. (c) A tunpmpulations
model representation for the effects of TgGHhibition in combination with fractionated radi@rapy. Due to the
radiosentitizing effect of inhibiting TGF the CSC subpopulation is no longer selected aéteéiotherapy, resulting in
the eventual disappearance of the CSCs from thernafter several fractions of radiation
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Fig. 3. Notch inhibition and the CSCs niche. (a) While rddgoapy kills most of the tumor cancer cells, thevising CSCs remain
quiescent in their niches where the Notch ligandvierexpressed after radiation. Notch is expregsd¢tie membrane of
CSCs in their niches and interaction between Notchi@nligand induces the internalization of theasled Notch fraction
which then activates CBF-1 to promote reentry indib €ycle, proliferation and symmetric division. i$hs translated in an
overall increase of radioresistant and tumor ititigg CSCs after each fraction of radiation. (b) &img the Notch
ligand or specifically inhibiting thg-secretases prevents cleaved Notch from bindin@B6&-1. Thus, CBF-1 remains
as a transcriptional repressor preventing the reaemce of the stem cell phenotype. (c) In a moddtaxtionated
radiotherapy, inhibition of the Notch pathway ma&gult in an increased tumor control after eachtioacof radiation,
as the capacity of CSCs to proliferate in theitheig in being compromise
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Fig. 4. Targeting the telomeres integrity for CSCs radiogaagion. (a) CSCs are stimulated to proliferateheitt niches after
radiotherapy has killed the radiation sensitivepagion of non CSCs. During the continuous cell glivis, overexpression
of telomerase protects the telomeres from attriiod maintains a capped telomere conformation fiwlitates further
proliferation. (b) Inhibition of telomerase will aae continuous telomere shortening as the cellfqrade to repopulate the
tumor after radiation. When the telomeres becontealty short, the spatial protective conformatincompromised and
the following uncapping induces apoptosis. The saffect can be triggered by specific agents thatl o the telomeric
DNA G-cuadruplexes and destabilize the conformatiimduce telomere dysfunction. (¢) In a combimatf radiotherapy
with telomerase/telomere targeting agents, theidng CSCs after radiation will suffer continuousailere attrition and
final apoptosis, as they proliferate in order tpajulate the tumor volume
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2. CONCLUSION

While the existence of a subpopulation of cellshinit

the tumor capable to survive radiotherapy and cause

Ayouaz, A., C. Raynaud, C. Heride, D. Revaud and L.

Sabatier, 2008. Telomeres: Hallmarks of radio
sensitivity. Biochimie, 90: 60-72.
DOI: 10.1016/j.biochi.2007.09.011

cancer recurrence is worrisome, the discovery @f th Bao, S., Q. Wu, R.E. McLendon, Y. Hao and Q. &Hi.,

molecular mechanisms employed by these so called

cancer stem cells to bypass therapy have reveahedva
promising avenue for directed targeting that jesently
has started to be exploited. The idea underlyirgsdah
recent discoveries is that, by targeting the CS@h w
specific inhibitors, the efficiency of conventional
fractionated radiotherapy will be significantly inowed.

Furthermore, as these CSCs are supposed to beuthe t

initiators of the tumor recurrence, they should the
main target for cancer treatment and radiotherapy.

We have shown three different approaches for dpeci
CSCs radiosensitization, targeting each of theriffereint
characteristic of the CSC biology. All three haesuited
in very promising preliminary data in vitro and animal
models and some of them, like the telomerase iwhibi

GRN163L and the telomerase peptide vaccine GV1001,

are already in different phases of clinical triddepefully,
in the years to come more approaches and compeuithds
show the light and will prove their efficiency, tbknic by

being able to eliminate CSCs and tumors when

combined with radiotherapy.
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