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 L’effet radiosensibilisant de 3 molécules ciblant les CSC a été démontré : la mort apoptotique induite par 
l’UCN-01 en inhibant l’arrêt en phase G2/M ; les capacités prolifératives ciblées par l’acide trans-rétinoïque 
(ATRA) induisant la différenciation ; et la voie de l’autorenouvellement Bmi-1 inhibée par l’artésunate. Seules 
ou associées (UCN-01 + ATRA), elles agissent en synergie avec une irradiation par photons ou ions carbone. 
Des études pré-clinique, puis clinique, devraient confirmer l’intérêt du ciblage des CSC dans le contrôle de 
l’échappement de ces cancers radiorésistants. 
___________________________________________________________________________ 
Characterization and therapeutic targeting of a cancer stem cell subpopulation in a head 
and neck squamous cell carcinoma resistant to photon and carbon ion irradiation. 
___________________________________________________________________________ 

The radiosensitizing effects of 3 molecules targeting the CSC has been demonstrated: an induction of apoptotic 
cell death by the inhibition of the G2/M phase arrest after a treatment with UCN01; an inhibition of proliferative 
capacities using the all-trans-retinoic acid (ATRA) which induce their differentiation; and an inhibition of Bmi1 
by artesunate. These treatments, alone or in combination (UCN01+ATRA), have a synergistic effect with photon 
or carbon ion irradiation to overcome CSC radioresistance. Preclinical and clinical studies should confirm the 
benefit of targeting CSC and improve the control of tumor escape in patients with radiorésistant HNSCC 
cancers. 
___________________________________________________________________________ 
DISCIPLINE : Aspect moléculaire et cellulaire de la biologie 
__________________________________________________________________________ 
MOTS-CLES :  
cellules souches cancéreuses, irradiation photonique, irradiation par ions carbone, radiosensibilisation, tumeurs 
des voies aéro-digestives supérieures. 
___________________________________________________________________________ 
INTITULE ET ADRESSE DE L'U.F.R. OU DU LABORATOIRE : 
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ABSTRACT 

Although promising new radiation therapy techniques such as hadrontherapy are currently 
being evaluated in the treatment of head and neck malignancies, local control of head and 
neck squamous cell carcinoma (HNSCC) remains low. Here, we investigated the involvement 
of cancer stem-like cells (CSCs) in a radioresistant HNSCC cell line (SQ20B). Stem-like cells 
SQ20B/SP/CD44+/ALDHhigh were more resistant to both photon and carbon ion irradiation 
compared with non-CSCs. This was confirmed by a BrdU labeling experiment, which 
suggests that CSCs were able to proliferate and to induce tumorigenicity after irradiation. 
SQ20B/SP/CD44+/ALDHhigh were capable of an extended G2/M arrest phase in response to 
photon or carbon ion irradiation compared with non-CSCs. Moreover, our data strongly 
suggest that resistance of CSCs may result from an imbalance between exacerbated self-
renewal and proliferative capacities and the decrease in apoptotic cell death triggering. In 
order to modulate these processes, two targeted pharmacological strategies were tested. 
Firstly, UCN-01, a checkpoint kinase (Chk1) inhibitor, induced the relapse of G2/M arrest 
and radiosensitization of SQ20B-CSCs. Secondly, all-trans retinoic acid (ATRA) resulted in 
an inhibition of ALDH activity, and induction of the differentiation and radiosensitization of 
SQ20B/SP/CD44+/ALDHhigh cells. The combination of ATRA and UCN-01 treatments with 
irradiation drastically decreased the surviving fraction at 2Gy of SQ20B-CSCs from 0.85 to 
0.38 after photon irradiation, and from 0.45 to 0.21 in response to carbon ions. Taken 
together, our results suggest that the combination of UCN-01 and ATRA represent a 
promising pharmacological-targeted strategy that significantly sensitizes CSCs to photon or 
carbon ion radiation. 
 
Keywords: Hadrontherapy, Photon irradiation, Carbon ion irradiation, Radiosensitization, 
Cancer stem cells, HNSCC 
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INTRODUCTION 
 

Despite progress in current treatments, the prognosis of advanced Head and Neck 
Squamous Cell Carcinoma (HNSCC) remains poor. The overall survival rate is less than 50% 
and has remained relatively unchanged over the last decades. Radiation therapy is an essential 
treatment modality for HNSCC. However, even with the use of promising new radiation 
techniques such as hadrontherapy that demonstrated interesting clinical results on skull base 
tumors, soft-tissue sarcoma, or adenocarcinoma of the head and neck, control rates remain 
low for HNSCC1–3. Recent studies attribute local recurrence and distant metastasis to the 
survival of cancer stem cells (CSCs) following anticancer therapies4. Although there is 
accumulating evidence supporting the existence of stem-like cancer cells in primary tumors, 
the functional and mechanistic impact of these cells in mediating resistance to therapy 
remains poorly understood. It has nevertheless been proposed that CSCs are more resistant to 
photon radiation and chemotherapy treatments than the bulk of tumor cells5,6. Numerous 
factors have been proposed to explain the resistance of CSCs to radiation, such as propensity 
to quiescence, enhanced DNA repair, upregulated cell cycle control mechanisms and free-
radical scavenging5,7. Moreover, several oncogenic molecular pathways may be specifically 
increased in CSCs8. Interestingly, Cui et al. demonstrated that hadrontherapy may have a 
biological advantage over conventional radiotherapy through improved targeting of putative 
colon cancer-stem-like-cells9. In HNSCC, stem-like tumor-initiating cells have been isolated 
from patient biopsies and cell lines based on a CD44+ phenotype and/or high aldehyde-
dehydrogenase (ALDH) activity10,11.  

In a previous study12, we demonstrated that despite the efficiency of carbon ions in 
inducing mitotic catastrophe and delayed apoptosis in radioresistant SQ20B cells, a 
subpopulation could reenter the cell cycle and proliferate. In order to obtain more insight into 
the mechanisms of re-proliferation, we have investigated the role of cancer stem-like cells 
obtained from the SQ20B HNSCC cell line in the radioresistance to photons and carbon ions. 
According to the literature13, we have shown that their resistance may result, among other 
factors, from an imbalance between exacerbated self-renewal and proliferative capacities and 
the decrease in apoptotic cell death triggering. Attempts to pharmacologically modulate these 
processes in combination with irradiation seem therefore to be promising therapeutic 
strategies5. Among possible strategies, we firstly investigated the effect of UCN-01, an 
inhibitor of the G2/M arrest, that allowed us to demonstrate that untreated irradiated CSCs do 
not undergo early apoptosis because of an extended arrest in the G2/M phase. According to 
recent successful data obtained with leukemia patients14, we used, in a second step, all-trans 
retinoic acid (ATRA) in order to induce differentiation of CSC before irradiation. These two 
pharmacological approaches were investigated separately or in combination and allowed us to 
demonstrate that pharmacological adjuvant treatments targeting either the inhibition of 
survival/self-renewal pathways or the triggering of apoptosis strongly sensitize cells exposed 
to radio- or hadron- therapy. 
 
MATERIAL AND METHODS 
 
Cell culture 

The parental HNSCC SQ20B human cell line and the SQ20B/SP/CD44-/ALDHlow 

cells were maintained at 37 C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium 
(DMEM) and Glutamax I  (0.86 mg/ml) supplemented with 10% heat-inactivated fetal calf 
serum (FCS), 100 units/ml penicillin, 100 g/ml streptomycin, and 0.4 mg/ml hydrocortisone 
as described in 12. SQ20B/SP/CD44+/ALDHhigh cells were cultured in DMEM:F12 (3:1) (v:v) 
supplemented with 5% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, 0.04 mg/l 
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hydrocortisone, and 20 ng/ml epidermal growth factor (EGF) according to15. The doubling 
time for SQ20B/SP/CD44+/ALDHhigh cells was 22hours compared to 27hours for SQ20B/SP/ 
CD44-/ALDHlow cells. 

For tumor sphere formation, cells were grown in serum-free DMEM:F12(3:1) medium 
containing 20ng/ml of EGF.  
 
Irradiation procedures and cell drug exposures 

Sixteen hours before irradiation, the cells were seeded on 25cm² flasks or 6-well plates 
at a concentration varying between 3.104 to 2.106 depending on the kinetics and the dose of 
irradiation as previously described12. 

250kV photon irradiation was performed using an X-RAD320 irradiator (PrecisionX-
ray Inc., NorthBranford, USA). 75MeV/n carbon ion (LET=33.6keV/ m) and 11.4MeV/n 
carbon ion (LET=184keV/ m) irradiations were performed at Grand-Accélérateur-National-
Ion-Lourds (France) and Helmholtz Center for Heavy Ion Research (Germany), respectively, 
as previously described12,16. 

UCN-01 25nM (7-hydroxystaurosporine), a Chk1 phosphorylation inhibitor, was 
added to the culture medium 4h after radiation. ATRA (all-trans retinoic acid), a derivative of 
vitamin A which induced differentiation, was added to the cancer stem-like cell population 
7days before radiation at a final concentration of 10 M. 

When both drugs were applied to cultured cells, the previously described procedure 
was performed for each drug, i.e. ATRA 7days before and UCN-01 4h after radiation. 
 
Markers of stemness  

Flow cytometry analysis for Hoechst efflux 
After trypsinization, SQ20B cells were adjusted to 106 cells/ml in PBS and incubated for 

90 min at 37 C with 5 g/ml Hoechst 33342 dye. Cells were then washed with PBS and 
resuspended at a concentration of 107 cells/ml in PBS. For dead cell discrimination, propidium 
iodide solution was added at a final concentration of 1 g/ml. In order to analyze the effect of 
Hoechst efflux inhibition, 50 M verapamil, an inhibitor of ABC transporters, was added 10 
min before Hoechst staining to a parallel set of samples. Hoechst efflux, distinctive of side 
population (SP) cells, was analyzed and sorted using a FACS-LSRII and FACS Vantage SE, 
respectively. The Hoechst dye was excited by an ultraviolet laser at 350 nm, and its 
fluorescence was measured at two wavelengths using 405/30 (Hoechst blue) and 570/20 
(Hoechst red) band-pass filters. Propidium iodide fluorescence was excited by a laser at 488 
nm and detected after passing through a 630/22 band-pass filter. Propidium iodide-positive 
dead cells and debris were excluded. The SP and non-SP cells were sorted. 

Flow cytometry analysis for CD44 determination 
Twenty to 240h after 10Gy photon or carbon ion irradiation, cells were trypsinized and 

centrifuged. Cell pellets were washed with PBS and resuspended at a concentration of 107 

cells/ml in a PBS buffer containing 0.5% BSA 2 mM EDTA. Cells were then incubated for 10 
min at 4 C with an anti-CD44-FITC mouse monoclonal antibody (1/100, BD BioScience). 
The samples were then washed in PBS, incubate in propidium iodide 1 g/ml to exclude death 
cells and analyzed with a FACS-LSRII flow cytometer. For FACS cell sorting, SQ20B/SP 
cells were stained and sorted using a FACS Vantage SE. The purity of sorted cells 
(SQ20B/SP/CD44+ and SQ20B/SP/CD44–) was estimated to be more than 98%. 

Flow cytometry analysis of ALDH activity 
ALDH activity was determined using an ALDEFLUOR-kit  (StemCellTechnologies, 

Grenoble, France) according to the manufacturer’s instructions. For cell sorting, cells were 
also labeled with an anti-CD44-APC mouse monoclonal antibody and then sorted using a 
FACS VantageSE. 
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RT-qPCR of Bmi-1 

After extraction of the RNA with the RNeasy® Micro Kit (Qiagen), reverse 
transcription was performed with the Quantitect® Reverse Transcription Kit (Qiagen) as 
decribed in17. Then, a qPCR was proceeded with using  the Quantitect® SYBR green 
PCR Master Mix (Qiagen) in order to quantify  Bmi-1 expression on a Stratagene Mx3000 
system (Agilent technologies). The geometrical mean of 3 reference genes (GAPDH, β-actin 
and RPL13) was used for gene expression normalization. β-actin: S:   5’-
CCAACCGCGAGAAGATGA-3’, AS: 5’-CCAGAGGCGTACAGGGATAG-3’; Bmi-1: S :  
5’-CCAGGGCTTTTCAAAAATGA-3’, AS: 5’-CCGATCCAATCTGTTCTGGT-3’; 
GAPDH: S: 5’-GAGTCAACGGATTTGGTCGT-3’, AS: 5’-
TTGATTTTGGAGGGATCTCG-3’; RPL13: S: 5’-CTGGACCGTCTCAAGGTGTT-3’, AS: 
5’-TGGTACTTCCAGCCAACCTC-3’.  
Evaluation of in vivo tumorigenicity after subcutaneous injection of sorted cells 

Tumorigenicity was tested in NOD-SCID mice. After cell sorting, 
SQ20B/SP/CD44+/ALDHhigh versus SQ20B/SP/CD44–/ALDHlow cells were suspended in 
PBS at three different concentrations (104-105-106 cells/ml) and 100μl (so 103-104-105 cells) 
were injected subcutaneously. Injected mice were followed for up to 10 weeks. 
Survival curves 

Cell survival following irradiation was realized using a colony-forming assay as 
previously described12,16. Briefly, 10 to 16 hours before irradiation, cells were seeded in 25 
cm² flasks at different densities, depending on the radiation dose. Cells were irradiated at 
room temperature at doses of 1, 2, 3, 4, or 5 Gy, delivered at a dose rate of 2 Gy/min. After 1 
week, which corresponds to the time required for six cell divisions, colonies were fixed with 
ethanol 95% and stained with Giemsa 1/20. The number of colonies containing at least 50 
cells was counted using a Coltcount (Optronix, United Kingdom) and the surviving fraction 
was calculated using the formula S(Dose)=e-( D+ D²).  
Cell cycle distribution 

The percentage of cells in each phase of the cell cycle was quantified by flow 
cytometry using propidium iodide labelling as described by12. The number of cells in sub-G1 
phase in the course of the cell cycle was taken as an index of apoptosis. Cells were pelleted 
and fixed in ice-cold 70% ethanol for at least 24 h after 2 washes with cold PBS. The cells  
were then washed with PBS and incubated for 15 min in the dark at room temperature in 
RNase 500 μg/ml, and propidium iodide 100 μg/ml. A minimum of 10.000 cells was analysed 
by flow cytometry (BD LSRII flow cytometer). 
Cellular proliferation 

The proliferative capacity of cells was determined using a BrdU labeling kit (Roche, 
Meylan, France) according to the manufacturer’s instructions after a 10Gy photon or carbon 
ion irradiation. This labeling was conjugated with CD44 labeling using an anti-CD44-APC 
mouse monoclonal antibody. A minimum of 500 cells were scored on two slides and the ratio 
CD44 positive-BrdU positive cells over to the whole population labeled with DAPI. 
Statistical analysis 
Dose-response interactions between radiation and drugs were evaluated using the classical 
isobolographic method described by Steel and Peckham18. For a given level of efficacy (% 
survival), an ‘envelope of additivity’ curve was calculated from the dose effect curves of the 
drug (UCN-01 or ATRA or ATRA/UCN-01), and from the dose effect curves for radiation 
alone. The coordinates of the experimental point are the drug concentration and the radiation 
dose, which, when combined, give the level of efficacy. If the experimental point falls above, 
beyond, or under the limits of the envelope of additivity, the combination of drugs and 
radiation gives rise to antagonistic (ant), additive (+), or synergistic (syn) effects, respectively. 
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Student’s t test was used to compare differences between groups. 
 

RESULTS 
Enrichment of SQ20B-CSCs after low (photon) and high (184keV/ m carbon ions) LET 
radiation 

In order to determine whether the SQ20B cell line contains CSCs responsible for 
tumor formation and radioresistance, we measured the expression of CD44, a surface marker 
of HNSCC stem cells10 after exposure to both radiation treatments. 

A kinetic study of SQ20B cells expressing CD44 after 10Gy photon or carbon ion 
exposure was performed. The basal percentage of cells expressing CD44 (CD44+) was less 
than 1%, whereas after exposure to 10Gy photon or carbon radiation, the number of CD44+ 
cells increased with time to reach, after 10 days 30% (p<0.001) and 55% (p<0.001), 
respectively (Fig1). These results suggest that low or high-LET radiation preferentially kills 
non-CSCs, and that the cells surviving after irradiation are enriched in CD44+cells. 
Determination of SQ20B-CSCs properties 

Two populations, SQ20B/SP/CD44+/ALDHhigh and SQ20B/SP/CD44–/ALDHlow, were 
isolated after two consecutive cell sortings. The first sorting with Hoechst labeling led to 
isolation of the Side Population (SP) whereas the second one performed on this sorted SP 
population used double labeling CD44/ALDH (Fig2A). 

The in vitro cancer stem-like cell properties of SQ20B/SP/CD44+/ALDHhigh cells was 
firstly determined using a sphere formation assay. SQ20B/SP/CD44+/ALDHhigh cells showed 
enhanced tumor sphere formation in terms of number and size, when grown for 2 weeks in 
serum-free DMEM:F12 (Fig2B). In contrast, SQ20B/SP/CD44–/ALDHlow cells did not form 
any tumor sphere. In order to confirm that SQ20B/SP/CD44+/ALDHhigh population are 
putative stem-like cells, different stemness markers, specific to HNSCC CSCs (Oct4, Notch, 

-catenin and Bmi1), were investigated10,11,13. Among all the different genes studied, only 
Bmi1 (Fig2C) was significantly (p<0,05) more expressed in the CSCs population compared 
with SQ20B/SP/CD44–/ALDHlow cells.  

In order to evaluate the tumorigenicity of SQ20B/SP/CD44+/ALDHhigh cells in vivo, 
we injected different amounts of SQ20B/SP/CD44+/ALDHhigh or SQ20B/SP/CD44–/ALDHlow 

cells into the leg of NOD-SCID-mice. SQ20B/SP/CD44–/ALDHlow cells gave rise to new 
tumors when at least 105 cells were injected, but failed at lower doses. In contrast, 
SQ20B/SP/CD44+/ALDHhigh cells were able to give rise to tumors even when 103 cells were 
injected thus demonstrating their much higher tumorigenicity (Fig2D). 
Radiosensitivity of SQ20B/SP cells according to their CD44/ALDH status 

In order to evaluate the sensitivity of CSCs and non-CSCs subpopulations in response 
to photon and carbon ion radiation (33.6 or 184keV/ m), survival curves were then 
established. Two parameters were calculated from these curves : the Surviving Fraction at 
2Gy (SF2), used as an index of radiosensitivity and Relative Biological Efficiency (RBE) 
which is the ratio of the dose of carbon ion radiation relative to those of photons at 10% 
survival. The RBE is then directly related to the efficiency of carbon ion irradiation. The 
SQ20B/SP/CD44+/ALDHhigh cells were found to be more resistant to photons than 
SQ20B/SP/CD44–/ALDHlow cells, as evidenced by their SF2 of 0.82 and 0.56, respectively 
(p<0.001) (Fig3). The SF2 of SQ20B/SP/CD44–/ALDHlow decreased to 0.17 (p<0.001) and 
0.09 (p<0.001) after a respective 33.6 and 184keV/ m carbon irradiation (Table1). In 
contrast, SQ20B/SP/CD44+/ALDHhigh remained more resistant than SQ20B/SP/CD44–

/ALDHlow, with SF2 values of 0.28 and 0.19 respectively (p<0.001). RBE values were almost 
the same for the two subpopulations; around 2 for 33.6keV/μm and 2.5 for 184keV/μm 
carbon ion irradiation (Table1). 
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Characteristics of  SQ20B/SP/CD44+/ALDHhigh radioresistance 
In a previous study12, we demonstrated that, after irradiation, a subpopulation of SQ20B cells 
was able to escape mitotic catastrophe and continued to proliferate. In order to show that these 
proliferating cells correspond to the SQ20B/SP/CD44+/ALDHhigh subpopulation, a BrdU 
proliferating test was performed. As depicted in Figure 4A, the proliferation of this 
subpopulation was greatly reduced from 24 to 120 hours (p<0.001) after photon or carbon ion 
exposure. A significant delay in the regrowth of SQ20B/SP/CD44+/ALDHhigh cells was 
observed after carbon ion irradiation when compared with photons. Less than 6% of the 
SQ20B/SP/CD44–/ALDHlow cells were able to proliferate after irradiation. 
As we previously reported that the parental SQ20B cell line radioresistance was related to a 
lack of apoptosis and a G2/M cell arrest12, we therefore investigated the cell cycle distribution 
of the SQ20B/SP/CD44+/ALDHhigh and SQ20B/SP/CD44–/ALDHlow cells after irradiation. As 
depicted in Figure 4B, the percentage of sub-G1 cells increased in a TEL-dependent manner 
in both subpopulations, starting from 5 days after irradiation. Thus, the percentage of 
SQ20B/SP/CD44–/ALDHlow cells in sub-G1 phase was about 40% at 5 days and peaked to 
60% 10 days after carbon ion exposure. For the SQ20B/SP/CD44+/ALDHhigh cells, this 
percentage was lower, with a maximum of 30% of sub-G1 cells 10 days after irradiation.  
Regarding the G2/M phase (Fig 4B), only a small and transient arrest of the 
SQ20B/SP/CD44–/ALDHlow cells (30% of cells) was observed 24h after photon or carbon ion 
exposure and maintained until 48h.  Higher percentage of SQ20B/SP/CD44+/ALDHhigh cells 
were found to be  arrested in the G2/M phase up to 48h (40% of cells still arrested at 48h) 
following photon exposure. This percentage was higher (80% of cells at 24 h) and extended 
up to 120h (more than 60% of cells arrested) after carbon ion exposure demonstrating that 
CSCs are capable of prolonged G2/M phase arrest in response to carbon or photon irradiation. 
Radiosensitization of SQ20B cancer stem-like cells by inhibition of the G2/M arrest 

In light of these results, we used the Chk1 inhibitor UCN-0119 in order to investigate 
whether the inhibition of G2/M arrest could sensitize the SQ20B/SP/CD44+/ALDHhigh cells to 
high and low LET radiation. Exposure of SQ20B/SP/CD44+/ALDHhigh-treated cells to both 
irradiation modalities induced a significant inhibition of the G2/M phase arrest (Fig5A). As a 
consequence, the percentage of untreated SQ20B/SP/CD44+/ALDHhigh cells in sub-G1 was 
less than 30% at 240h and increased to more than 70% after treatment with UCN-01 in 
combination with carbon ion exposure (p<0.001). Moreover, the combination of UCN-01 
with carbon ion irradiation resulted in a very significant enhancement of cell killing compared 
to photons (25% of the SQ20B/SP/CD44+/ALDHhigh treated cells in sub-G1 after photons 
compared with 70% after carbon ions). Moreover, all the effects obtained after treatment of 
cells with UCN-01 were found to be much more pronounced in the 
SQ20B/SP/CD44+/ALDHhigh subpopulation when compared to SQ20B/SP/CD44–/ALDHlow 

cells (Fig5B). Under these experimental conditions, survival curves were also established 
(Fig5C) which allowed us to demonstrate a significant radiosensitization of 
SQ20B/SP/CD44+/ALDHhigh subpopulation. At the opposite, UCN-01 do not induced such a 
radiosensitization in the SQ20B/SP/CD44–/ALDHlow cells. 

Isobolographic analyses of radiation and UCN-01 interactions are summarized in 
Table 2. The resulting effects for UCN-01 were additive or synergistic to radiotherapy, 
whatever the final level of cytotoxic efficiency (50 and 10% survival), the applied dose of 
radiation (ranging from 1 to 4Gy), and the type of radiation. 
Enhanced radiosentization of SQ20B cancer stem-like cells by induction of differentiation 
combined or not with inhibition of G2/M phase arrest. 

We then evaluated whether the radioresistance of SQ20B/SP/CD44+/ALDHhigh cells 
may also be partly related to their high endogenous ALDH activity. ATRA was used to inhibit 
this activity and to induce SQ20B-CSCs differentiation. Pretreatment of 
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SQ20B/SP/CD44+/ALDHhigh cells with ATRA induced a decrease in ALDH activity, and 
consequently the number of CD44+ cells decreased to less than 20% compared with control 
cells (data not shown). Clonogenic survival curves were established after photon and carbon 
ion exposure (Fig6A). For all radiation qualities, SQ20B/SP/CD44+/ALDHhigh cells treated 
with ATRA were more sensitive than untreated cells. As an example, the SF2 of 
SQ20B/SP/CD44+/ALDHhigh cells after exposure to 184keV/ m carbon ions was 0.06 for 
ATRA-pretreated cells versus 0.19 for untreated cells. All isobolographic analyses of 
radiation and ATRA interactions are summarized in Table 2. The resulting effects for ATRA 
were additive or synergistic to radiotherapy, whatever the final level of cytotoxic efficiency, 
the applied dose of radiation, and the radiation modality. 

After demonstrating that CSCs radioresistance could be significantly decreased by 
targeting the G2/M phase arrest with UCN-01 or the proliferation capacity with ATRA, the 
combination of both drugs on SQ20B/SP/CD44+/ALDHhigh cells was then tested. Treatment 
with both drugs resulted in a very significant radiosensitization of CSC after irradiation with 
either photons or carbon ions. The SF2 of SQ20B/SP/CD44+/ALDHhigh cells initially 
observed at 0.42 decreased to 0.19 after 33.6keV/μm carbon irradiation (Fig6B). The 
combination of UCN-01 and ATRA also resulted in additive or synergistic effects (table 2) 
independently of the final level of cytotoxic efficiency, the applied dose of radiation and the 
radiation modality.  
 
DISCUSSION 

In HNSCC, stem-like tumor-initiating cells have been isolated from patient biopsies and 
have been shown to usually express a CD44+ phenotype and/or high ALDH activity 10,11. 
Moreover, it was demonstrated that cells expressing both CD44 and ALDH markers have 
higher tumorigenic, proliferative and invasive potential than those expressing only one 
marker11,20,21. The expression of these two markers is also associated with a poor prognosis 
and a high tumor grade22. In our study, while the analysis of CD44 by flow cytometry 
revealed that less than 1% of the parental SQ20B cell line expressed this marker, photon or 
carbon ion exposure drastically increase this percentage thus suggesting that high and low-
LET irradiation kill CD44- cells, which results in an enrichment of CD44+ in the surviving  
cell population (Fig1). The mechanism of enrichment of CSCs in response to X-ray 
irradiation was previously reported in various tumor subtypes such as HNSCC10 or 
glioblastoma5. Cui et al.9 have shown that, at a biological isodose, colon cancer stem-like 
cells were more highly enriched after irradiation with X-rays than carbon ions in the surviving 
population. However, they also reported in the same work, in agreement with our study, that 
the proportion of cancer stem-like cells was highly enriched after carbon ion irradiation 
compared with photons when delivered at a physical isodose of 4 or 6Gy. 

Although Bao et al.5 were the first to suggest that cancer stem cells contribute to 
glioma radioresistance, our work clearly demonstrates, using cell survival curve assays, that 
irradiation with carbon ions of 33.6 or 184keV/ m induces higher clonogenic cell death 
compared to X-rays in both SQ20B/SP/CD44+/ALDHhigh and SQ20B/SP/CD44-

/ALDHlowcells. The decrease in the SF2 in a TEL-dependent manner confirms previous 
studies that showed a greater effectiveness of high LET radiation in tumor cell killing12,23,24. 
In a more recent study that compared the effect of carbon ion and photons exposure of 
pancreatic cancer stem cell-like cells, Oonishi et al.25 reported that carbon ions killed more 
CSCs and prolonged the induction of DNA damage. Other authors have also evaluated the 
biological effects of carbon ion beam treatment on CD133+CD44+/ESA+ colon cancer stem-
like cells compared to photon exposure. Similarly, they showed that carbon irradiation 
induced a lower CSCs survival fraction than X-ray irradiation, both in vitro and in vivo9. 



8 
 

The suggested common mechanisms involved in the resistance of CSCs to ionizing 
radiation include a propensity to quiescence, resistance to apoptosis, enhanced capacity for 
DNA repair, upregulation of cell cycle control mechanisms, free-radical scavenging and 
specific interactions with the stromal microenvironment5,7,10. In our work, we show that 
SQ20B/SP/CD44+/ALDHhigh radioresistant cells have the ability to self-renew in vitro. The 
increase in CSCs proliferation obtained after 10Gy photon exposure confirms the data from 
Koukourakis et al.26. It may be explained by the need to recreate an ideal environment for 
cells as suggested by Trott27 which showed that a phenomenon of cell repopulation occurred 
in head and neck cancer patients treated by conventional radiotherapy. Our present study also 
shows a higher tumorigenic potential of SQ20B/SP/CD44+/ALDHhigh cells in vivo compared 
with SQ20B/SP/CD44-/ALDHlow cells, a result which is in accordance with previous works 
performed on HNSCC11,20,21. Moreover, the time needed for tumor growth obtained after 
injection of SQ20B/SP/CD44+/ALDHhigh cells is in complete accordance with that previously 
reported in the literature25. Resistance to apoptosis was also demonstrated in the 
SQ20B/SP/CD44+/ALDHhigh subpopulation since high and low-LET irradiation induced late 
apoptosis preferentially in the non-cancer stem-like cells population (Fig4B). Our study is the 
first to show a resistance in radiation-induced apoptosis of CSCs after irradiation with carbon 
ions. In response to photon exposure, it was previously shown that hepatocarcinoma stem 
cells are more resistant to radiation-induced apoptosis compared with non-CSCs, CSCs 
expressing more Bcl-2 and enabling  less cleavage of PARP compared to non-stem cells28. 
This phenomenon was also found in CSCs from head and neck tumors or glioblastoma5,22. In 
glioblastoma tumoral cell lines, it has been demonstrated that resistance to apoptotic cell 
death of CSC could be linked to a defect in cell cycle checkpoint control5. In our work, cell 
cycle analysis revealed that irradiation with photons or carbon ions induced an arrest of both 
populations in the G2/M phase but this was more extended for the 
SQ20B/SP/CD44+/ALDHhigh subpopulation (Fig4B). This could, among other factors, be 
explained by the increasing amount and complexity of DNA damage29,30. Indeed, Oonishi et 
al.25 showed that carbon ion irradiation of CSCs from pancreatic tumor cell lines increases the 
number and size of the H2AX foci. Our results also suggest that an upregulation in the cell 
cycle checkpoints may be partly involved in the radioresistance of 
SQ20B/SP/CD44+/ALDHhigh cells. Indeed, the family of Chk1/2 kinases is highly expressed 
in CSCs and could therefore activate an arrest of the cell cycle to enable DNA repair after 
ionizing stress5. Among the different stemness properties of cells,  we have also shown that 
the resistance of SQ20B/SP/CD44+/ALDHhigh cells may result from an imbalance between 
exacerbated self-renewal and proliferative capacities and a decrease in apoptotic cell death 
triggering. 

As there are still a relatively high number of recurrences after primary radiotherapy of 
HNSCC due to surviving CSCs, adjuvant treatments targeting either the inhibition of 
survival/self-renewal pathways or the triggering of apoptosis are essential to improve the 
efficiency of radio- or hadron-therapy. In a previous study12, we demonstrated that the G2/M 
phase arrest in the parental SQ20B cell line depends on Chk1 phosphorylation. Furthermore, 
other authors have reported that the use of Chk1/2 inhibitors such as UCN-01 are able to 
reverse radioresistance of colorectal or human lung cancer cell lines19,31. Here, we 
demonstrate that UCN-01, an inhibitor of Chk1 phosphorylation, induces a significant 
inhibition of the G2/M phase arrest after both irradiation modalities, increased the sub-G1 
peak and significantly enhanced the effect of carbon ions not only in the parental SQ20B 
population but more specifically on SQ20B/SP/CD44+/ALDHhigh cells (Fig5). The data 
obtained after photon irradiation confirm those found in the literature showing that the 
combination of UCN-01 and radiotherapy can sensitize tumor cells5,19,31 leading to pioneering 
clinical trials32.  While the exact cell fate following checkpoint abrogation remains to be 
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defined, it is likely that mitotic catastrophe is a key point in cell death mechanisms19. This is 
why a number of studies have investigated the enhancement of radiation-induced cytotoxicity 
in vivo and in vitro through Chk1 inhibition with UCN-01 but also other specific inhibitors 
such as SAR-02010633, Gö697634 or AZD624435. These studies and our own have 
demonstrated a radiosensitization in various types of tumor cell lines, which could be the first 
step towards an improvement  in treatment. 

Because high ALDH activity has been shown to enhance cancer cell resistance to both 
chemotherapy and radiotherapy36, we postulated that ATRA could radiosensitize the 
SQ20B/SP/CD44+/ALDHhigh cells by inducing their differentiation. Under our experimental 
conditions, ATRA effectively sensitized the SQ20B/SP/CD44+/ALDHhigh cell population to 
high and low LET radiation in a synergistic manner (Fig6A, Table2). This radiosensitization 
should probably involve an activation of apoptosis since ATRA was previously shown to 
induce both apoptosis and repression of Bcl-2 in myeloma cells37. As ALDH activity is 
known to play a well-characterized role in differentiation through its action in the retinoic 
acid pathway38, we therefore postulate that the differentiation induced by ATRA may allow 
the sensitization of this specific CSC subpopulation to both photon and carbon ion irradiation 
as reported by Lim et al.39 for the chemosensitization to cisplatin. The use of ATRA can 
therefore be considered as a very promising strategy since an early clinical study has 
demonstrated that the use of 13-cis-retinoic acid was potentially active in the treatment of 
patients with HNSCC40. 

As the use of ATRA does not induce a complete differentiation, the addition of UCN-
01 has been considered (Fig.6B). This combination induced a strong radiosensitization both 
after photon or carbon irradiation. To date the standard adjuvant chemotherapy associated 
with radiation is based especially on DNA intercalating agents that are not very specific for 
cancer cells41. Here we have designed a pharmacological treatment that targets specifically 
most of the cancer stem cells, with the use of ATRA and the remaining radioresistant cells, 
using UCN-01. This combination of both drugs could then represent a promising adjuvant 
treatment to overcome radioresistance in HNSCC cancer stem cells.    

In conclusion, although the exact underlying molecular mechanisms of 
SQ20B/SP/CD44+/ALDHhigh radioresistance could not be totally elucidated, our study 
demonstrates that the undifferentiated state of cancer stem-like cells associated with an 
upregulated control of the cell cycle checkpoints might be intimately involved in the 
radioresistant phenotype of this subpopulation of HNSCC. Moreover, we provide evidence 
that UCN-01 and ATRA could potentially be used in combination as a powerful 
radiosensitizing strategy. To date, other drugs associations such as cisplatin and 5-
Fluorouracil are commonly used to optimize radiotherapy but their toxicity remained very 
high and recurrence still takes place. Given these poor results, the development of novel 
adjuvant therapies specifically targeting cancer stem cells remains therefore a constant 
challenge in the management of HNSCC in order to improve the local control of 
radioresistant tumors even after hadrontherapy. 
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LEGEND TO THE FIGURES 

 
Figure 1: Kinetics of CD44 induction in the SQ20B cell line after a 10Gy photon irradiation 
(left panel) or a 10Gy carbon ion 184 keV/μm irradiation (right panel). Values represent the 
mean±SD of two independent experiments performed in triplicate. *p<0.05, **p<0.01, and 
***p<0.001 compared to controls. 
Figure 2: A: Sorting of SQ20B/SP cells: p1=SQ20B/SP/CD44+/ALDHlow cells, 
p2=SQ20B/SP/CD44–/ALDHlow cells, p3=SQ20B/SP/CD44+/ALDHhigh cells, 
p4=SQ20B/SP/CD44–/ALDHhigh cells. B: Tumor sphere formation of 
SB20B/SP/CD44+/ALDHhigh cells. C: Relative gene expression of Bmi-1 in 
SB20B/SP/CD44+/ALDHhigh and SB20B/SP/CD44–/ALDHlow cells.  D: Tumor formation 
ability of sorted SB20B/SP/CD44+/ALDHhigh cells: number of tumors formed/number of 
injections. 
Figure 3: Dose–response curves for cell killing of SB20B/SP/CD44+/ALDHhigh and 
SB20B/SP/CD44-/ALDHlow cells following X-ray or carbon ion exposures. Values represent 
the mean±SD of three independent experiments.  
Figure 4: A: Kinetics of BrdU incorporation in SB20B/SP/CD44+/ALDHhigh cell line after 
irradiation with 10Gy photons or with 33.6 or 184keV/ m carbon ions. Values represent the 
mean±SD of two independent experiments. B: Kinetic study of the percentage of cells in sub-
G1 and G2/M phase in SB20B/SP/CD44+/ALDHhighand SB20B/SP/CD44-/ALDHlow cells 
irradiated with 10Gy photons or with 184keV/ m carbon ions. Values represent the mean±SD 
of three independent experiments realized in triplicate. *p<0.05, **p<0.01, and ***p<0.001 
compared to controls. 
Figure 5: A: Kinetics of G2/M phase and apoptosis, quantified as the percentage of cells in 
sub-G1, in SB20B/SP/CD44+/ALDHhigh cells treated or not with UCN-01 25nM and 
irradiated with 10Gy photons or with 184keV/ m carbon ions. Values represent the mean±SD 
of three independent experiments realized in triplicate. *p<0.05, **p<0.01, and ***p<0.001 
compared to control cells or 10 Gy irradiated. B: Kinetics of G2/M phase and apoptosis, 
quantified as the percentage of cells in sub-G1 phase, in SB20B/SP/CD44-/ALDHlow cells 
treated or not with UCN-01 and irradiated with 10Gy photons or with 184keV/ m carbon 
ions. Values represent the mean±SD of three independent experiments realized in triplicate. 
*p<0.05, **p<0.01, and ***p<0.001 compared to control cells or 10 Gy irradiated. C: Dose–
response curves for cell killing of SB20B/SP/CD44+/ALDHhigh cells treated or not with UCN-
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01 25nM following photon or carbon ion irradiation. Values represent the mean±SD of three 
independent experiments. Isobolographic statistical analysis was realized and show in table 2  
Figure 6 : Dose–response curves for cell killing of SB20B/SP/CD44+/ALDHhigh treated or not 
with 10μM ATRA (A) or with both  25nM UCN-01and 10μM ATRA (B)following photon or 
carbon ion exposure. Values represent the mean±SD of two independent experiments. 
Isobolographic statistical analysis is presented in table 2. 
 
Table 1: Radiobiological parameters for SQ20B/SP/CD44+/ALDH+ and SQ20B/SP/CD44-

/ALDH- cells. 

 SF2 D10 RBE 

 Photon 
C33.6 

keV/μm 
C184 

keV/μm Photon 
C33.6 

keV/μm 
C184 

keV/μm Photon 
C33.6 

keV/μm 
C184 

keV/μm 
SQ20B/SP/CD44+/

ALDH+ 0.82 0.28 0.19 5.1 2.6 2.1 - 1.9 2.4 
SQ20B/SP/CD44-

/ALDH- 0.56 0.17 0.09 6.8 3.3 2.6 - 2.1 2.6 
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Table 2. Results of isobolographic analyses of radiation and UCN-01 (7-
hydroxystaurosporine, a specific inhibitor of Chk1 phosphorylation) or ATRA (all-trans 
retinoic acid) or the combined UCN-01/ATRA in SQ20B-SP-CD44+ALDH+ stem cells 
obtained from SQ20B human parental head and neck squamous cell line 
Type of radiation   Radiation dose  Isobolographic analyses 
     Gy    10% surv 50% surv 
UCN-01 
Photon     1    +  + 
     2     +  + 
     3     +  Syn 
     4      Syn  Syn  
Carbon ions    1     +  Syn  
184 keV/μm    2     Syn  Syn  
     3     Syn  Syn  
     4      Syn  Syn 
ATRA 
Photon     1    Ant  Ant 
     2     +  + 
     3     +  + 
     4      Syn  Syn  
Carbon ions    1     +  Syn  
33.6 keV/μm    2     Syn  Syn  
     3     Syn  Syn  
     4      Syn  Syn  
Carbon ions    1     Ant  Syn  
184 keV/μm    2     Syn  Syn  
     3     Syn  Syn  
     4      Syn  Syn  
UCN-01/ATRA 
Photon     1    +  + 
     2     Syn  Syn 
     3     Syn  Syn 
     4      Syn  Syn  
Carbon ions    1     +  +  
33.6 keV/μm    2     Syn  Syn  
     3     Syn  Syn  
     4      Syn  Syn  
surv = survival; Syn = synergistic effect; Ant = antagonistic effect; + = additive effect 
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a b s t r a c t

In radiation oncology, cancer stem cells (CSCs) have become an important research field. In fact, it
appears that most cancer types contain populations of cells that exhibit stem-cell properties. CSCs have
the ability to renew indefinitely, which can drive tumor development and metastatic invasion. As those
cells are classically resistant to conventional chemotherapy and to radiation therapy, they may contribute
to treatment failure and relapse. Over past decades, preclinical research has highlighted that variations in
the CSCs content within tumor could affect their radiocurability by interfering with mechanisms of DNA
repair, redistribution in the cell cycle, tumor cells repopulation, and hypoxia. It is now possible to isolate
particular cells expressing specific surface markers and thus better investigating CSCs pathways. Numer-
ous inhibitory agents targeting these specific signaling pathways, such as Notch and Wnt/B-catenin, are
currently evaluated in early clinical trials. By targeting CSCs, tumor radioresistance could be potentially
overcome to improve outcome for patients with solid malignancies. Radiation therapy using ion particles
(proton and carbon) may be also more effective than classic photon on CSCs. This review presents the
major pathophysiological mechanisms involved in CSCs radioresistance and recent developments for tar-
geted strategies.

� 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

For over a half a century, cancer stem cells (CSCs) have been an
important area of radiation research. It appears that most cancers
contain populations of cells that exhibit stem-cell properties.
Those are characterized by their ability to self-renew and may pro-
duce a much larger set of cells with very limited proliferative po-
tential that are named the bulk. The definition of a CSC requires
three characteristics: (i) a selective capacity to initiate tumor and
drive neoplastic proliferation, (ii) an ability to generate endless
copies of themselves through self-renewal, and (iii) the potential
to give rise to more differentiated non-stem cell cancer progeny
[1].

Since CSCs have been described for first time in leukaemia by
the Dick laboratory in 1994, other groups have demonstrated the
presence of CSCs in numerous solid tumors (glioblastoma, colorec-
tal cancer, prostate, head and neck, liver, melanoma, etc.), suggest-
ing that the majority of malignancies are dependent on such a cell
compartment. Anyhow, properties of CSCs in different tumors were

not similar, and the proportion of stem cells in tumors was differ-
ent [2]. Moreover, the origin of CSCs remains unclear and many
works tried to identify this. Barker et al. [3], Zhu et al. [4], and
Alcantara Llaguno et al. [5] demonstrated that CSCs were derived
from normal stem cells if oncogenes were activated. But, there is
evidence that more differentiated cancer cell populations may ac-
quire CSC properties through epithelial mesenchymal transition
(EMT) [6,7]. Chaffer et al. [8] recently observed in a subpopulation
of basal-like human mammary epithelial cells that spontaneously
dedifferentiated into stem-like cells. Then, some non-stem cancer
cells gave rise to CSCs. Classically, the definition of adult stem cell
implicates that those are capable to generate full cellular compo-
nents of the relevant organ from a single stem cell. This could be
revealed by in vivo functional assays, which consists in implanting
a progressively smaller number of tumor cells in immunodeficient
animals. The number of cells could be an appropriate surrogate
when analyzing the frequency of proper cancer stem cells. Now,
through the development of immunofluorescence tools, it is possi-
ble to more easily isolate CSCs using their surface proteins (e.g.
CD133, CD44, CD29).

Cancer stem cells account for a minor fraction of a tumor popu-
lation, but those might be particularly involved in tumor initiation,
proliferation, or in metastatic process. CSCs are believed to share
many properties with normal stem cells that render them relatively
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insensitive to conventional cytotoxic agents, such as chemotherapy
and to radiation therapy. This is an advocated factor of treatment
failure and relapse. The mechanisms through which solid tumors
become resistant to conventional therapy are only partially under-
stood. Those involve numerous factors implicated in the resistance
of CSC to ionizing radiation: quiescence propensity, enhanced DNA
repair, upregulated cell cycle control mechanisms, mechanisms of
free-radical scavenging, and specific interaction with stromal
microenvironnement [9,10]. From a radiobiological point of view,
four factors are classically involved in the efficiency of ionizing
radiation: repair of DNA damage systems, redistribution of the cell
cycle, tumor cells repopulation, and level of intratumor hypoxia.
Although the identity of cancer cell clonogens has not been
definitively resolved, the understanding of CSCs pathways contin-
ues to grow and new potential molecular therapeutic targets have
recently emerged. Numerous inhibitory agents targeting these
specific signaling pathways, such as Notch and Wnt/B-catenin, are
currently evaluated in early clinical trials (http://clinicaltrials.gov:
NCT01122901, NCT01351103). Overcoming radioresistance by con-
currently targeting cancer stem cells pathways may potentially im-
prove outcome for patients with localized solid tumors. Radiation
therapy using heavy particles (proton and carbon)may be alsomore
effective than classic photon on CSCs [11,12]. The aim of this paper
is to report the various intracellular pathways involved in CSCs
radioresistance for which potential intracellular target and high-
light strategies for enhancing antitumor effectiveness.

2. Mechanism of radiation resistance

Although debated, CSCs’ radioresistance could give explanation
for their capacity to cause tumor recurrence. Few clinical data have
corroborated this hypothesis. In 2006, Bao et al. [13] determined a
subpopulation of glioblastoma, which contributes to radioresis-
tance. This fraction of tumor cells expressed CD133 and had a low-
er sensitivity to radiation-induced apoptosis. Authors also reported
that their frequency was 2- to 4- fold higher after radiation in both
primary tumors and xenografts. The relative enrichment of CD133
positive cells was accompanied by a maintained ability to self-
renewal and tumor progression. The same year, Phillips et al.
[14] isolated CSCs from two cell-lines (MCF-7 and MDA-MB-231)
by selecting cells which were CD24�/low/CD44+. The results
in vitro (clonogenic assays evaluating mean surviving fraction at
2 Gy) confirmed that CSCs were more radioresistant than their par-
ent monolayer cultures MCF-7 (p = 0.026), but not with MDA-MB-
231 (p = 0.09). In the same time, fractionated doses of irradiation
increased the percentage of the CSCs in MCF-7 monolayer cultures.
Woodward et al. [15] also worked on MCF-7 cell lines. Authors
hypothesized that mammary gland progenitors may be resistant
to radiation, involving the b-catenin stem cell survival signaling
pathway. In two selected populations, side population progenitors
(Sca1+) and the more primitive stem cells (lin�CD24+CD29+), irra-
diation induced less double-strand DNA breaks than in non-
progenitor cells. Later, Parikh et al. [16] exposed two NSCLC cell

lines (H460 and A549) to a single fraction dose of 5 Gy and culti-
vated them under stem cell selective conditions. The cells then
formed spheres, which expressed vascular endothelial growth fac-
tor (VEGF)-receptor 1, CD117, CD133, CXCR1, CXCR2, and CXCR4.
As the radioresistant cells had the same profile as stem cells, the
authors concluded that those were CSCs.

Marker systems used to identify CSC in various solid cancers is
presented Table 1. It is important to notify that (i) this list is not
complete and is till increasing (2) reliability of such surface marker
may not be sufficient to discriminate cancer stem and non-stem
cell subpopulations [17].

2.1. Quiescence propensity: targeting repopulation and redistribution

In a high quality review, Pajonk et al. [9] have precisely exam-
ined how CSCs might become radioresistant through repopulation
and redistribution mechanisms. Briefly, accelerated repopulation
of CSCs is also believed to occur in human tumors during radio-
therapy. As in normal stem cells, CSCs could be able to employ
developmental signaling pathways like the Notch, Wnt, and Sonic
hedgehog which are described below. The choice of which partner
beta-catenin associates with could contribute to determine
whether cells divide symmetrically and thus maintain their level
of potency or make asymmetric divisions. While CBP/catenin-
mediated transcription is associated with a non-differentiative
process, p300/catenin-driven transcription generates a differentia-
tion process [18].

Redistribution in cell cycle refers to the fact that cells change in
their radiosensitivity as they traverse the division cycle. In fact, mi-
totic cells are particularly sensitive to ionizing radiation, while
those in late S-phase would be most resistant [19]. It is believed
that both normal tissue stem cells and CSCs are usually in the qui-
escent phase of the cell cycle [20]. Wnt/b-catenin pathway may
also be implicated in CSCs cell cycle regulation. Kendziorra et al. re-
ported an overexpression of the Wnt transcription factor T cell fac-
tor (TCF4) in rectal cancers cell lines that were resistant to
chemoradiotherapy. Silencing of TCF4 induced a G2/M phase arrest
and caused a significant sensitization of cells to clinically relevant
doses of X-rays. This effect was observed only in tumor cells with
high TCF4 reporter activity, in a b-catenin-independent manner
[21].

Mechanisms of CSC radioresistance are illustrated Fig. 1.

2.2. Toward mechanistic explanations: enhanced repair of DNA

The biological efficacy of ionizing radiation depends on its abil-
ity to produce unrepairable DNA lesions, mainly double-strand
breaks (DSBs) within tumor cell. Beyond these lethal damages,
there are also sublethal DNA damages which accumulate and con-
tribute to tumor lethality. Repair of sublethal damage between
radiation fractions is exploited in radiation therapy because critical
normal tissues and tumors often differ in their ability to repair
such damages [9]. Bao et al. have highlighted that CSCs had a great-
er activation of DNA damage checkpoint in response to radiation,
and repaired radiation-induced DNA damage [13], leading to radi-
ation resistance. The family of checkpoint kinases 1/2 (Chek1/2 ki-
nases) is activated after ionizing stress and arrest the cell cycle to
allow DNA repair. These kinases are expressed at higher basal and
inducible levels in CSCs than in non-stem cells. Furthermore, the
radioresistance can be partially reversed through inhibition of
the Chek1 and Chek2 checkpoint kinases. Other authors have ob-
served that radiation induced similar levels of DNA damages in
CD133+ and CD133� cells, but CD133+ cells repaired more effi-
ciently and underwent less in apoptosis. CD133+ cells showed ba-
sal activity of one of protein of DNA damage checkpoint, rad17,
suggesting that CSCs are primed to act in response to genotoxic

Table 1
Marker systems used to identify CSC in various solid cancers.

CSC marker Location Refs.

CD133+CD44+/ESA+ Colon [12]
CD133+ Brain [13]
CD24�/low/CD44+ Breast [14]
CD117 NSCLC [16]
CD44+ALDH1+ HNSCC [76]
CD133+ HNSCC [94]
CD133+ Liver [93]

Abbreviations; NSCLC: non-small cell lung cancer; HNSCC: head and neck squa-
mous cell carcinoma.
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stresses. In response to DSB, several kinases were activated such as
ataxia telangiectasia mutated (ATM) and Chek1/2. Furthermore,
the use of Chek1/2 inhibitors reversed CSCs resistance [22]. Simi-
larly, Yin et al. showed that ATM inhibitor decreased the radiation
resistance of CD44(+)/CD24(-or low) subset in both from breast
cancer cell lines and primary human breast cancer cells. Authors
found that CD44(+)/CD24(-or low) cells had an increased activation
of ATM signaling compared to non- CD44(+)/CD24. The increased
radiation resistance was not dependent on the result of altered
non-homologous end joining (NHEJ). Indeed, NHEJ activity and

expression of the various proteins involved in this repair DNA re-
pair system were not significantly different between the
CD44(+)/CD24(-or low) and non- CD44(+)/CD24(-or low) subsets
[23].

More recently, several teams worked on BMI-1, an E3-ubiquitin
ligase which is upregulated in some normal stem cells and in CSCs
[24–26]. BMI-1 was enriched by chromatin after exposure to irra-
diation, revealing an important role in early DSB damage response.
Its co-factors are multiple, including ATM kinase, histone
gammaH2AX, DNA-dependent protein kinase catalytic subunit

Fig. 1. Mechanisms of CSC radioresistance. (A) Redistribution. Cells change in their radiosensitivity as they traverse the division cycle. Mitotic cells are particularly sensitive
to ionizing radiation, while those in late S-phase would be most resistant. CSCs are usually in the quiescent phase of the cell cycle. (B) Enhanced repair of DNA. Non-
homologous end joining (NHEJ) is the main mechanism of reparation implicated after DNA double-strand breaks (DSBs) induced by ionizing radiation are principally repaired
by NHEJ. NHEJ involves recognition and reparation by several molecules such as ATM, DNA-PKcs, XRCC4 and Ligase 4. It is suggested that CSCs may have an increased
activation of ATM signaling compared to non-tumoral stem cells. (C) Upregulated cell cycle control mechanisms. The family of checkpoint kinases 1/2 (Chek1/2 kinases) is
activated after ionizing stress and arrest the cell cycle to allow DNA repair. In response to DSB, ATM and ATR may be activated by Chek1/2. These kinases are expressed at
higher basal and inducible levels in CSCs than in non-stem cells (D) Reactive Oxygen Species (ROSs) and free radical scavenging. CSCs reside in a perivascular niche and are
exposed to oxygen and high ROS levels. A higher activity of ROS-scavenging enzymes, such as superoxide dismutase (SOD) and glutathione (GSH) in CSCs could lower levels of
ROS (and then DNA damage) after irradiation. Prolonged exposure to ROS might also lead to a differentiation process and/or growth arrest. Redox-sensitive transcription
factors, such as nuclear factor j-B (NF-j-B) and Nrf2 are activated and are lead to an increase of ROS-scavenging enzymes and cancer promotion. (E) Interaction with stromal
environment. Irradiation cause changes in gene expression in the resident fibroblasts and the release of transforming growth factor–b (TGF-b) that may be implicated CSCs
epithelial mesenchymal transition (EMT). CD44 is a extracellular matrix (ECM) receptor abundantly expressed at the CSCs surface and is associated with malignancy.
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(DNA-PKcs), PARP-1, and histone H1. Moreover, BMI-1 was associ-
ated with accumulation of BRCA1 near DSB damages. In order to
explore the role of this protein, Facchino et al. induced BMI-1 defi-
ciency cells and observed an increased DSB, resulting in increased
radiosensitivity. At the opposite, BMI-1 overexpression in normal
CSCs enhanced radioresistance. Recently, polycomb group pro-
teins, including BMI-1 have been implied in the radioresistance
in both normal stem cells and CSCs. Improving our understanding
of the contribution of polycomb group proteins to the DNA damage
responses pathways may lead to the identification of potential no-
vel target to sensitize CSCs to radiation [26].

2.3. Upregulated cell cycle control mechanisms

The maintenance of DNA represents a primary and uninter-
rupted challenge to all cells. Main cell response mechanisms to
ADN lesion are active arrest of cell cycle or induction of massive
apoptosis or senescence [13]. Chromosomal instability is a factor
involved in the inactivation of pro-apoptotic pathways. Thus, geno-
mic instability and apoptosis are linked phenomena, with impor-
tant implications when investigating the pathophysiology of
cancer. Furthermore, irradiation may induce an important cell
death period that may ultimately lead to generate chromosomal
instability. Radiation may decrease the normal stem-cell pool
through apoptosis and senescence. Concomitantly, it could poten-
tially increase the growth advantage of resistant CSCs. Conse-
quently, CSCs could be involved in the transmission of genomic
instability [27,28]. Bensimon et al. demonstrated that, radiation
lead to the emergence of chromosomal unstable cells during
more than 35 population doublings. Then, they showed that
CD24(-/low), a CSC marker, correlated with the transmission of
genomic instability. In fact, delayed chromosomal instability was
only expressed by CD24(+) cells, but was transmitted by stable
surviving CD24(-/low) cells [29].

As ionizing radiation, chemotherapies or targeted therapies
may also affect other way of cell death, as autophagy. Autophagy
substantially differs from apoptosis because autophagosomes and
autolysosomes are involved, and the nucleus remains intact in
the cell. Moreover, it is independent of phagocytes. Although apop-
tosis is usually considered as being the most common radiation-
induced cell death, autophagy was involved in anti-neoplasic ef-
fects of radiation therapy [30,31]. Interestingly, there are biological
linkages between autophagy and apoptosis. In response to the
blockade of one pathway, the alternative type of cell death will
be activated. In addition, recent studies suggested that autophagy
could also precede and have some regulatory influence on senes-
cence [32]. Zhuang et al. [33] tried to understand molecular mod-
ifications in autophagy, and showed that DNA-PKcs played a major
role in the repair of dsDNA breaks and in cell radiosensitization.
Plasmids encoding shRNA which targeted DNA-PKcs were con-
structed. These plasmids were transfected into glioma stem cells.
Ionizing radiation induced massive autophagy in transfected cells,
but rarely apoptosis.

2.4. Hypoxia, reactive oxygen species and free radical scavenging

Given its crucial role in biological processes, oxygen concentra-
tion is accurately regulated in cells. While hyperoxia can induce
the formation of Reactive Oxygen Species (ROSs) (which may result
in cell death), hypoxia has a major role in the transcriptional acti-
vation of pro-apoptotic and pro-angiogenic molecular pathways.
Lower tumoral oxygen level results from several mechanisms,
including anarchic vasculature, low oxygen diffusion, and irregular
blood flow. Hypoxia is implicated in radioresistance and cells lo-
cated in areas of low oxygen tensions are classically relatively pro-
tected from radiation effects [34]. Oxygen plays a crucial role in

radiotherapy induce cell-death through the ROS. It has been re-
ported that CSCs resided in a perivascular niche [35], so that those
were exposed to oxygen and high ROS levels. However, it has been
shown that central nervous system stem cells contain lower levels
of ROS as well as epithelial tissue stem cells (CD24medCD49fhighLin�

cells) and mammary gland CSCs (CD44+CD24-/lowLin� cells). [36–
39]. Interestingly, CSCs are less likely to develop DNA damage after
irradiation, compared to non-tumorigenic cells, while this differ-
ence was not shown in untreated cells. Consistent with this find-
ing, it could be hypothesized that a higher activity of ROS
scavenging pathways in CSCs could lower levels of DNA damage
after irradiation, and thus antitumor effect. ROS levels have also
been explored by Phillips et al. in breast CSCs from two cell lines:
MCF-7 and MDA-MB-231 [14]. Without any radiation, MCF-7cell
mammospheres (culture of cells in non-adherent non-differentiat-
ing conditions which contains CSCs) had a lower level of ROS than
MCF-7 monolayer cell cultures. After exposure to 10 Gy, the level
of ROS increased in the MCF-7 monolayer cell cultures. This effect
was not reported in the MCF-7 cell mammospheres, suggesting
high levels of free radical scavengers in CSCs as a possible explana-
tion of radioresistance. Indeed, adaptive stress responses to ROS
may lead the activation of redox-sensitive transcription factors,
such as nuclear factor j-B (NF-j-B) and Nrf2. Downstream activa-
tion of such pathways may ultimately include an increase in the
expression of ROS-scavenging enzymes, such as superoxide dismu-
tase and glutathione. Additional mechanism for stress adaptation
can make some cells more resistant to high levels of ROS. As NF-
j-B and Nrf2 also interact with proliferation, senescence evasion,
angiogenesis and metastasis, the redox adaptation processes could
be involved in cancer promotion and tumor development [40].
Remarkably, ROS level may also directly or indirectly play an
essential role in cell cycle progression. While, low levels of ROS
may result in increased cell cycle progression, prolonged exposure
might lead to a differentiation process and/or growth arrest. Expla-
nation may include the effects of different levels of ROS on the cy-
clin kinase inhibitor protein p21. In fact, at higher but not directly
lethal level of ROS, p21 might be able to induce a partial or perma-
nent cell cycle arrest [41].

Other regulatory mechanisms are mediated by Hypoxia Induc-
ible Factors (HIFs). The enhanced level of HIFs in tumor can be cor-
related with the level of oxygen within the tumor and has been
shown to correlate to tumor radiation resistance [42,43]. In cancer,
two isoforms of HIF are important: HIF1a and HIF2a. While HIF1a
is regulated by oxygen tension, it is ubiquitously expressed in nor-
mal tissue. In contrast, HIF2a expression is restricted to endothe-
lial cells of vascular organs. Both share transcriptional targets
such as VEGF and VEGF-R1 and are regulators of migration and
erythropoiesis. The majority of tumor cells responded to hypoxia
by stabilizing the HIF1a protein. In many cases, HIF2a expression
was no different between hypoxia and normoxia. However, Li
et al. have demonstrated differential protein and mRNA expression
of HIF1a and HIF2a between non-stem and CSCs [44]. In this study,
HIF2a was significantly present in the CSCs population, while
HIF1a was present in both populations and was stabilized in se-
vere hypoxic conditions. This finding suggested differential roles
of the two isoforms in CSCs. CSCs that had a lower HIF activity were
unable to form tumors and had reduced survival in vitro. Knock-
down experiments concluded that HIFs were required to CSCs sur-
vival and tumor progression. More, HIF2a seemed to promote a
stem cell phenotype. McCord et al. [45] showed that hypoxia pro-
moted tumorosphere formation and stem cell marker expression.
Using microarray techniques, two genes correlating with stem cell
functions, Sox2 and Oct4, were overexpressed in cells under severe
hypoxia, only when HIF2a was stabilized. More, HIF2a transcrip-
tionally regulated Oct4 [46] suggesting a specific role of HIF2a in
the plasticity of phenotype in cancer cells [47].
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2.5. Interaction with stromal environment

The central role of perivascular niche was mentioned above.
Additionally, most of tumor cells interact with their microenviron-
ment (stromal fibroblasts, adipocytes, endothelial cells, and the
extracellular matrix). One of the chief components of the extracel-
lular matrix, hyaluronan, contributes significantly to cell prolifera-
tion and migration, and may be involved in tumor progression.
CD44 is a major hyaluronan receptor abundantly expressed at
the CSCs surface and is also associated with malignancy [48]. Be-
sides, it is likely that CSCs are influenced by their stromal environ-
ment, including immune cells and inflammatory responses. As
matter of fact, irradiation to tissue may cause changes in gene
expression in the resident fibroblasts and the release of transform-
ing growth factor-b (TGF-b) which may be implicated in inflamma-
tion pathway and tumorigenesis [49]. In some circumstances, CSCs
in solid tumors might show an EMT. EMT is critical for metastasis
and colonization at distant sites may directly be influenced by TGF-
b. Gregory et al. reported that EMT transcription factors, such as
Zeb1 and -2 and Twist were inhibited by TGFb. Although ionizing
radiation may adversely increase tumor motility signals, their re-
sults suggest novel targets that may permit new approach for
improving the therapeutic strategy [50].

Moreover, microenvironment interactions could be underesti-
mated since stromal cell influence may not necessarily be obvious.
As an example, in estrogen receptor negative breast cancer cells,
hormones have been shown to protect cell against radiation. To
investigate this phenomenon, Gupta et al. used a xenograft mouse
model of parturition-induced breast carcinoma formation, in
which the tumors that rose following pregnancy lacked the expres-
sion of nuclear hormone receptors. Authors described that estro-
gen indirectly caused the tumor growth by increasing host
angiogenesis and recruiting of bone marrow-derived stromal cells
[51].

3. Therapeutical strategies to target CSCs

Several studies have investigated the possibility of specifically
target CSC’s molecular pathways for overcoming radiation
resistance.

3.1. Wnt/b-catenin signaling

Studies have suggested that Wnt and b-catenin signaling may
contribute to radioresistance of breast CSCs [15,52]. Both pathways
have been implicated in normal stem cell survival [53–56]. The
mechanism of cell survival is unclear but aberrant Wnt and b-cate-
nin signaling can link to chromosomal instability through regula-
tion of the mitotic spindle [57], leading to tolerance of DNA
damage even if repair was not successful. In fact, Wnt pathway
activated a DNA damage response [58] and genomic instability
may drive the malignant transformation of non-tumorigenic stem
cells to CSCs [59]. Furthermore, it had been observed that in radi-
oresistant mammosphere cells, the DNA damages were more rap-
idly resolved than in monolayer culture cells. This suggest a role
of Wnt-b-catenin downstream signal transduction and of more
effective DNA repair in cells with stem cell characteristics after
irradiation [15].

Che et al. described the implication of Wnt pathway in oesoph-
ageal cancer. This team evaluated the radiosensitizing effect of a
COX-2 inhibitor, NS398, on radioresistant esophageal cancer
Eca109R50 Gy cells. Eca109R50 Gy cells were obtained through
fractional irradiation from Eca109 cells. NS398 enhanced radiosen-
sitivity of Eca109R50 Gy cells. The underlying effects included
redistribution of cell cycle, inhibition of DNA-dependent protein

kinase catalytic subunit expression and finally induction of tumor
cells apoptosis. Authors also reported that NS398 reduced phos-
pho-AKT level, upregulated expression of proapoptotic genes (pro-
caspase-3, active caspase-3), while downregulated expression of
antiapoptotic Bcl-2. These effects were partly reversed when cells
were exposed to insulin-like growth factor-1 [60]. The same team
reported that, in vivo xenograft tumorigenicity assay Eca109R50 Gy
cells had CSCs properties (proliferation, colony-formation) and
tumorigenic ability. At the molecular level, escalating doses was
accompanied by an increase in b-catenin. While the intake of
NS398 enhanced the radiosensitivity of Eca109R50 Gy cells, it de-
creased expression of b-catenin [61].

In rectal cancers cell lines that were resistant to chemoradio-
therapy, Kendziorra et al. reported overexpression of the Wnt tran-
scription factor T cell factor (TCF4). Moreover, silencing of TCF4
caused a significant sensitization of cells to clinically relevant
doses of X-rays. This effect was restricted to tumor cells with high
TCF4 reporter activity, in a b-catenin-independent manner. Radio-
sensitization was the consequence of (i) a transcriptional deregula-
tion of Wnt/TCF4 target genes, (ii) a silencing-induced G2/M phase
arrest, (iii) an impaired ability to adequately halt cell cycle progres-
sion after radiation and (iv) a compromised DNA double strand
break repair as assessed by cH2AX staining. TCF4 is a promising
molecular target to sensitize resistant tumor cells to (chemo-)
radiotherapy [21]. RO4929097, another Wnt pathway inhibitor, is
now evaluated in a phase I trial recruiting breast cancer patients
(http://clinicaltrials.gov: NCT01351103).

3.2. PI3k-mTOR pathway

PI3K pathway is another pathway explored in breast CSCs. The
PI3K are activated by receptor tyrosine kinase, such as epidermal
growth factor receptor (EGFR), or by G- protein coupled receptors.
Among the proteins activated by PI3K, the serine/threonin kinase
Akt target Mammalian target of rapamycin (mTOR), a serine/thre-
onine kinase playing a key role in regulation of basic cellular func-
tions including growth, cell proliferation and survival by inhibition
of apoptosis [62,63]. Zhan et al. [64] used 8 Gy-irradiated MCF-7
mammosphere cells (CD24�/low/CD44+) and MCF-7 cells (D24+/
CD44+). Akt1 and Akt2 proteins were higher expressed in mammo-
sphere cells than in more differentiated cells. More, Akt inhibitor
radiosensitized mammosphere cells but not monolayer cells.
Although PI3K is an interesting target and inhibitors are yet avail-
able, other studies should confirm this result.

3.3. Notch cell signaling system

Rich and Eyler [65] synthesized the works on brain stem cells in
his laboratory by working on L1CAM (CD171), Phosphatidylinositol
3-kinases (PI3K) pathway, bone morphogenetic protein (BMP),
Notch, sonic hedgehog and EGFR. Using inhibitors of each target
led to reduced neurospheres formation (which contains CSCs),
invasion, and then tumor initiation [66–71]. Notch pathway was
first described by Phillips et al. in mammospheres [14]. Notch
activity increased in response to radiation. More, targeting Notch
cleavage by gamma-secretase inhibitor has proved to be an effec-
tive antitumor therapy by medulloblastoma cell lines [68]. The ef-
fect was a reduced CD133+ cell fraction, by increasing apoptosis.
Notch pathway was reported to be implicated in radioresistance
in glioma stem cells [72]. The use of gamma-secretase inhibitors
rendered the glioma stem cells more sensitive to radiation, but
did not have effect on the non-stem glioma cells. Gamma-secretase
inhibitors reduced Akt activity and Mcl-1 levels. Knockdown of
Notch1 or Notch2 also sensitized glioma stem cells to radiation
and impaired xenograft tumor formation, indicating that CSCs in
brain tumors seem to be selectively vulnerable to Notch pathway
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inhibitor. A phase II trial evaluating RO4929097, a new notch
inhibitor, is now ongoing for patients with recurrent or progres-
sive glioblastoma (http://clinicaltrials.gov: NCT01122901).

3.4. Targeting JAK/STAT

JAK/STAT signaling in CSCs is a promising pathway on HNSCC
models. This pathway involves a family of proteins with tyrosine
kinase activity, the JAK, which in turn regulate transcription of
many genes. It was shown that activation of the EGF receptor acti-
vated STAT through JAK or Src tyrosine kinase. After its phosphor-
ylation by JAK, STAT proteins migrate to the nucleus to bind to the
promoters of their target genes to activate their transcription.
STAT3 is a strongly activated protein in solid tumor implicated in
the formation of nitric oxide involved in cell survival. STAT3 is also
concerned in proliferation and cell differentiation by activating the
expression of anti-apoptotic Bcl-2 proteins [73–76]. Chen et al. [77]
observed that patients CD44+ALDH1+ and phosphorylated STAT3
had a worse prognosis with higher grade of HNSCC. CD44+ALDH1+

cells isolated showed greater tumorigenicity and radioresistance.
Interestingly, cucurbitacin 1, which is a STAT3 inhibitor, was
shown to effectively inhibit in vitro capacities for tumorigenicity,
sphere formation, resistance to radiation, and Bcl-2 expression. It
also activated apoptosis in CD44+ALDH1+ cells. Xenotransplant
experiments revealed that cucurbitacin I combined with radiother-
apy significantly suppressed tumorigenesis and lung metastasis
and further improved the survival rate in HNSCC-CD44+ALDH1+

transplanted immunodeficient mice.
JAK/STAT pathways have also been evaluated in non-small cell

lung cancer (NSCLC) [78]. Hsu et al. isolated radioresistant
CD133+ cells expressing high expression of Oct-4, Nanog homoe-
box, and especially high p-STAT3 levels. Two cell pools (CD133+

and CD133�) were treated with the STAT3 inhibitor, cucurbitacin
1. Same results as in the HNSCC were observed: decreased level
of p-STAT3, loss of stemness (e.g. cells became CD133�), and high
level of apoptosis. Xenotransplantation in immunocompromised
mice revealed a loss of tumorigenesis of CD133+ cells when mice
were treated by association of cucurbitacin 1 and radiotherapy.

3.5. Interference with ROS cell response (use of oxygen activators)

Glutathione (GSH) is an intracellular reducing molecule with
antioxidant activity. Diehn et al. reported that two GSH-related
genes could be overexpressed in CSCs: Gclm and Gss. Those encode
the regulatory subunit of the enzyme (glutamate-cysteine ligase)
that was found to catalyze GSH synthesis. The use of Buthionine
Sulfoximine (BSO), a glutamate-cysteine ligase inhibitor, resulted
in decrease of colony forming ability in CSCs. Moreover, BSO-pre-
treated CSCs were radiosensitized, demonstrating the importance
of low ROS levels and antioxidant defense to CSCs survival and
radiosensitivity in these tumors [36].

3.6. Others implicated molecular pathways

The hedgehog signaling pathway lead to a cascade of activation
of transcription factors such as Gli proteins, that activate transcrip-
tion of several genes involved in cell proliferation such as cyclins,
c-Myc, epidermal growth factor (EGF), and VEGF. Breast CSCs
showed increased expression of Ptch1, Gli1, and Gli2 which sug-
gested an important role for hedgehog signaling in stem cell prolif-
eration. In addition, inhibition of Gli1 induced decreased
proliferation of breast CSCs [79].

Another described target is c-Met. This protein is overexpressed
in CSCs in glioblastoma [80]. Ellsworth et al. evaluated Mp470, a
multi-targeted tyrosine kinase inhibitor as radiosensitizing mole-
cule, [81]. Mp470 activity was compared with temozolomide

(TMZ). Results showed that MP470 associated with radiotherapy
was more efficient than TMZ and radiotherapy in clonogenic as-
says. Apoptosis was the main cause of cell death and its level
was twice more important in radiation combined with MP470 than
with TMZ-radiotherapy.

Insulin-like growth factor (IGF) pathway could likewise be an
interesting target in NSCLC-CSCs Sun et al. [82] explored a che-
mo-radioresistant cell line that expressed CSCs characteristics:
expression of markers (CD133 and ALDH1), and self renewing.
Authors used DNA microarrays to find out which pathways were
involved in the CSCs in comparison to H460 NSCLC cell lines. Of
the 180 RNA whose expression varied between the two cell popu-
lations, IGFBP3 to be the most interesting. The use of IGF-1R siRNA
inhibitor gave back significant radiosensitization of initially radio-
resistant cells. Interestingly, the inhibition of the transcription of
gluconeogenesis genes has also been shown to reduce the risk of
several cancers in diabetic patients [83]. These results are sup-
ported by the selective effects of Metformin, a standard drug for
type II diabetes, on CSCs. In fact, metformin was reported to
repress key drivers of the EMT genetic program (e.g. ZEB1 and
TGF-b) [84]. Also, Jung et al. showed that metformin reduced the
size and number of human breast carcinoma cell line grown in
mammospheres. Furthermore, metformin reduced the expression
of OCT4, used as a stem cell marker, in mammospheres exposed
to tumor promoting chemicals [85].

Finally, bortezomib is a therapeutic proteasome inhibitor. It was
approved for treatment of haematological malignancies such as re-
lapsed multiple myeloma and mantle cell lymphoma. It has re-
cently been reported that proteasome inhibitor sensitized glioma
cells and glioma stem cells to tumor necrosis factor-related apop-
tosis-inducing ligand induced apoptosis. (TRAIL) in vitro and
in vivo. Moreover, TRAIL and the proteasome inhibitors decreased
the expression of AKT and XIAP in a PKCe-dependent manner, sug-
gesting a rationale for targeting malignant glioma CSCs [86].

3.7. Relationships between diverse molecular pathways

Putative complex signaling cross-talks between different
growth factor cascades may regulate the cancer development.
EGFR, constitutively activated EGFRvIII mutant and sonic hedgehog
pathways play all a pivotal role in the development of brain tu-
mors, and more particularly when focusing on initiating cells
(CSCs) in aggressive and recurrent glioblastoma and medulloblas-
tomas. Mimeault et al. suggested that those pathways could inter-
act with other signaling system that provide survival advantages
during disease progression such as Wnt/b-catenin, Notch, plate-
let-derived growth factor (PDGF)/PDGF receptors (PDGFRs), hepa-
tocyte growth factor (HGF)/c-Met receptor and VEGF/VEGF
receptors (VEGFRs). Confirmation of these results may constitute
the rationale for the use of pan-inhibitor targeted therapies to in-
crease the probability of eradicating brain CTCs and then reaching
higher efficacy for aggressive and recurrent primary brain tumors.

Relationships exist between notch, met, PI3K pathways and
autophagy. It was described that Notch signaling and the PI3K-
AKT pathway synergized and that mutational loss of PTEN (Phos-
phatase and Tensin homolog, that physiologically inhibit the
PI3K-AKT pathway) induces resistance to NOTCH1 inhibition
[87]. Similarly, c-Met-dependent gene expression is also regulated
by PTEN [88]. Because autophagy is negatively regulated by PI3K-
AKT-mTOR, Notch and c-Met could also decrease activation of
autophagy. Finally, CD44v6 contains a binding site for hepatocyte
growth factor (HGF) that binds c-Met and VEGF. Then, CD44v6 in
concert with extra cellular matrix may activate the PI3K-Akt path-
way, regulate Met transcription and play on autophagy [89].

Fig. 2 illustrates main molecular pathways and potential cross-
talks implicated in CSCs.
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3.8. Ions therapy as a tool for overcoming CSCs radioresistance

Many assays demonstrate the chemo- and radio-resistance of
CSCs. Chang et al. hypothesized that protons may be more effective
than photons to eliminate CSCs [11]. Authors worked on two
chemoresistant (CR) NSCLC cell lines: (H460/CR and A549/CR)
and three radioresistant (RR) cell lines (H460/RR, A549/RR and
Seg-1/RR). Both CR and RR cell lines expressed higher percentages
of ‘side population’ cells (i.e., those showing CSC phenotype) than
did parental cells. The control cell line was normal bronchial epi-
thelial cells. All cells were irradiated with the same doses relative
biological effectiveness of protons or photons. Authors distin-
guished parental cells and CSCs using flow cytometry and analyzed
the following parameters: growth, apoptosis, invasion, and intra-
cellular concentrations of ROS. Compared to control, protons killed
more pathologic cells, increased apoptosis, reduced metastatic po-
tential than photons in CSCs. Whereas CSCs contained initially less
than half ROS levels of the parental cells or the normal bronchial
epithelial cells, protons induced higher increase of ROS levels than
photons in CR/RR. Their main findings were that protons preferen-
tially target CSCs. When focusing on treatment-resistant CSCs, the
increase in ROS levels was higher after protons exposure, com-
pared to photons for the same dose. However, protons and photons
produced equivalent effects in normal bronchial epithelial cells,
suggesting no higher toxicity toward normal tissue. These attrac-
tive results should be confirmed in vivo.

Another way of irradiation is the use of carbon ion. Cui et al.
[12] had focused on the biological effects of carbon ion beam treat-
ment on CD133+CD44+/ESA+ human colon cancer cells compared
with photon beam treatment. The in vitro relative biological effec-
tiveness values of a carbon ion beam relative to X-rays at D10 (dose
required to reduce the surviving fraction to 10%) values were 1.63–
1.74. Results showed that carbon ion irradiation induced lower
CSCs fraction than with X-ray irradiation. A colony assay was per-
formed in order to confirm this result, and the relative biological

effectiveness values at D10 levels were 2.05–2.28. These results
were also observed in xenograft assay. This suggests that carbon
ion beam therapy could have higher biological efficacy, as com-
pared to classical photon beam therapy. One explanation could
be a higher biological efficacy against CSCs.

4. Conclusion

Despite substantial research and important progress in the anti-
cancer therapeutic arsenal, about 50% of cancer patients will expe-
rience local or distant tumor relapse despite treatment. The fact
that most current strategies did not target CSCs but rather more
differentiated tumor cells may have a putative role in the failure
of numerous intent-to-cure strategies. Since local tumor seems to
be potentially related to CSCs control, radiobiological research
should focus in radiation effects on cancer stem cells. Many new
molecular pathways involved in self-renewal, tumor growth, and
tumor cell differentiation have also been explored [15,71,77].
Although preclinical models can be debated because of intrinsic
limitations, and particularly the use of immunodeficient animals
assays [90], new irradiation modalities could be promising to
enhance the effects against CSCs. Since CSCs are a heterogeneous
population which has different resistance profiles, a single targeted
molecular therapy should however not be sufficient. Subsequently,
the combination of cancer stem cell-targeting agents with new
effective cytotoxic agents and/or radiation therapy may allow
targeting both CSCs and bulk population. Ion therapy might also
enhance the efficacy/toxicity ratio by preferentially targeting CSCs
with rather limited effects on normal stem cells [11,12] and normal
tissues. As reviewed by Supiot and colleagues, dose-painting radio-
therapy may be applied for a heterogeneous delivery of radiation
dose within the tumor volume by preferentially targeting radiore-
sistant areas according to data from functional imaging [91]. With-
in gross tumor volume, it is possible to define one or more target

Fig. 2. Main molecular pathways implicated in CSCs. While Wnt bind its receptor (frizzled) and induce b-catenin signaling, various cytokines may activate JAK-signal
transducer and activator of transcription (STAT) that result in cell proliferation, growth and survival. Interactions exist between Notch, Phosphatidylinositol 3-kinases-AKT-
mTOR (PI3K) and Hepatocyte growth factor (HGF)/cMET pathways. While cMET downstream may trigger AKT, Notch activation is able to inhibit PTEN that may result in
diminished autophagy through mTOR activation. Extra cellular matrix (ECM) may interact with CD44v6 that can provoke the dimerization of receptor tyrosine kinases such as
vascular endothelial growth factor receptor (VEGFR) or bind cMET and play on PI3K-AKT signaling.
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volumes based on biology (biological target volume [92]. Because
CSCs metabolic status may vary from the common tumor cells,
functional and metabolic imaging could allow better identifying
the niches with hypoxic areas and/or high CSCs numbers are fac-
tors of radiation resistance. New studies including such biologi-
cal-guided radiation devices combined to modern cytotoxic
agents will be a promising search area for optimizing strategies
targeting CSCs.
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Résumé. Les cellules souches cancéreuses sont
l’objet d’un intérêt croissant. En particulier, plu-
sieurs données suggèrent leur implication dans les
mécanismes de radiorésistance tumorale, pouvant
ainsi expliquer les échappements thérapeutiques après
radiothérapie. De par son pronostic péjoratif et son
taux élevé de rechutes après irradiation, le glioblas-
tome constitue un modèle très souvent étudié dans
la recherche de nouveaux radiosensiblisants. Il existe
plusieurs données précliniques suggérant que les cel-
lules souches cancéreuses pourraient constituer une
cible thérapeutique potentielle dans la perspective
d’améliorer l’efficacité biologique de l’irradiation. À
travers l’exemple du glioblastome, nous effectuons une
revue des principales voies de signalisation intervenant
dans les mécanismes de radiorésistance des cellules
souches cancéreuses et pour lesquelles un ciblage
pharmacologique laisse entrevoir des perspectives de
radiosensibilisation. �

Abstract. Cancer stem cells are a subject of
increasing interest in oncology. In particular, several
data suggest that cancer stem cells are involved in
the mechanisms of tumor radioresistance, and may
explain the therapeutic failures after radiotherapy.
Because of its poor prognosis and high recurrence
rate after irradiation, glioblastoma model is often
studied in the search for new radiosensitizers. There
are several preclinical data suggesting that cancer
stem cells could be a potential therapeutic target
for improving the biological effectiveness of radia-
tion therapy. Through the example of glioblastoma,
we review the main signaling pathways involved in
the mechanisms of radiation resistance of cancer
stem cells and for which pharmacological targeting
could potentially enhance tumor radiosensitivity. �

Mots clés : cellules souches cancéreuses, radiorésistance,
hypoxie, radiothérapie

Key words: cancer stem cells, radioresistance, hypoxia,
radiation therapy
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Introduction
Plusieurs travaux suggèrent l’existence de populations
cellulaires possédant certaines propriétés des cellules
souches dans de nombreux types tumoraux et caracté-
risées par leurs capacités [1] :
– à initier un processus néoplasique ;
– à générer sans limite des copies d’elles-mêmes par
auto-renouvellement ;
– à générer des cellules plus différenciées non auto-
renouvelantes.
En particulier, la présence en quantité variable de
cellules souches cancéreuses a été décrite dans les
modèles de glioblastomes [2]. Bien que leur origine
soit incertaine, plusieurs auteurs ont montré que les
cellules souches cancéreuses pouvaient dériver de cel-
lules normales dès lors que certains oncogènes étaient
activés ou par transition épithélio-mésenchymateuse
[3-8].
Bien qu’elles ne représentent qu’une fraction mino-
ritaire des contingents cellulaires présents dans la
tumeur, les cellules souches cancéreuses jouent un
rôle important dans l’initiation tumorale, la prolifé-
ration ou le processus métastatique. Par ailleurs, il
existerait un lien entre les échecs de la radiothéra-
pie et la radiorésistance de cette population cellulaire.
Les mécanismes sous-jacents sont nombreux et variés
(redistribution dans le cycle, réparation de l’acide
désoxyribonucléique [ADN], mécanismes de protec-
tion contre les radicaux libres, relation particulière avec
le microenvironnement tumoral. . .) [9, 10]. Le ciblage
des cellules souches constitue donc une perspective
dans l’amélioration de l’efficacité de la radiothérapie.
À travers l’exemple du glioblastome, tumeur carac-
térisée par sa radiorésistance et son pronostic
particulièrement péjoratif, nous effectuons une revue
des perspectives des principales voies de signalisation
préférentiellement activées dans les cellules souches et
dont le ciblage pharmacologique pourrait augmenter la
radiosensibilité tumorale.

Rationnel au ciblage
des cellules souches

Impact de l’irradiation sur la population
des cellules souches
La glycoprotéine CD133 est exprimée dans plusieurs
modèles de cellules souches normales, mais égale-
ment de progéniteurs endothéliaux, de cellules souches
gliales ou de glioblastomes. Au sein d’une popula-
tion tumorale de glioblastomes, certains sous-types
cellulaires exprimant le marqueur CD133 présentent
un profil de radiosensibilité particulier, marqué par
une sensibilité moindre à l’apoptose et aux lésions
de l’ADN radio-induites. L’importance relative de
cette fraction de cellules augmente après irradiation,

de même que leur capacité à l’auto-renouvellement
[11]. Des résultats corroborant ont été rapportés dans
d’autres modèles, en particulier de cancers mam-
maires. Ainsi, la radiothérapie fractionnée augmente
sous certaines conditions le pourcentage de cellules
souches observables in vitro [12]. Kim et al. ont mon-
tré que la kinase LCK (lymphocyte-specific protein
tyrosine kinase) était impliquée dans les phénomènes
d’expansion du pool de cellules souches cancé-
reuses après exposition à une radiothérapie fractionnée
et donc de radiorésistance secondaire. L’activité de
ce récepteur de la famille src était augmentée par
l’irradiation. L’inhibition par transfection de siRNA
de l’expression de LCK permettait de bloquer effi-
cacement l’expansion de la population de cellules
CD133(+) et de diminuer l’expression de Notch-
2 et Sox2, impliquées dans l’auto-renouvellement
cellulaire [14].

Redistribution dans le cycle
et repopulation
Plusieurs données suggèrent que des mécanismes
de redistribution dans le cycle et de repopulation
contribuent à la radiorésistance des cellules souches
cancéreuses, celles-ci étant habituellement en phase
quiescente du cycle, classiquement plus radiorésis-
tante [14, 15]. L’impact de la repopulation et de la
redistribution dans le cycle a été souligné par Pajonk
et al. [9]. Bien que l’existence de niches de cel-
lules souches cancéreuses soit débattue, il semble que
les cellules souches de gliomes siègent préférentiel-
lement à proximité des vaisseaux. L’exposition à une
radiothérapie fractionnée de ces cellules quiescentes
entraîne une repopulation accélérée avec augmenta-
tion de la proportion des cellules en cycle, phase
plus radiosensible [16]. Cette observation suggère un
intérêt potentiel à remobiliser les cellules souches
cancéreuses pour les rendre plus radiosensibles. À
l’instar des cellules souches normales, les cellules
souches cancéreuses activent certaines voies de signa-
lisation lors de leur passage d’une phase quiescente à
une phase cyclique, dont certaines sont exploitables
à des fins de radiosensibilisation. Ainsi, l’activation
de Notch-1 dans les cellules souches cancéreuses
contribuerait à la repopulation tumorale et à la redistri-
bution dans le cycle des cellules quiescentes. Outre
ce rôle, les ligands du récepteur transmembranaire
Notch-1 sont impliqués dans le développement neuro-
nal, les interactions cellules-cellules, la différenciation
gliale, l’angiogenèse et l’expansion du pool de cellules
souches hématopoïétiques. L’activité de Notch-1 aug-
mente également en réponse à l’irradiation. Le ciblage
de Notch-1 par inhibition de la gamma-secrétase (une
protéine membranaire impliquée dans son activation)
exerce un effet antitumoral sur les lignées de médullo-
blastome [17] associé à une réduction de la fraction des
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cellules CD133(+), à une augmentation de l’apoptose
et à une réduction de l’activité Akt et de l’expression
de Mcl-1. Dans l’expérience de Wang et al., la voie
Notch semblait impliquée dans la radiorésistance des
cellules souches gliales [18] et l’utilisation d’inhibiteurs
de la gamma-secrétase permettait de radiosensibiliser
les cellules gliales souches, mais pas les cellules gliales
CD133(-) plus différenciées et non auto-renouvelantes.
Alors que l’activation constitutive des domaines intra-
cellulaires de Notch-1 et Notch-2 protégeait les cellules
souches de gliome de l’irradiation, l’inactivation de ces
cibles par transfection permettait de radiosensibiliser
les cellules souches gliales et d’inhiber la tumorigenèse
in vivo, suggérant que les cellules souches cancé-
reuses sont sélectivement sensibles aux inhibiteurs de
Notch. Une étude de phase II évalue actuellement le
RO4929097, un inhibiteur de Notch chez des patients
présentant un glioblastome récidivant ou progressif
(http://clinicaltrials.gov : NCT01122901).

Mécanismes de réparation de l’acide
désoxyribonucléique
L’efficacité biologique de la radiothérapie dépend de
sa capacité à produire des cassures double brins et
des dommages sublétaux cumulatifs. Cette dernière
composante des lésions radio-induites est l’objet d’un
intérêt croissant dans la recherche d’un effet différen-
tiel car les cellules normales les réparent mieux que les
cellules tumorales [10]. Bao et al. ont montré que les
cellules souches cancéreuses de gliomes présentaient
une activation accrue des points de contrôle du cycle
impliqués dans la réparation des dommages de l’ADN
après exposition aux rayonnements ionisants, et que
cette activation était facteur de radiorésistance [12].
Ainsi, les protéines kinases Chk1 et Chk2 impliquées
dans ces points de contrôle et activées après irradia-
tion entraînent des arrêts dans le cycle et permettent
l’initiation de la réparation. Leurs niveaux d’expression
basal et radio-induit sont supérieurs dans les cellules
possédant des propriétés de cellules souches can-
céreuses. Les caractéristiques de radiorésistance des
cellules souches sont reversées après traitement par des
inhibiteurs pharmacologiques de Chk1 et/ou de Chk2
[19]. En réalité, la différence entre cellules souches
cancéreuses et cellules non progénitrices est quan-
titative mais également qualitative. Ainsi, lorsque le
niveau d’induction des dommages de l’ADN est simi-
laire entre cellules CD133(+) et CD133(-), c’est leur
efficacité à réparer les cassures de l’ADN et à entrer
en apoptose qui diffère. Les cellules souches semblent
donc « programmées » pour mieux se défendre
face à l’exposition aux rayonnements ionisants ou
à tout autre stress génotoxique, en témoigne leur
niveau basal accru d’expression de certaines protéines
impliquées dans les arrêts du cycle et la réparation
[19, 20].

L’E3 ubiquitine ligase BIM-1 est surexprimée dans les
cellules souches normales et tumorales [20-22]. Après
exposition aux rayonnements ionisants de cellules de
glioblastomes, BIM-1 se concentre au niveau de la
chromatine et se colocalise avec ataxia telangectasia
mutated (ATM) et H2AX, suggérant un rôle important
dans la prise en charge précoce des cassures double
brins de l’ADN. Outre ATM et l’histone H2AX, ses
autres cofacteurs sont nombreux et incluent la DNA-
dependent protein kinase (DNA-PK), poly-ADP-ribose
polymerase-1 (PARP-1), et histone H1. Facchino et al.
ont montré que la déplétion en BIM-1 augmentait la
radiosensibilité et le taux de cassures double brins. Au
contraire, sa surexpression était un facteur de radioré-
sistance dans des cellules souches cancéreuses [22].
L1 cell adhesion molecule (L1CAM) régule les points de
contrôle du cycle cellulaire après dommages de l’ADN.
Cette protéine transmembranaire d’adhésion impliquée
dans la migration cellulaire joue également un rôle
dans la radiosensibilité des cellules souches de glio-
blastomes. Ainsi, L1CAM régule l’expression de NBS1,
un composant clé du complexe MRE11-RAD50-NBS1
(complexe MRN) qui permet l’activation d’ATM après
exposition aux rayonnements ionisants. En particulier,
la translocation nucléaire de L1-ICD (domaine intracel-
lulaire de L1CAM) active NBS1 via le proto-oncogène
c-MYC. Ainsi, L1CAM pourrait augmenter le niveau
basal d’activation des points de contrôle impliqués dans
la réparation des lésions de l’ADN radio-induite en acti-
vant la voie de signalisation via le complexe MRN [23].
Enfin, Sarcar et al. ont montré que le MK-1775, inhi-
biteur de Wee-1, permettait d’inhiber les arrêts en
G2 du cycle cellulaire induits par la radiothérapie et
d’augmenter la radiosensibilité de cellules de glioblas-
tomes cultivées in vitro ou implantées chez l’animal.
Wee-1 est l’inhibiteur de Cdc2, nécessaire au pas-
sage cycline-dépendant des points de contrôle du
cycle cellulaire, en particulier du point de restriction
G2/M qui empêche l’initiation de la mitose lorsqu’il
persiste des lésions non réparées de l’ADN. Cepen-
dant, cet effet du MK-1775 sur le cycle était plus
modéré et moins prolongé lors du traitement de cel-
lules souches de glioblastomes, sans traduction sur la
radiosensibilité [24].

Impact du microenvironnement
Les différences qui existent entre le faible taux de
réponse tumorale chez les patients et la radiosensi-
bilité des cellules de glioblastome in vitro suggère
un impact du microenvironnement dans la radiorésis-
tance de ces tumeurs. Lorsque des xénogreffes sont
réalisées à partir de cellules souches de glioblastome,
l’étude des cellules constituant les tumeurs montre
qu’il coexiste des cellules CD133(+) et des cellules
plus différenciées CD133(-). Jamal et al. ont comparé
la réponse à l’irradiation des cellules CD133(+) et
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CD133(-). In vitro, il n’était pas retrouvé de différence
significative entre ces deux populations tumorales en
termes d’induction ou d’élimination des foci H2AX.
In vivo, les auteurs montraient que les xénogreffes
issues des cellules CD133(+) présentaient moins de
foci H2AX que les cellules CD133(-) et cette diffé-
rence se traduisait par un retard de croissance de sept
jours et une augmentation de la proportion des cellules
CD133(+) au sein des xénogreffes issues de ces cel-
lules CD133(+) [25]. Ces résultats montrent l’impact
du microenvironnement sur la réponse à l’irradiation,
et tout particulièrement sur la radiosensibilité des cel-
lules souches. Comme Rich et al. l’ont souligné [19],
les cellules souches de glioblastome sont un acteur de
la néoangiogenèse tumorale par une expression accrue
de vascular endothelial growth factor (VEGF) compa-
rativement aux cellules souches non cancéreuses, et
le bévacizumab exerce une activité anti-angiogénique
sur ces cellules souches de glioblastome, alors
qu’elle est marginale sur les cellules souches non
cancéreuses [26].
Plusieurs données indiquent que les cellules souches
cancéreuses se situent préférentiellement à proximité
des vaisseaux, en zone oxygénée et donc théorique-
ment radiosensible [27]. Pourtant, il semble qu’elles
présentent moins de radicaux libres après exposi-
tion à la radiothérapie que des cellules souches
non tumorales. Le glutathion est un réducteur intra-
cellulaire aux propriétés antioxydantes et protecteur
vis-à-vis des radicaux libres de l’oxygène. Les cellules
souches cancéreuses surexpriment les gènes Gclm et
Gss codant respectivement pour la sous-unité régu-
latrice de la glutamate-cystéine ligase et pour la
glutathion-synthase. L’exposition à un inhibiteur de la
glutamate-cystéine ligase permet de réduire la capacité
des cellules souches cancéreuses à former des colo-
nies et de les radiosensibiliser. Ces résultats montrent
l’implication de mécanismes de défense vis-à-vis des
radicaux libres de l’oxygène dans la protection des
cellules souches vis-à-vis des rayonnements ionisants
[28].
Hypoxia-inducible factor (HIF)-1 est un régulateur cen-
tral de l’hypoxie et un facteur de radiorésistance. Il
existe une différence de transcription et d’expression
des isoformes HIF-1� et HIF-2� entre les cellules tumo-
rales souches et les cellules plus différenciées non
auto-renouvelantes [29]. Ainsi, HIF-2� est préférentiel-
lement exprimé dans la population de cellules souches
cancéreuses, alors que HIF-1� l’est dans les deux types
de populations cellulaires et se stabilise en situation
d’hypoxie. L’inhibition des gènes de l’hypoxie montre
que ces isoformes sont nécessaires à la survie des cel-
lules souches et à la progression tumorale. McCord
et al. ont par ailleurs montré que l’hypoxie activait la for-
mation de tumorosphères et l’expression de marqueurs
de cellules souches à la surface des cellules tumorales
[30].

Autres perspectives
de radiosensibilisation
pharmacologique
Outre les particularités liées à leurs protections vis-à-
vis des lésions de l’ADN et les spécificités relatives à
leur microenvironnement, les cellules souches cancé-
reuses se distinguent par l’activation de nombreuses
voies de signalisation impliquées dans les mécanismes
de leur radiorésistance. Ces voies incluent JAK/STAT,
Notch, Wnt/�-caténine, Hedgehog, phosphatidylinosi-
tol 3-kinase (PI3k)/Akt, insulin growth factor (IGF)-1 et
la cycloxygénase 2 (Cox-2) [9, 31]. Ainsi, Rich et
Eyler ont étudié l’impact du ciblage de plusieurs voies
de signalisation sur la radiosensibilité des cellules
souche tumorales [32]. Ils ont utilisé des inhibiteurs
de L1CAM (CE171), de PI3k, du bone morphoge-
netic protein (BMP), de Notch, de sonic Hedgehog,
et du récepteur de l’epidermal growth factor (REGF).
Le ciblage de chacune de ces cibles permettait de
réduire la formation des gliomasphères contenant les
cellules souches cancéreuses, ainsi que l’invasion,
et l’initiation tumorale [33-37]. Nous présentons
ci-dessous les principales cibles des stratégies de
radiosensibilisation.

Cycloxygénase 2
Surexprimée dans de nombreux types de tumeurs et
associée à un mauvais pronostic, y compris dans des
modèles de glioblastomes CD133(+), Cox-2 convertit
l’acide arachidonique en prostaglandines impliquées
dans la néovascularisation tumorale, l’inflammation, la
carcinogenèse, l’inhibition de l’apoptose, et l’invasion
tumorale. Ma et al. ont étudié le celecoxib, un inhi-
biteur sélectif de Cox-2, en association à l’irradiation,
dans des cellules de glioblastomes isolés par leur mar-
quage CD133(+) en cytométrie de flux, et dont il était
montré qu’elles exprimaient Cox-2 à un niveau basal
supérieur aux cellules CD133(-). Il était mis en évi-
dence un effet radiosensibilisant corrélé à l’induction
d’arrêts en G2/M. In vivo, la tumorigénicité des cellules
CD133(+) était inhibée par le celecoxib qui augmentait
à la fois l’effet antitumoral de l’irradiation et la survie
des souris [38].

STAT3
Le facteur de transcription STAT3 est anormalement
activé dans plusieurs modèles tumoraux. Son rôle est
peu connu et il existe des rapports contradictoires
quant à son caractère oncogénique ou suppresseur
de tumeur, qui semble dépendre du profil muta-
tionnel de la tumeur, y compris dans des modèles
de tumeurs gliales. STAT3 est cependant impliqué
dans les propriétés souches de certains types tumo-
raux. Chang et al. ont montré que la cucurbitacin
I, un inhibiteur de STAT3, permettait de réprimer
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le phénotype souches de cellules de médulloblas-
tomes CD133(+). Par ailleurs, ce traitement permettait
d’augmenter la sensibilité à l’irradiation de ces cellules
et d’inhiber la tumorigénicité des cellules CD133(+)
lorsqu’elles étaient inoculées in vivo, cet effet étant
synergique avec l’irradiation [39]. Yang et al. ont mon-
tré que l’inhibition de STAT3 par des shRNA-STAT3,
ou l’exposition à l’AG490 ou au resveratrol inhibait
les propriétés souches et la radiorésistance des cellules
de glioblastomes CD133(+). Chez l’animal, l’inhibition
de STAT3 augmentait la réponse à la radiothérapie de
cellules souches de glioblastomes [40].

TGF-�
TGF-�, classiquement considérée comme antiproli-
férative et compétitive de la voie Notch, intervient
dans différents processus biologiques, dont la différen-
ciation endothéliale, la prolifération et la croissance
cellulaire, le contrôle de l’apoptose, la transition
épithélio-mésenchymateuse et la synthèse de la matrice
extracellulaire, avec des effets variables en fonctions
des conditions de stress cellulaire. Il est activé par
l’exposition aux rayonnements ionisants et constitue un
important acteur de la réponse aux rayonnements ioni-
sants, en particulier dans les mécanismes de la fibrose
radio-induite. Zhang et al. ont montré que l’inhibition
du récepteur tyrosine kinase de type 1 de TGF-� (TGF-�
R1) par le LY2109761 permettait de réduire la clo-
nogénicité et d’augmenter la sensibilité de lignées de
glioblastomes et de cellules souches de gliomes à une
radiothérapie fractionnée, avec un effet supra additif
in vivo. D’un point de vue fonctionnel, l’inhibition
de TGF-� R1 inhibait l’effet activateur de l’irradiation
sur l’invasion tumorale, exerçait un effet antivasculaire
et diminuait la transition épithélio-mésenchymateuse
[41].

c-MET
c-MET est le récepteur à tyrosine kinase de l’hepatocyte
growth factor (HGF), impliqué dans de nombreux voies
de signalisation impliquées dans la réponse à la radio-
thérapie, dont la migration cellulaire radio-induite,
la prolifération cellulaire, la néoangiogenèse tumo-
rale et la réponse tumorale en situation d’hypoxie.
C’est un facteur de mauvais pronostic, de radiorésis-
tance et d’échappement métastatique. En particulier,
c-MET est surexprimée dans les cellules souches can-
céreuses de glioblastomes [42, 43]. Ellsworth et al.
ont évalué le Mp470, un inhibiteur multicibles des
récepteurs à tyrosine kinase qui inhibe en parti-
culier MET, en association à l’irradiation [44]. Les
auteurs montraient que l’association du Mp470 et de
la radiothérapie était plus efficace que celle du témo-
zolomide et de la radiothérapie pour inhiber la survie
clonogénique. L’étude des mécanismes sous-jacents
montrait que l’apoptose était la principale cause de

létalité cellulaire, et qu’elle était deux fois plus acti-
vée par l’association Mp470-radiothérapie que par
l’association témozolomide-radiothérapie.

L’autophagie
Caractérisée par la formation d’autophagosomes,
d’autolysosomes et le maintien de l’intégrité nucléaire,
l’autophagie émerge comme un acteur important du
processus de mort cellulaire radio-induite [45, 46].
Zhuang et al. [47] ont souligné le rôle de l’autophagie
dans les mécanismes de radiorésistance des cellules
souches cancéreuses. Ils montraient que la DNA-
PK jouait un rôle important dans la réparation des
cassures double brins de l’ADN et que la transfec-
tion de plasmides codant pour des shRNA ciblant la
DNA-PK dans des cellules gliales initiatrices entraî-
nait l’induction d’une autophagie massive, l’apoptose
n’étant que peu modifiée. Lomonaco et al. ont exa-
miné l’effet du cilengitide, un inhibiteur des intégrines,
sur la radiosensibilité de cellules de gliomes et de
cellules souches de gliomes. Les auteurs montraient
que le cilengitide permettait d’induire un détache-
ment cellulaire, de réduire la viabilité cellulaire en
induisant le processus d’autophagie, et de réduire la
capacité d’auto-renouvellement des cellules souches
de gliomes. L’effet du cilengitide était contrecarré par
l’utilisation d’inhibiteurs de l’autophagie. Un prétraite-
ment par cilengitide, augmentait l’effet de l’irradiation
sur l’autophagie. L’effet du cilengitide sur l’autophagie
et sur la radiosensibilité tumorale était maintenu in vivo
[48].

REGF/PI3k/Akt
Alors que le REGF est fréquemment surexprimé dans
les glioblasomes, l’activation de la voie de signali-
sation d’aval PI3k/Akt est un facteur de progression
dans le cycle (active la cycline D1), d’inhibition de
l’apoptose mitochondriale (lève le contrôle de BAD
sur l‘antiapoptotique bcl2) ou caspase-indépendante
(inhibe FAS ligand) et d’inhibition de la croissance cel-
lulaire (activation de mTOR). Kang et al. ont comparé la
radiosensibilité de cellules souches cancéreuses céré-
brales avec celle de cellules plus différenciées et non
auto-renouvelantes et étudié l’impact d’un traitement
par géfitinib sur leur radiosensibilité. L’irradiation seule
exerçait plusieurs effets sur les cellules CD133(-) :
inhibition de la survie clonogénique, arrêts en G2/M,
augmentation de l’immunomarquage H2AX, mar-
queurs de cassures double brins. Ces effets n’étaient
pas reproduits dans les cellules souches organisées en
gliomasphères. Un co-traitement par géfitinib permet-
tait d’augmenter sélectivement les effets de l’irradiation
dans les cellules des gliomasphères en inhibant l’axe
REGF-Akt et l’expression de la DNA-PK tout en aug-
mentant la fréquence des cassures double brins de
l’ADN. Les cellules gliales plus différenciées n’étaient
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pas affectées. Cet effet différentiel était corrélé à une
inhibition de cibles spécifiques par le géfitinib dépen-
dant du type de lignée étudié [49]. Hambardzumyan
et al. ont montré que l’irradiation de cellules proliférant
de médulloblastomes entraînait leur apoptose p53-
dépendante. Cependant, les cellules souches exprimant
la nestine et situées à proximité des vaisseaux sur-
vivaient à l’irradiation, activaient la voie PI3k/Akt,
et subissaient des arrêts dans le cycle dépendant de
p53 avant de reprendre leur cycle 72 h plus tard. Cette
induction de p53 était dépendante du gène suppres-
seur de tumeur PTEN (phosphatase and tensin). Les
auteurs montraient que l’inhibition de Akt permettait
de sensibiliser les cellules des régions périvasculaires
à l’apoptose radio-induite [50]. Li et al. ont infecté
des cellules précurseurs neurales PTEN -/- avec un
rétrovirus codant pour le récepteur constitutionnel-
lement activé REGFvIII. Les cellules ainsi obtenues
formaient des tumeurs très mitotiques, avec régions
nécrotiques, présentant un important pléomorphisme
nucléaire et des marqueurs de glioblastome, une pro-
lifération accrue, des amplifications du centrosome,
ainsi que des caractéristiques de cellules souches : auto-
renouvellement, expression du CD133 et résistance
relative vis-à-vis du stress oxydatif et des rayonnements
ionisants. La transfection de REGFvIII activait la voie des
MAPkinases et PI3k/Akt. Par ailleurs, le régulateur des
points de restriction Chk1 était phosphorylé par Akt,
empêchant son activation en réponse à l’irradiation.
Lorsque ces cellules étaient injectées chez l’animal, les
auteurs observaient une fréquence accrue d’anomalies
chromosomiques [51].

Wnt/�-caténine
La voie Wnt/�-caténine est impliquée dans plusieurs
étapes de l’oncogenèse. Ainsi, des cellules épithéliales
mammaires transformées pour présenter une activité
ectopique de Wnt-1 ont une activité télomérase aug-
mentée et des altérations fonctionnelles de p53 et pRb,
poussent en sphères lorsqu’elles sont mises en suspen-
sion et forment chez l’animal des tumeurs proches des
carcinomes médullaires mammaires [52]. Wnt inter-
vient dans le maintien de la pluripotence des cellules
souches embryonnaires, l’instabilité chromosomique,
participe au contrôle du cycle cellulaire et active la sur-
vivine en réponse aux signaux proapoptotiques [53].
Il peut donc jouer un rôle important comme proto-
oncogène. Wnt régule l’activité de la �-caténine, elle
même régule la croissance cellulaire et les adhésions
intercellulaires, en particulier via les jonctions adhé-
rentes. La voie de signalisation Wnt/�-caténine est
impliquée dans la réponse aux rayonnements ioni-
sants, car la signalisation de Wnt active la réponse
aux dommages de l’ADN. Kendziorra et al. ont ainsi
montré que certaines lignées de cancers rectaux résis-
tants à la radiochimiothérapie surexprimaient TCF4, un

facteur de transcription régulé par Wnt. L’inhibition
de TCF4 arrêtait les cellules en G2/M et permettait de
radiosensibiliser les cellules tumorales [54].

Hedgehog
La voie de signalisation Hedgehog est impliquée dans
la régulation de l’embryogenèse et la morphogenèse.
Hedgehog et son effecteur d’aval Gli1 sont impliqués
dans la régulation des cellules souches, en particu-
lier hématopoïétiques, mammaires et neurales, mais
sont également des facteurs de tumorigénicité et de
résistance à la radiothérapie ou à la chimiothérapie
lorsqu’ils sont anormalement activés [55, 56]. Bar et al.
ont étudié l’impact du blocage de la voie Hedgehog
sur les cellules souches de glioblastomes. Son inhi-
bition par la cyclopamine réduisait de 40 à 60 % la
croissance des lignées de gliomes exprimant Gli1. La
substance était sans effet sur les lignées tumorales ne
présentant pas d’activation de cette voie. Les auteurs
ont ensuite traité des neurosphères dérivées de glioblas-
tomes par la cyclopamine et les ont ensuite dissociées
et mises en culture dans un milieu sans inhibiteur. Il
n’était pas observé de formation de nouvelle neuro-
sphère, suggérant aux auteurs que la population des
cellules clonogéniques souches avait disparu. Après
irradiation des neurosphères de glioblastomes, le pour-
centage de cellules souches augmentait, suggérant que
la radiothérapie cible préférentiellement les cellules
bien différenciées. Lorsque les auteurs réalisaient des
modèles orthotopiques de glioblastomes chez souris
nude, les cellules pour lesquelles la voie Hedgehog
avait été inhibée perdaient leur capacité à former des
tumeurs [33]. D’autres auteurs ont montré qu’il exis-
tait dans les cellules de glioblastomes une coopération
entre la voie Hedgehog et la voie de l’IGF dans le
maintien d’un phénotype de type cellules souches.
L’inhibition des voies Hedgehog et IGF permettait
d’inhiber la résistance intrinsèque et acquise des cel-
lules souches de gliomes au témozolomide [57].

Hadronthérapie et irradiation
des niches de cellules souches
Il semble que les photons ne soient pas les parti-
cules les plus efficaces pour éradiquer les cellules
souches cancéreuses. Ainsi, Chang et al. ont montré
que des lignées de cancers bronchiques non à petites
cellules chimiorésistantes et radiorésistantes présen-
taient également le pourcentage plus élevé de cellules
s’approchant phénotypiquement des cellules souches.
Lorsque les auteurs irradiaient les cellules souches can-
céreuses par un rayonnement de photon ou de protons
d’efficacité biologique équivalente, ils observaient que
les faisceaux de protons tuaient davantage de cellules,
activaient davantage d’apoptose, et réduisaient mieux
le risque métastatique que les faisceaux de photons. Les
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protons permettaient également d’induire davantage
de radicaux libres que les photons. Ces résultats in
vitro suggèrent un ciblage préférentiel des cellules
souches cancéreuses par les protons [58]. D’autres
auteurs ont également rapporté des résultats encoura-
geants sur des cellules souches cancéreuses de cancers
coliques avec une irradiation à base d’ions carbones,
peut-être plus efficace qu’une irradiation à base de
photons en raison d’une efficacité biologique rela-
tive supérieure [59]. Une autre stratégie séduisante
est le ciblage spécifique des régions périventriculaires
où se trouvent des niches de cellules souches. Ainsi,
dans une cohorte rétrospective de 40 patients pris en
charge pour un glioblastome, Gupta et al. ont rap-
porté une corrélation entre la dose délivrée à la zone
périventriculaire homolatérale et la survie globale. Ces
données sont discutables car une dose supérieure pour-
rait également signifier une meilleure couverture des
volumes cibles. Elles posent cependant la question
d’une irradiation spécifique de certaines régions céré-
brales [60], rendue possible par le développement de
techniques d’imagerie permettant d’identifier les zones
riches en cellules souches, par exemple, en utilisant
le fait qu’elles présentent une activité réduite du 26S
protéasome [61].

Conclusion
Les cellules souches cancéreuses constituent un axe
sérieux de recherche en oncologie-radiothérapie. Plu-
sieurs voies de signalisation anormalement activées
contribuent à leurs caractéristiques phénotypiques,
représentant autant de cibles potentielles, en particulier
dans des modèles de tumeurs gliales. Si la littérature est
riche en études précliniques suggérant le bénéfice d’un
ciblage des cellules souches cancéreuses en associa-
tion à l’irradiation, il n’existe à ce jour pas de donnée
clinique apportant la preuve de l’intérêt de ce concept
chez les patients. L’autre piste de recherche repose sur
l’escalade de dose ciblée sur les zones riches en cel-
lules souches cancéreuses. Bien que séduisant, cette
stratégie n’a pas non plus été validée chez les patients.
L’avenir est peut-être à l’association de ces deux
stratégies. �
Conflits d’intérêts : aucun.
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Caractérisation et ciblage thérapeutique d’une sous-population de cellules souches 
cancéreuses dans un modèle cellulaire de carcinome épidermoïde de la tête et du cou 

résistant à l’irradiation par photons et ions carbone  

Les carcinomes épidermoïdes de la tête et du cou sont souvent de mauvais pronostic, en raison de leur 
résistance aux traitements suivie de récidives loco-régionales, voire de métastases. Ce travail s’est focalisé sur 
le rôle des cellules souches cancéreuses (CSC) dans la radiorésistance d’un modèle cellulaire de cancer du 
larynx, SQ20B, ainsi que sur leur ciblage thérapeutique en association avec la radiothérapie photonique ou par 
ions carbone. 

Une sous-population a été isolée à partir de la lignée SQ20B par tris cellulaires successifs selon 3 critères 
spécifiques des CSC de tumeurs ORL : exclusion du Hoechst 33342, expression de CD44 et activité élevée de 
l’aldéhyde déshydrogénase (ALDH). Les cellules SQ20B/SP/CD44high/ALDHhigh présentent bien les 
caractéristiques de CSC (tumorisphères, tumorigénèse, radiorésistance).  

La résistance des CSC aux 2 types d’irradiation, par rapport aux cellules « non souche » 
SQ20B/SP/CD44low/ALDHlow, implique une diminution de la mort par apoptose, une augmentation des capacités 
prolifératives ainsi qu’une surexpression de la voie de l’autorenouvellement Bmi1. 

 L’effet radiosensibilisant de 3 molécules ciblant les CSC a été démontré : la mort apoptotique induite par 
l’UCN-01 en inhibant l’arrêt en phase G2/M ; les capacités prolifératives ciblées par l’acide trans-rétinoïque 
(ATRA) induisant la différenciation ; et la voie de l’autorenouvellement Bmi-1 inhibée par l’artésunate. Seules 
ou associées (UCN-01 + ATRA), elles agissent en synergie avec une irradiation par photons ou ions carbone. Des 
études pré-clinique, puis clinique, devraient confirmer l’intérêt du ciblage des CSC dans le contrôle de 
l’échappement de ces cancers radiorésistants. 

 
Mots clés : cellules souches cancéreuses, irradiation photonique, irradiation par ions carbone, 

radiosensibilisation, tumeurs des voies aéro-digestives supérieures. 

 
Characterization and therapeutic targeting of a cancer stem cell subpopulation in a head and 

neck squamous cell carcinoma resistant to photon and carbon ion irradiation. 
 

Head and neck squamous cell carcinomas (HNSCC) have a poor prognosis, due to their resistance to 
standard treatments. In most cases, locoregional recurrence or metastases occur. This study has focused on the 
role of cancer stem cells (CSC) in the radioresistance of the SQ20B HNSCC cell line and their therapeutic 
targeting in association with photon or carbon ions irradiation. 

A subpopulation of SQ20B-CSC has been isolated by cell sorting based on 3 specific characteristics of 
HNSCC-CSC: Hoechst 33342 exclusion, CD44 expression and high aldehyde dehydrogenase activity (ALDH). 
SQ20B/SP/CD44high/ALDHhigh cells show the CSC characteristics (in vitro and in vivo tumorigenesis, high 
radioresistance). 

The response of CSC to both types of irradiation was compared to the non-“stem cells” 
SQ20B/SP/CD44low/ALDHlow sub-population. The observed radioresistance involves a decrease in apoptotic cell 
death, an increase in proliferative capacities and an overexpression of the Bmi1 self-renewing signaling 
pathway. 

The radiosensitizing effects of 3 molecules targeting the CSC has been demonstrated: an induction of 
apoptotic cell death by the inhibition of the G2/M phase arrest after a treatment with UCN01; an inhibition of 
proliferative capacities using the all-trans-retinoic acid (ATRA) which induce their differentiation; and an 
inhibition of Bmi1 by artesunate. These treatments, alone or in combination (UCN01+ATRA), have a synergistic 
effect with photon or carbon ion irradiation to overcome CSC radioresistance. Preclinical and clinical studies 
should confirm the benefit of targeting CSC and improve the control of tumor escape in patients with 
radiorésistant HNSCC cancers. 


