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ABSTRACT
The outcome of radiotherapy treatment might be further improved by a better 

understanding of individual variations in tumor radiosensitivity and normal tissue 
reactions, including the bystander effect. For many tumors, however, a definitive 
cure cannot be achieved, despite the availablity of more and more effective cancer 
treatments. Therefore, any improvement in the efficacy of radiotherapy will 
undoubtedly benefit a significant number of patients. 

Many experimental studies measure a bystander component of tumor cell death 
after radiotherapy, which highlights the importance of confirming these observations 
in a preclinical situation. Mesenchymal stem cells (MSCs) have been investigated 
for use in the treatment of cancers as they are able to both preferentially home 
onto tumors and become incorporated into their stroma. This process increases after 
radiation therapy. In our study we show that in vitro MSCs, when activated with a low 
dose of radiation, are a source of anti-tumor cytokines that decrease the proliferative 
activity of tumor cells, producing a potent cytotoxic synergistic effect on tumor cells. 
In vivo administration of unirradiated mesenchymal cells together with radiation leads 
to an increased efficacy of radiotherapy, thus leading to an enhancement of short and 
long range bystander effects on primary-irradiated tumors and distant-non-irradiated 
tumors. Our experiments indicate an increased cell loss rate and the decrease in the 
tumor cell proliferation activity as the major mechanisms underlying the delayed 
tumor growth and are a strong indicator of the synergistic effect between RT and MSC 
when they are applied together for tumor treatment in this model.
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INTRODUCTION

Our knowledge of the mechanisms via which 
radiation induces cell death is based on data of cell 
survival and cell damage after radiation [1-3] and on the 
consequences that this damage generates at a cellular 
[4], tumoral and normal tissue level [5, 6]. In radiation 
oncology a growing need exists for the development of 
clinical-decision-support systems based on prediction 
models of treatment outcome [7]. The models proposed so 
far to explain the outcome of tumor growth and adverse 
effects of radiotherapy have led to the current knowledge 
that not only DNA damage, but also cell signaling 
processes in off-target cells (bystander and ascopal 
effects) [8-11] can be crucial to the effect of radiotherapy 
[12, 13]. New models should combine both predictive and 
prognostic data factors from clinical, imaging, molecular 
and other sources to achieve the highest accuracy to 
predict tumour response and follow-up event rates [13, 
14]. Consequently, models which include the bystander 
effect would seem to be necessary [15]. Indeed, cell-cell 
communication between sub-lethally damaged cells after 
radiotherapy and surviving tumor cells leads to a reduction 
in the remaining and viable cancer cells [16]. Therefore, 
non-targeted radiation effects might be considered as the 
response of the tumor [17, 18] and normal tissues [6, 19] 
to the stress induced by radiation in the target volume [20]. 

Mesenchymal stem cells (MSC) [21] have been 
investigated for the treatment of cancers as they are 
able to home onto tumors and become incorporated 
into their stroma. Moreover, MSC homing is increased 
after radiation therapy [22]. MSCs can both suppress or 
promote tumor growth [23-25]. The existing information 
proposes that, as a response to injury, MSCs might have 
a role in regenerating tissues. This process occurs upon 
the activation of these MSCs, which become mobilized, 
activated and secrete factors that enable a cell therapy 
microenviroment [26, 27] and the molecules secreted 
by the activated MSCs (MSCs*) may affect a variety of 
immune cell lineages and establish a powerful therapeutic 
field [28, 29]. Taking into account both previous reports 
and our own experience we have designed this study to 
investigate the following hypothesis: 

“The radiotherapy itself will not be systemic 
although radiotherapy may contribute to a systemic 
effect”.

To check this hypothesis, we have investigated 
cellular sensitivity to the bystander effect, using a set of 
cancer cell lines and mesenchymal cells derived from 
umbilical cord stroma, including the activation of MSCs 
with radiotherapy. 

Our in vitro and in vivo findings show that: 
1) TRAIL and DKK3 are molecules produced by 
mesenchymal cells that, as a consequence of the cell 
treatment with low-LET radiation at low doses, are 
secreted to the extracellular space where they can act as 

signaling molecules to produce tumor cell death and 2) the 
activation of MSCs with radiotherapy at low doses may 
be a useful tumor-suppressor strategy for the treatment 
of cancer based on the intercellular communication of 
these cells with neigboring tumor cells to reach distant 
localizations, both via physical contact and lymphatic and 
circulatory networks, and produce cell loss in off-target 
tumor cells.

RESULTS

Tumor cells exposed to MSC radiation 
conditioned medium (RCM) show a reduction in 
survival

To check if “radiation-induced bystander effects” 
happens in tumor cells when the MSCs have been 
irradiated, we first checked with a colony cell assay 
if factors secreted from irradiated MSCs into the RCM 
have an influence on tumor cell growth. Exposure of 
human melanoma tumor cell (G361 or A375) colonies 
(formed over 9 days) to conditioned medium from 
irradiated MSCs (RCM) revealed that RCM treatment of 
the formed colonies (RCM 24h or RCM 48h) produced 
a delay in the tumor-cell growth. Using the mathematics 
proposed by Steel [30] the cell loss rate derived from the 
treatment of G361 colonies with RCM 24h and RCM 48h 
are respectively 31.3 % and higher than 100%, and for 
A375 colonies are 42.5% (RCM 24h) and higher than 
75% (RCM 48h). Graphs included in Figure 1 show that 
treatment with RCM, has a strong effect on the tumor-cell 
colonies, producing not only as low-down of the tumor 
cell growth, but even yielding a progressive reduction 
of the initial colony size. When the slope of these curves 
reaches a negative value (G361, RCM 48h) the rate of 
cell loss in the tumor is greater than the rate at which 
cells are being added to the tumor by mitosis.Thus, we 
can state that, in this case, the cell-loss rate promoted by 
therapy is greater than 100%. For further details see the 
supplementary information.

The combined treatment of tumor cell colonies 
with radiation plus MSCs or irradiated MSCs 
shows additive/synergistic effects

After the treatments, the total area occupied by the 
colonies was measured on 5 consecutive days. Notably, 
quantification of the colony total area (plotted as the 
ratio to the value of the area occupied by colonies before 
irradiation and before the addition of MSC or MSC*) 
showed a significant growth delay in the colonies treated 
with radiation and MSCs or MSCs* compared to the 
growth of the same cells grown with radiation but without 
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the addition of MSCs (Figure 2). The table contained 
in Figure 2 summarizes the results obtained after the fit 
of experimental points to an exponential equation. We 
have found that the presence of MSCs in co-culture with 
the tumor cells enhances the RT action. These results 
empirically prove that both tumor cell-colonies (A375 as 
well as G361) show a radiotherapy enhancement effect of 
the same magnitude when the treatment applied is RT + 
MSC. Therefore, we designed an experiment to check if 
this enhancement of radiotherapy effect is also measurable 
in an in-vivo situation.

Radiation treatment of MSCs and tumor cells 
induced up-regulation of TRAIL and DKK3

To explore whether low doses of radiotherapy might 
induce the expression of different molecular factors in 
MSCs we performed quantitative PCR for a set of pre-
selected candidatesinvolved in the induction of cell death 
[28]. Firstly, we observed that the expression of TRAIL, 
TRAIL receptor DR5 and DKK3 mRNA were up-regulated 
in MSCs after treatment with 2 or 6 Gy (Figure 3). The 
results demonstrate the up-regulation of TRAIL at 24 and 

Figure 1: Superior panel a: the effect of RCM obtained 24h and 48h after 2 Gy irradiation of MSC used in the reiteration treatment on 
A375 and G361 tumor-cell lines. The initial size of the colonies was measured (point 0 in the time-course experiments) and successive 
treatments with RCM were applied for 5 days more. Control treatment is indicated as ●, treatment with 24h RCM as ▼ and treatment 
with 48h RCM as ■. The differences between the curves are statistically significant (P < 0.0001, N = 3). Inferior panel b: representative 
images of a time course experiment of the human melanoma cancer cell line G361, grown as colonies in a monolayer culture. Top figures: 
colonies without any treatment. Bottom figures: the effect of RCM 24h. Notice the dramatic differences in the number of colonies formed 
and theirsize, between both experiments.
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30 hours, DR5 after 4 hours and DKK3 at 30 hours after 
irradiation. It is noteworthy that DKK3 levels, after 2 
Gy irradiation, are 5 times higher at 30 hours than basal 
levels. Survival for these cells after radiation treatment at 
2 and 6 Gy was 25% and 2% respectively.

To determine whether the upregulation of TRAIL 
and DKK3 also occurs at the protein level, we performed 
ELISAs in conditioned medium from control and 
irradiated MSCs. The concentration of TRAIL and DKK3 

in the culture medium, after 48 hours of cell treatment 
with 2 Gy and 6 Gy, was significantly higher than in the 
control condition (Figure 4a, 4b and Figure 5a, 5b) 1.29 
± 0.09 v.s. 2.20±0.32 pg/ml (P < 0.001) for TRAIL and 
0.64 ± 0.05 and 0.85 ± 0.06 ng/ml for DKK3 for 2 Gy 
irradiation (P < 0.01). Using the whole cell assay method 
[31] (Figure 4c, 4d and Figure 5c, 5d) we observed the 
significant up-regulation of the transmembrane-tethered 
form of TRAIL on the MSCsat 48 h after 2 Gy treatment; 

Figure 2: Growth of the A375 and G361 melanoma cancer-cell cell line in control conditions and after experimental treatments. First and 
second row: Panel 1: control condition vs irradiation with 2 Gy, Panel 2: co-culture of tumor cells with 2·105MSCs or 2Gy irradiated tumor 
cell co-cultured with 2·105MSCs, Panel 3: co-culture of tumor cells with 2·105irradiated MSCs (MSC IR) or 2Gy irradiated tumor cell 
co-cultured with 2·105irradiated MSCs (MSC IR). The initial size of the colonies was measured (point 0 in the time-course experiments) 
and their growth was monitored for 5 days more. Results presented as means ± SEM for triplicates of three independent assays. The 
experimental values were fitted using the non-linear regression method to an exponential equation and the differences between the curves 
are statistically significant (P < 0.0001). Parameters derived from the statistical treatment of these data, i.e. proportionality constant k, 
doubling time TD, and cell loss rate CL are summarized in the inferior panel.
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Figure 3: In superior panels, real-time quantitative RT-PCR for TRAIL and DR5 and DKK3 mRNA in MSCs treated with 2 Gy of ionizing 
radiation dose in a time-course experiment. In inferior panels real-time quantitative RT-PCR for TRAIL and DR5 and DKK3 mRNA in the 
MSCs treated with 6 Gy of ionizing radiation dose in a time-course experiment, the fold differences were calculated by the 2-ΔΔCt method. 
In Y-axis values are means ± SEM for triplicates of three independent assays (*P < 0.05; **P < 0.01; ***P < 0.001 ****P < 0.0001). The 
results clearly demonstrate the up-regulation of TRAIL and DKK3 mRNA at different times after irradiation.

Figure 4: a, b: The levels of the TRAIL and DKK3 proteins measured by ELISA in the MSC culture medium, in a time-
course, after stimulation with a 2 Gy irradiation after 24 hours and 48 hours. c., d.: levels of TRAIL and DKK3 measured in 
the cells using the whole cell ELISA assay method (32) measuring the amount of membrane-tethered form of TRAIL on MSCs in basal 
(control) and treatment conditions 24 and 48h after irradiation. The Y-axis shows the relative results referred to as fold changes compared 
to control levels. (*P < 0.05; **P < 0.01; ***P < 0.001 ****P < 0.0001).
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in fact, the expression of TRAIL measured in the cells 
at 48h is more than 3 times greater than in the control 
(untreated) cells (P < 0.0001). We have also observed a 
significant increase in DKK3 in MSC whole cells after 48 
h of 2 Gy and 6 Gy treatment (P < 0.01).

We also explored the expression changes of these 
factors upon radiation treatment in A375 and G361. 
Irradiation with 2 Gy led to the up-regulation of DR5 
and DKK3 in A375 melanoma cells and up-regulation 
of DKK3in G361 (Figure 6). We also observed that after 
irradiation of the tumor cells with 6 Gy TRAIL, DR5and 
DKK3 were up-regulated in A375 and we observed the up-
regulation of DR5 in G361 (Figure 6). Survival for these 
cells after radiation treatment at 2 Gy was 62 % for A375 
and 60 % for G361.

Altogether, our results show that both MSCs and 
tumor cells respond to irradiation by enhancing the 
expression of the proteins TRAIL and DKK3 as well as 
of the TRAIL receptor DR5. These changes might have a 
radio-sensitizing effect on tumor cells. 

Tumor suppressor activity of MSCs in vivo and its 
combination with radiotherapy

In order to elucidate the role of MSCs as a tumor-
suppressor agent used alone or in combination with 

radiotherapy, we implanted tumor cells in both flanks of 
NOD/SCID mice to produce bilateral xenotumors. Mice 
treated with MSCs were injected intraperitoneally with 
106 MSCs once weekly during four sucessive weeks. 
Mice treated with RT (2 Gy) received radiation once 
weekly during 4 succesive weeks (Figure 7). In this set up, 
one flank with a tumor becomes irradiated and the other 
one remains naïve to radiotherapy and is only affected 
by the systemic bystander effect. Control experiments 
were performed to exclude direct radiation effects on the 
contra-lateral side (see supplementary information for the 
dosimetric procedure). 

It is noteworthy that all the curves are different 
compared with the control tumor growth curve in Figure 
8, (P < 0.0001) so, each TD value is characteristic for each 
curve. The table under the graph shows the values found 
for the growth rate (k) and doubling time (TD) in all the 
experimental situations studied. Notice the values of TD 
ranged from 6.69 to22.49 days. Using these values we 
have calculated the cell-loss rate that can be attributed to 
each treatment. The cell-loss factor, described and defined 
by Steel [30] was conceived as a measure of spontaneous 
cell loss, occurring when the tumor grows. In our case, 
cell loss is used to describe response to a therapy, and 
although the mathematics are the same, we used this 
parameter as a measure in which are included: (i) all the 
cell-death types, (ii) the situations in which the treatment 

Figure 5: a. and b. Levels of the TRAIL and DKK3 proteins measured in in the cell-culture medium in a time-course evolution experiment 
after the stimulation of the MSCs with a 6 Gy irradiation. Results of unirradiated cells (control), 24h and 48 hours after irradiation. c. and 
d. Results of TRAIL and DKK3 levels by whole cell ELISA. Values are in pg/ml for enzyme-immune-assay of TRAIL, ng/ml for DKK3 
and in relative units for the whole cell assay.
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produces a lengthening of the mean cell cycle duration, 
(iii) and cells that have a null or limited growth potential 
as a result of mis-repair of damage or because they have 
been involved in a differentiation process. According to 
this concept we can state that radiotherapy inhibited tumor 
growth with a cell loss rate of 46.9% per day compared to 
tumor growth in the control group (P < 0.0001) (Figures 
7 and 8). This effect was enhanced by the addition of 
MSCs to the radiotherapy, leading to a nearly complete 
inhibition of tumor growth with a final volume of less than 
15% of the tumor volume in the control experiment (P < 
0.0001), whilst MSCs alone inhibited tumor growth with a 
cell loss rate of 8.3% (P = 0.0013). Altogether, these data 

demonstrate that MSCs potentiate the radiotherapy effect 
when infused into tumor-bearing mice. 

In vivo bystander effect of irradiation and MSC 
therapy

Of interest is the bystander effect of the radiotherapy 
on the tumor of the contra-lateral side, which by itself 
led to an inhibition of tumor growth corresponding to a 
cell-loss rate of 32% compared to the tumor growth in 
the control group (P < 0.0001). Tumors from the non-
irradiated flank, thus exposed to the bystander effect after 

Figure 6: Real-time quantitative RT-PCR for TRAIL and DR5 and DKK3 mRNA in the A375 (a) and G361 (b) melanoma 
cell lines with the following treatment of a 2 Gy (light color) or 6 Gy (dark color) of ionizing radiation dose in a time-course 
experiment, the fold differences were calculated by the 2-ΔΔCt method. In Y-axis values are means ± SEM for triplicates of 4 
independent assays (*P < 0.05; **P < 0.01; ***P < 0.001 ****P < 0.0001). The most relevant difference is the up-regulation of DR5 and 
DKK3 in A375 and of DKK3 in G361 which might have a radio-sensitizing effect on tumor cells. Of great interest is the absence of DKK3 
in this cell line. Up-regulation of TRAIL occurred at 24 and 30 hours for A375 and the up-regulation of DR5 is evident for the two tumor 
cell lines assessed, although there are the same differences in the expression kinetics of this gene. 
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RT + MSC treatment, showed a further inhibition of tumor 
growth with a rate of cell loss of 39% compared to the 
tumor growth under control conditions (P < 0.0001). The 
differences between the tumor growth curves of bystander 
tumors, in the mice with tumors treated with RT 2Gy and 
RT 2 Gy + MSC, are also statistically significant (P = 
0.0154). Moreover, at the end of the experiment the tumor 
volumes in each of the experimental groups showed a 
volume reduction, compared to the control group, 19% 
for MSCs, 74% for RT, 55%for bystander RT, 86% for 
RT+MSC and 65% for bystander RT+MSC (Figure 8). 

The treatment of tumors with radiotherapy produced 
a cell-loss rate [30] of 46.9%; the complementary value 
(SF = 100-CL) of the surviving percentage was 53.1%. 
The same parameter measured for treatment with MSCs 
administrated once a week for 4 weeks was 8.3 % (SF 
= 91.7%) compared to the control experiment. Finally, 
the cell loss rate for the combination of RT and MSC 
reached 72.8 %. Supposing that the effects for each of 
the treatments (RT and MSC) are independent [32], the 
expected value (E) for the surviving fraction after the 
treatment with RT + MSC is: E = 46.9 · 91.7 = 48.7%. 
On the other hand the observed value for the surviving 
fraction after RT+MSC is O = 27.2% (table included in 
Figure 8). Using both data we have calculated the ratio 

O/E = 0.56, which is a strong indicator of the synergistic 
effect between RT and MSC when they are applied 
together for tumor treatment in this model. These results 
demonstrate the potentiation of the bystander effect by the 
MSCs used together with radiotherapy.

Histopathological and immunohistochemical 
studies show the inhibition of proliferation 
activity in the tumors treated

To identify whether the reduction in tumor 
volume was due to reduced proliferation and/or cell 
death of tumor cells, we performed histopathological 
and immunohistochemical analyses at the end of the 
experiment. Using H&E stainings we analyzed the mitotic 
index [33] of the tumors in the different experimental 
treatment groups, as well as the presence of apoptosis and 
necrosis. (Figure 9a). The normalization of the necrotic 
area compared to the same parameter in the control tumor 
(Figure 9b) suggests that the increase of the necrotic area, 
within the tumors, is related with the increase of tumor 
size for tumors, whose volume ranged between 100 and 
400 mm3 and indicates that the treated tumors have a 
lesser proportion of necrotic area than tumors placed in the 
contra-lateral side which are just affected by the bystander 

Figure 7: Representative images of mice inoculated with 1·106 G361 human melanoma cell line.Mice with a tumor size 
of approximately 65 mm3 were treated in different ways as indicated for 4 weeks after the start of the treatment. Images 
of tumour growth were made at the beginning of the experiment (day 0) and at 7, 14, 21 and 28 days for the control group and after each 
type of treatment. The black dots that are visible in some mice are points to facilitate the tumor irradiation. In the RT group the tumor on 
the right side was irradiated (black arrows), whereas in the MSC + RT group the irradiated tumor was on the left side (black arrows). The 
tumors on the contralateral side were protected from irradiation and just affected by the bystander effect. 



Oncotarget31172www.impactjournals.com/oncotarget

effect, although the results are not statistically significant 
(P > 0.05). Evaluation of apoptotic cells by morphologic 
examination i.e. significant DNA hyperchromicity, 
chromatin condensation and karyorrhexis (nuclear 
fragmentation) of tumor sections revealed that apoptosis 
did not differ between the groups (Figure 9c, 9d and 9e), 
which is consistent with the view that apoptosis is not as 
dominant a process in cell loss from tumors [34] as has 
sometimes been claimed. 

To analyze the proportion of melanoma tumor cells 
within the tumor mass in control or in treated tumors, 
Mart1/MelanA (a marker for cells with melanocytic 
differentiation) stainings were performed (Figure 10 and 

Figure 11). These stainings clearly show the existence 
of a double tumor cell population within the tumors that 
can be distinguished by differential expressions of the 
melanoma markers Pan-Melanoma, HMB45 and Mart-1/
MelanA, which may indicate the presence of two states 
of differentiation of the tumor cells (Figure 10c). After 
treatment we have not found differences when quantifying 
the percentage of area ocupied by Mart-1/MelanA+ cells 
in the different groups (Figure 10g), indicating that all 
the treatments affected both populations in the same 
way. Vice versa, proliferation also occurred at the same 
level in the tumor cells Mark1/Melan A positive as in the 
negative (Figure 10c, Ki-67 image). We finally analyzed 

Figure 8: Tumor growth curves of the primary tumors and the contralateral tumors (bystander effect) in the G361 
tumor model. Animals were monitored regularly every 2-3 days, measuring two perpendicular diameters of each tumor for tumor growth. 
The treatment was repeated each week as indicated in the graph, for a total of four weeks. Experimental values were fitted using the non-
linear regression method to an exponential equation. Tumor sizes are presented as mean ± SEM of at least 7 mice in each experiment. The 
effect of treatment on the unirradiated tumors (bystander effect) has been marked as Bys RT and Bys RT + MSC. The differences between 
the curves are statistically significant (P < 0.0001). Parameters derived from the statistical treatment of these data, i.e. proportionality 
constant k, doubling time TD, cell loss rateCL and mesenchymal cell enhancement ratio are summarized in the inferior panel. A statistically 
significant reduction in the tumor growth is observed in treatments with MSC and RT and the combination of RT+MSC give a synergistic 
result. 
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tumor proliferation by quantifying Ki-67+ cells.Mititoc 
index (MI) and Ki-67 staining were closely related 
(Figure 10f). Consistent with the results obtained in the 
study of tumor growth kinetic, the tumor proliferation was 
reduced upon irradiation when compared to control treated 
tumors (Figure 10b, 10d, 10e). Moreover, the addition 
of MSCs to the radiotherapy treatment, led to a reduced 
proliferation in the tumor compared with the proliferation 
level that existed after RT alone (P = 0.0356, Figure 10d), 
supporting our previous statement of a sinergistic effect 
when both treatments, RT + MSC, are combined. 

DISCUSSION

In this study we have shown that MSC-derived 
radiation conditioned medium (RCM) is cytotoxic for 
tumor cells and that the combined treatment with radiation 
and MSCs can produce synergistic cytotoxic effects 
on tumor cells, both in vitro and in vivo. This offers a 
potential new treatment option in advanced tumors. 

In vivo, the decreased number of Ki-67+ cells within 
the tumors treated with RT or with RT+MSC versus 

control tumors (P = 0.0162 and P = 0.0004, respectively, 
Figure 10c, 10d), as well as in tumors treated with RT 
+ MSCs versus RT alone (P = 0.0356), supports the 
synergistic effect between RT and MSCs. As the doubling 
time values are inversely related with the corresponding 
Ki-67 values (P = 0.0223, Figure 10e) we conclude that 
the major mechanisms underlying the delay of tumor 
growth are the increase of cell loss rate, and the decrease 
in the tumor-cell proliferation activity.

In vitro we show that irradiation of MSCs stimulates 
the secretion of TRAIL and DKK3 molecules that, 
amongst others, may promote tumor cell loss through the 
bystander effect, affecting the primary tumor together 
with radiation and additionally having a distant bystander 
systemic anti-tumor action. 

The amount of apoptotic cells within the in vivo 
tumor does not seem to be related to the tumor size 
(measured at the moment of tumor excision) nor to the 
treatment modality, probably because apoptosis is not a 
predominant cause of cell death after radiation therapy 
[34]. Accumulating evidence indicates that, if apoptosis 
is disabled, cancer cells may be eliminated by other 

Figure 9: a. Representative panoramicimages and photomicrographs of melanoma G361 cell line xenograft on mice. A: Control; B: MSC: 
C: RT(2Gy) and E: RT(2Gy)+MSC. Images corresponding at D and F groups are not included. Note large areas of necrosis in control and 
MSC groups, hematoxylin-eosin, original magnification x20 to obtain data of mitotic index, score of necrosis and apoptosis. b. The study of 
the association between the score obtained for necrotic area on the tumor demonstrates a marked trend with the tumor volume in the smaller 
tumors but this relationship lacks statistical significance when tumors are larger than 400 µm. c. and d. Representative photomicrographs 
of H&E where it is possible to identify apoptotic cells (black arrows). e. We have no found association between the apoptotic score and 
treatment nor the tumor size.
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mechanisms. Interestingly, TRAIL and DKK3, apart 
from inducing tumor-cell apoptosis [28], have also been 
shown to inhibit proliferation in several tumor and non-
tumor cell types [35, 36]. Thus, it is possible that the 
observed decreased in Ki67+ cells in RT+MSC treated 
tumors is mediated by MSC-derived TRAIL and DKK3. 
In fact radiation has been demonstrated, in different cell 

models and circumstances, to induce all the various forms 
of cell death [37]. Finally, as the necrotic area seems to 
be related to the size of the tumor, it does not appear to 
be the underlying mechanism for therapy response and its 
contribution remains unclear.

Our data suggest that a combined treatment with 
radiation and MSCs might be used as: (1) a strategy for 

Figure 10: A: Control; B: MSC: C: RT(2Gy) and E: RT(2Gy)+MSC. a. Photomicrographs of Mart-1/melan A, immunohistochemical 
expression of the melanoma G361 cell line xenograft on mice. First row, panoramic view. Second row, note the two types of cell populations, 
negative and positive, for Mart-1/MelanA in all groups. b. Photomicrographs of Ki-67 immunohistochemical expression at the end of the 
trial in G361 xenotumors treated indifferent ways.The nuclear Ki-67 expression was lesser in RT and in RT(2Gy)+MSC groups. c. Similar 
immunohistochemical expression of three melanoma markers in G361 cell line xenograft on mice from control group. Note two types of cell 
populations for several markers of differentiation (micropolymer peroxidase-conjugated, original magnification x20). d. Therelationship 
between the values of MI measured with hematoxiline-eoxine and with Ki-67 staining. e. Experimental points fitted to a straight line (R2 = 
0.939). f. Relationship between the MI and Ki-67 (P = 0.0014). g. We have no found association between the expression of Mart-1/Melan 
A assessed by score and the tumor size. 
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the radio-sensitization of tumors and (2) a systemic tool 
for treating advanced cases of cancer

A strategy for radio-sensitization of tumors

We have evaluated to what extent MSCs can 
enhance the therapeutic effect of radiation therapy, both 
in vitro as well as in vivo. From a theoretical point of 
view this can be described as the “mesenchymal cell 
enhancement ratio” (MSC-ER) and we can state that the 
addition of MSC treatment to radiotherapy is a potential 
tool for increasing the efficacy of radiotherapy through the 
expansion of the compartment of ‘activated cell’ [15] (for 
further details see supplementary materials). The resulting 
value of MSC-enhancement ratio of radiotherapy is 1.55 
for in the in vivo experiments. 

The clinical application of MSCs continues to 
significantly increase [38], demonstrating its safety and 
efficacy.

A systemic tool to treat advanced cases of cancer

Radiotherapy is one of the most effective treatments 
for cancer, with more than half of all cancer patients 
estimated to receive radiotherapy at some point during 
their treatment. Here we show that the activation of MSCs 
with a 2 Gy low-LET radiation dose is enough to induce 
up-regulation of TRAIL and DKK3 and, as a consequence, 
an increase in soluble TRAIL and DKK3 is detected in 
conditioned medium from the MSC treated with radiation. 
DKK3 is significantly down-regulated in a broad range of 
cancer cell types [39]. Therefore, the release of DKK3 
by the MSCs, when activated with radiation, is a useful 
approach for the generation of anti-tumor immune 
responses in malignant cells. 

Ionizing radiation causes DNA damage via free 
radicals and direct ionizations [3, 4, 40-42], however in 

most cases cells die only after attempting mitosis, during 
which the improperly repaired DNA damage causes 
mitotic catastrophe, which subsequently leads to cell 
death. Our in vitro data shows that conditoned medium 
from radiation-activated MSCs are able to reduce tumor-
cell colony formation. Thus, we believe that the crosstalk 
between cell death and proliferation inhibition pathways 
[43] is one possible rationale of how diverse cytotoxic 
agents can exhibit tumor-selective killing and how 
radiation conditionated medium acts on the cancer cells. 
Apart from our findings showing that TRAIL and DKK3 
become upregulated and secreted upon irradiation, it has 
been described that other factors secreted by cells, such as 
TGF-β, interleukin-8, IL-15 or TNF-α, may be involved 
in the propagation of the bystander effect [17, 18, 44-50].

Interestingly our results also show a greater 
increase in the transmembrane TRAIL in MSCs after 2 
Gy radiotherapy than in the TRAIL secreted (Figure 3). 
DNA, RNA [28] or exosomes released from the cells 
might increase interactions of tumor cells and MSCs and 
enhance secreted microRNAs which were shown to have 
an antiproliferative action on the tumor cells [51, 52], and 
thereby increase the effectiveness of MSCs in suppressing 
tumor progression in mice. 

After the study of all the results included in this 
paper, we believe that both TRAIL and DKK3 are 
involved in the bystander effect observed. In fact, our 
data shows an association but does not prove cause and 
effect. There may be cause and effect, but that still has to 
be demonstrated. We are also convinced that, together with 
TRAIL and DKK, other molecules produced by the MSC 
after irradiation and, perhaps, included in microvesicules 
or exosomes, maybe important in this effect. Clearly this 
is an area for further work.

In our in vivo experiments the combination of 
MSC cell therapy plus radiotherapy in NOD/SCID mice 
significantly reduced the size of the established tumors, 
both in the primary-directly irradiated tumor as well as in 

Figure 11: Representative images obtained from the same tumor area that is mainly negative for the expression of Mart-1/Melan A. The 
morphology of these cells is somewhat different to the use aspect of the melanoma cells with pale cytoplasm, greater nuclei and evident 
nucleoli. These cells are smaller, with atypical mitosis but the number of cells in proliferative state is similar to the found in areas with 
positive expression of Mart-1/Melan A and are clearly different tothose that belong to the stroma around the vases, these are smaller and 
their distribution is not in a cluster. Taking all these characteristic and the negative expression of Mart-1/Melan A into account, we believe 
that these are less differentiated melanic cells. 
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the distant non-irradiated tumor.

CONCLUSIONS

We believe that MSCs could be used as a therapy 
against cancer as they are able to preferentially home 
onto tumors and when pre-activated, or when activated 
directly with radiation in vivo, secrete cytoquines and 
tumor suppressor proteins which produce a dramatic 
improvement in the biological effect of ionizing radiation 
on tumors.

These radiation activated cells could be 
considered as “medicinal cells” due to their tropism and 
immunomodulatory properties, and since after activation 
with radiotherapy and included in the tumor burden, may 
serve as site-regulated “drugstores”.

MATERIALS AND METHODS

Cell lines and culture

Umbilical cord stromal stem cells (MSCs) were 
prepared and cultured as previously described [21]. Tumor 
cell lines A375 and G361 were cultured as previously 
described [12]. The medium was replaced every 2-3 days 
and once 70-80% confluence was reached the cells were 
sub-cultured.

Experimental irradiation of cell lines and 
preparation of radiation conditioned medium 
(RCM)

Exponentially grown MSC cells at 70% confluence 
were irradiated (2 or 6 Gy) at room temperature at a dose-
rate of 2 Gy/min using a 137Cs irradiator. The culture 
medium was then replaced with fresh culture medium 24 
hours before irradiating the cells, collected and filtered 
at 24 hours (RCM 24 h) or 48 hours (RCM 48 h) after 
irradiation to produce the MSC radiation conditioned 
medium used in the transfer medium assays.

Cell treatment with radiation conditioned medium 
and the colony cell assay

In all the clonogenic assays A375 and G361 cells 
were seeded (2·102 cells per well) and were allowed to 
form colonies for 9 days. The colonies were then treated 
for 24 hours with either fresh medium or RCM 24h or 
RCM 48h. The treatment was repeated 5 times with a 24-
hour interval on the same tumor-cell colonies. 

24 h after each treatment we fixed and stained three 
wells of each condition each day. The colonies were 
fixed with 70% ethanol and stained with crystal violet. 

The colony count was performed on photographed wells 
and analysed with the software ImageJ. The total area 
occupied by the colonies was quantified and compared 
with the colonies from the untreated condition. The results 
of these experiments have been fitted to an exponential 
equation to calculate the duplication time value (TD) of the 
colonies for each set of data.

Co-cultures of UCSSC-MSC and tumor colonies

We then co-cultured MSC cells with tumor colonies 
to address their effect on tumor growth kinetics. Tumor 
cells were seeded as before. Subsequently, tumor-formed 
colonies were treated with a dose of 2 Gy of irradiation 
and co-cultured with irradiated, non-irradiated MSC or 
left untreated for 6 more days. Each day three wells of 
each condition were fixed with 70% ethanol and stained 
with violet crystal. The parameters of growth of control 
experiment as well as of treatment colonies for the whole 
treatment period were then calculated. For further detail 
see the supplementary information.

RNA extraction and quantitative real-time PCR

RNA from MSC, A375 and G361 cell lines was 
extracted using TRIzol® Plus RNA Purification Kit (Life 
Technologies). A375, G361 and MSC were exposed to 2 
or 6 Gy of gamma radiation and total RNA was extracted 
after 0, 0.5, 1, 2, 4, 6, 12, 24 and 30 hours. Primers 
were designed for the relative quantitation of the gene 
expression of TRAIL, TRAIL receptor DR5 and DKK3 
mRNA expression in each cell line. For further details see 
the supplementary information. 

Approximately 1 µg of total RNA extracted from 
cultured cells was used to synthesize double-stranded 
complementary DNA (cDNA) by reverse transcription 
using iScriptTM cDNA Synthesis Kit (Bio-rad), following 
the manufacturer’s instructions. Complementary DNA 
was analysed by real-time PCR using iQ SYBR Green 
Supermix (Bio-Rad). 

ELISA of UCSSC-MSC radiation conditioned 
medium (RCM)

Culture medium from MSC irradiated at 2 or 6 Gy 
was collected 4, 6, 12, 24 and 30 hours after irradiation. 
TRAIL and DKK3 concentration on MSC-RCM was 
determined by sandwich ELISA using a human CD253 
(TRAIL) (OptEIA, BD) and a human DKK3 (DuoSet 
ELISA development system, R&D), respectively, 
following the manufacturer’s instructions.
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ELISA of umbilical cord MSC whole cells

The levels of TRAIL and DKK3 protein expression 
in whole cells were quantified by ELISA as described 
elsewhere [31]. For further details see supplementary 
information.

Mice, tumor xenographs, in vivo tumor growth 
and treatments

In our experiments 7- to 9-week-old NOD/SCID 
mice were engrafted with cells of the human cancer 
line G361. Four groups of eight mice were each treated 
with radiotherapy, MSC therapy, radiotherapy plus MSC 
therapy, or left untreated (control).

These studies were performed in strict accordance 
with the recommendations of the Guide for the Care and 
Use of Laboratory Animals of the Bioethical Committee 
of Granada University, and the protocol was approved by 
the Committee on the Ethics of Animal Experiments of 
the CSIC. All surgery was performed under isoflurano 
anesthesia, or ketamine when necessary, and every effort 
was made to minimize the suffering of the mice.

Cells were inoculated into dorsal skin folds of 
NOD/SCID mice (1·106 cells in 0.1 ml of saline serum 
on each hind leg). The mice were monitored regularly 
every 2-3 days, measuring two perpendicular diameters 
of each tumor for tumor growth. For further detail see the 
supplementary information. 

Radiotherapy Group: One group (8 mice) with a 
tumor on each hind leg was anesthetized with Ketamine 
and only one of the tumors was treated with a dose of 
2 Gy. Ionizing radiation was delivered by X-Ray TUBE 
(YXLON, model Y, Tu 320-D03). The mice tumors were 
placed directely under a 10 mm diameter hole in a 8 mm 
thick steel sheet. The contra-lateral tumor, as well as the 
rest of the body of each mouse, was protected by the steel 
sheet (for further details see supplementary information). 
The treatment was repeated each week, for a total of four 
weeks. After the last dose the animals were left to rest for 
3-4 days before the experiments were finalized. 

Control Group: One group (8 mice) with tumors 
on each leg was handled in exactly the same way as the 
irradiated and MSC injected mice, although the group did 
not receive either radiation or MSC therapy.

MSC therapy groups: Two groups (8 mice in each 
group) with tumors larger than 64 mm3 were treated with 
a repeated intraperitoneal administration of 106 MSC 
administrated every Monday for 4 successive weeks. 
The day after this cellular treatment, one of the groups (8 
mice) was randomly selected to have one of their tumors 
irradiated each week as in the experiment described 
previously. The other group was monitored and treated 
with repeated injections of MSC every week for 4 weeks.

Throughout the successive intervals between 

treatments, all the mice included in the control, 
radiotherapy, MSC therapy and radiotherapy plus MSC 
therapy, were monitored to measure the tumor sizes and 
follow the tumor growth as a time and treatment function.

Tumor growth calculations

From the fit of the experimental data to for the 
growth of tumors as a function of time to an exponential 
equation we can obtain the value of the slope and, using 
this, the values for the duplication time (TD). (For further 
detail see the supplementary information).Thus, cell loss 
rate (CL) derived from each treatment was calculated using 
the (TD) values and the equation proposed by Steel [30]. 
The surviving fraction after each treatment (SF) is: (SF = 
1 - CL). The theoretical expected value (E) for survival 
fraction after the combination of treatments RT + MSC 
was calculated by multiplication of the SF after RT times 
SF after MSC. The actual effect on cell proliferation when 
both treatments are combined (RT+MSC) is the observed 
value (O) which is calculated from the time course 
experiment. The additive model [32] predicts whether the 
combined effects of two treatments are synergistic when 
the ratio O/E < 0.8; additive when O/E = 0.8-1.2; or sub-
additive when O/E > 1.2.

Histopathological and immunohistochemical 
studies 

At the end of the experiment, the dissected tumors 
were immediately fixed in 10% buffered formalin for 48 
h, and then embedded in paraffin, and 4µm sections were 
dewaxed, hydrated, and stained using the hematoxylin-
eosin technique. On these slides we determined the mitotic 
index [33], the Ki-67 reactivity, the necrotic areas, the 
amount of apoptotic cells outside the necrotic areas, and 
the percentege of area ocupied by melanoma cancer cells 
that expressed the Mart-1/MelanA antigen. For further 
details see the supplementary materials. 
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