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Herein we present that selenium substitution could endow cystine the 

radiosensitization activity against cervical cancer Hela cells through overproduction 

of ROS and activation of downstream signaling, which suggests that selenium 

substitution could be a novel strategy for design of cancer radiosensitizers. 
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Selenium substitution endows cystine the 
radiosensitization activity against cervical 
cancer cells 
Qiang Xie a,b,#, Lizhen He a, #, Haoqiang Lai a, Wenjie Zheng a, Tianfeng Chen a,*  

Radiotherapy is the primary treatment for cancer along with chemotherapy and surgical therapy 
for decades. However, radiotherapy still fails to efficiently deracinate the hypoxic tumors because 
of their insensitivity to X-ray. In the present study, we report that, selenocystine (SeC), an analog 
of cystine (Cys) through selenium substitution of sulfur, could act as an effective radiosensitizer 
to enhance the anticancer efficacy of radiotherapy through induction of cancer cell apoptosis. By 
comparing the ROS generation activity of SeC and Cys, we found that selenium substitution 
significantly enhance the X-ray-induced ROS overproduction in human cervical cancer Hela cells. 
Excess ROS could attack various components of DNA and activated downstream signaling 
pathways in Hela cells. Specifically, SeC enhanced the radiation-induced phosphorylation of p53 
and p38MAPK pathways, and down-regulation of phosphorylated AKT and ERK, finally resulted 
in increased radiation sensitivity and inhibited tumor reproduction. Taken together, this study 
suggests that selenium substitution could be a novel strategy for design of cancer 
radiosensitizers. 

INTRODUCITON 

Cancer has been one of the most devastating diseases for 
decades, and the radiotherapy is the primary treatment for 
cancer along with chemotherapy and surgical therapy. 
Theoretically speaking, radiotherapy uses high-energy of 
irradiation to kill cancer cells by directly damaging the 
structure of DNA or creating free radicals including reactive 
oxygen species within the cells to attack various components of 
DNA, leading to the oxidized bases, DNA strand breaks, DNA 
intra-strand adducts, and DNA-protein crosslinks.1-6 X-ray or γ-
ray radiation could focus the energy precisely on the position of 
tumors, thus minimized the toxic side effects to the surrounding 
normal tissues. Even so, radiotherapy still fail to efficiently 
deracinate the hypoxic tumors because of their insensitivity to 
X-ray.7, 8 Therefore, radiosensitizers, which can enhance the 
sensitivity to radiotherapy, are necessary. Radiotherapy and 
chemotherapy are two important therapeutic modalities, only 
combined with these two modalities can achieve the optimum 
and synergetic treatment.9, 10 Recently, cisplatin [Pt(NH3)2Cl2], 
a most widely used anti-cancer drug, have been used as a 
radiosensitizer in clinical use.11-13 While, the clinical drawbacks 
of cisplatin are apparent, including the limited applicability, the 
acquired resistance, the resurgence after chemotherapy, and the 
serious side effects, such as neurotoxicity and nephrotoxicity.14-

16 In order to overcome the limitations of cisplatin, extensive 
investigations may be conducted to use efficient and low toxic 
agents from food as radiosensitizers. Recently, Lo et al. 

reported that, branched α -(1,4) glucans from lentinula edodes 
(L10) could enhance cytotoxic effect on human lung 
adenocarcinoma through the toll-like receptor 4 mediated 
induction of THP-1 differentiation/activation in combination 
with radiation.17 Ehae et al. reported that, compound K, a 
metabolite of ginseng saponin, could suppress human lung 
cancer cell growth in vitro and in vivo in combination with γ-
ray radiation.18 Furthermore, Mallikarjunan et al. also 
demonstrated the influence of γ‑radiation on the structure and 
function of soybean trypsin inhibitor.19 Taken together, these 
results support the application potential of food constituents as 
radiosensitizers in radiotherapy. 
Selenium (Se) is one of the essential trace elements for humans 
and animals with important physiological functions and 
extensive pharmacological actions. It was found that there are 
various organic forms of Se in food, such as selenomethio-nine, 
Se-methyl-selenocysteine, selenocysteine and its disul-fide 
dimer selenocystine.20 Se is also the important component of 
Se-dependent enzymes, such as peroxidase, iodothyronine 
deiodinase, and thioredoxin reductase.21 Many studies have 
demonstrated that the moderate supplementation of Se could 
prevent the incidence of cancer.22-25 In recent years, substantial 
amount of evidences showed the potent antiproliferative 
activity of Se.26-29 For instance, Schüller et al. suggested a 
radiosensitizing effect of selenite in glioma cells at low 
concentrations.30 Hu and co-workers reported that 
selenocompounds could sensitize hormone refractory prostate 
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cancer to paclitaxe in vitro and in vivo, showing that Se 
compounds and taxane may be achieve synergetic treatment.31 
Wu et al. synthesized surface-capping selenium nanoparticles 
by polysaccharide-protein complexes from polyporus 
rhinoceros and found that they can induce the apoptosis and cell 
cycle arrest in A549 human lung adenocarcinoma cells.32 
Recently, we also found that, modification of Se nanoparticles 
by amino acids could enhance its anticancer efficacy 33, which 
suggest the synergistic anticancer action between amino acids 
and Se.  
Since sulfur and Se are in the same group (VIA) of periodic 
table of elements, it is feasible to substitute sulfur atom in 
active compounds with Se. Recent studies have reported that 
substituting sulfur with Se in established chemopreventive 
agents may lead to more effective analogs 34-36. D-501036, a 
novel selenophene-based triheterocycle, has been identified as a 
promising anticancer compound with potential for therapy of 
human cancers 35. Moreover, Desai and co-workers verified that 
substitution of sulfur with Se increased the compound’s 
potency by several folds in different cancer cell lines by 
inhibition of iNOS/Akt 37. Selenocystine (SeC), an analog of 
cystine (Cys) through Se substitution of sulfur, displayed 
selective anticancer effects on a number of human cancer cell 
lines. For example, Chen et al. reported that SeC induced 
apoptosis of A375 human melanoma cells by activating reactive 
oxygen species (ROS)-mediated mitochondrial pathway and 
p53 phosphorylation.29 They also reported that SeC triggered S-
phase arrest and apoptosis in human breast adenocarcinoma 
MCF-7 cells by modulating ERK and Akt phosphorylation.38 
These results imply the potential of SeC as a cancer 
chemopreventive and chemotherapeutic agent. However, little 
information about the radiosensitizing effects of SeC is 
available. Therefore, in this study, we showed that, SeC 
sensitized cervical cancer Hela cells to X-ray and enhanced the 
cell growth inhibition through induction of caspase-mediated 
apoptosis. The studies on the signaling pathways demonstrate 
that, intracellular SeC synergize with X-ray to trigger ROS 
overproduction. Excessive ROS induces DNA damage and 
activates downstream signaling pathways, finally results in 
increased radiation sensitivity and thus inhibits the tumor 
reproduction. Taken together, this study suggests Se 
substitution could be a novel strategy for design of cancer 
radiosensitizers, and SeC could be further developed as an 
effective and low toxic cervical cancer radiosensitizer. 

EXPERIMENTAL SECTIONS 

Materials and Chemicals  

Thiazolyl blue tetrazolium bromide (MTT), propidium iodide, 
4′, 6-Diamidino-2-phenyindole (DAPI) and bicinchoninic acid 
(BCA) kit were purchased from Sigma. Substrates for caspase-
3 (Ac-DEVD-AMC), caspase-8 (Ac-IETD-AFC) and caspase-9 
(Ac-LEHD-AFC) were purchased from Calbiochem. Terminal 
transferase dUTP nick end labeling (TUNEL) assay kit was 
purchased from Roche Molecular Biochemicals. X-ray 

radiation was carried on Elekta Precise linear accelerator in Wu 
Jing Zong Dui Hospital of Guangdong Province, China. 

Cell lines and cell culture  

Human cervical cancer cell lines, including Hela, Caski and 
Siha cells, were purchased from American Type Culture 
Collection (ATCC, Manassas, VA). This cell line was 
maintained in DMEM media supplemented with fetal bovine 
serum (10%), penicillin (100 units/ml) and streptomycin 
(50 units/ml) at 37 °C in CO2 incubator (95% relative humidity, 
5% CO2).  
Clonogenic assays 
Hela cells were seeded into 6-well plates at 1000 cells/ml (2 ml) 
and allowed to attach for 24 h. After 2 h incubation with SeC or 
Cys at different concentrations, the cells were then exposed to 
X-ray at 2 Gy and cultured up to 8 days. After that the cells 
were stained with 6.0% gluteraldehyde (vol/vol), 0.5% crystal 
violet (wt/vol) in water and photographedcolonies of greater 
than 50 cells were counted. The survival fraction was calculated 
usingthe following formula: ((number of colonies formed after 
radiation)/(number of cells seeded*plating efficiency)), where 
plating efficiency is the ratio of seeded cells that gave rise to 
clones under no radiation conditions. 

MTT assay 

The effects of SeC, Cys and X-ray on the cell viability was 
determined by MTT assay as previously described.28  

Flow Cytometric Analysis  

The effects of SeC enhances Radiation-induced apoptosis was 
analyzed by flow cytometry as previously described.39  

TUNEL and DAPI co-staining assay  

Hela cells treated with or without SeC and X-ray for 24 h were 
fixed with 3.7% formaldehyde for 10 min and permeabilized 
with 0.1% Triton X-100 in PBS. The cells were then incubated 
with 100 μl/well TUNEL for 1 h and 1 μg/ml of DAPI for 15 
min at 37 °C, respectively. DNA fragmentation and nuclear 
condensation was examined under a fluorescence microscope 
(Nikon Eclipse 80i) 40. 

Determination of caspase activity  

Caspase activity was measured as previously described.41 
Briefly, after preparation for the whole cell lysis, the cell 
lysates were placed in 96-well plates and then specific caspase-
8, -9 substrate (Ac-LEHD-AMC) was added. Plates were 
incubated at 37 °C for 2 h and caspase activity was determined 
by fluorescence intensity with the excitation and emission 
wavelengths set at 380 and 460 nm, respectively.  

Measurement of intracellular reactive oxygen species generation 

The effects of SeC and Radiation on intracellular ROS 
generation in Hela cells were monitored by DCF-DA assay.27 
Briefly, Hela cells with a density of 5×104 cells/well were 
seeded in 96-well tissue culture plates for 24 h. Cells were then 
treated with SeC at different concentrations at 37℃ for 2 h, 10 
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μM DCF-DA for 30 min, and then co-treated with or without 
X-ray (2 Gy). The intracellular ROS level was examined under 
a microplate reader (SpectraMax M5, MD, USA) with the 
excitation and emission wavelengths at 479 and 599 nm, 
respectively. 

Western blot analysis 

Total cellular proteins were extracted by incubating cells in 
lysis buffer obtained from Cell Signaling Technology and 
protein concentrations were determined by BCA assay. The 
effects of SeC enhances Radiation on the expression levels of 
proteins associated with different signaling pathways were 
examined by Western blot analysis42.  

Statistics analysis 

All experiments were carried out at least in triplicate, and the 
data are expressed as mean ± standard deviation. Differences 
between the control and the experimental groups were analyzed 
by two-tailed Student’s t test. One-way analysis of variance 
(ANOVA) was used in multiple group comparisons. Statistical 
analysis was performed using SPSS statistical program version 
13 (SPSS Inc., Chicago, IL). Significant difference between 
treatment and control groups is indicated at * P <0.05, ** P < 
0.01 level. 

RESULTS AND DISCUSSION 

Se substitution endows cystine radiosensitization activity  

Cervical cancer has becoming a serious problem and leading 
cause of cancer-related death in women. Most traditional 
treatment to cervical cancer patients are standard radiotherapy 
and chemotherapy. However, radiotherapy may still fail to 
efficiently deracinate the hypoxic tumors because of their 
insensitivity to X-ray.7, 8 In this study, we have used MTT assay 
to evaluate the cell viability of Hela cells exposed to different 
doses of X-ray with or without SeC. As shown in Figure S1A, 
the X-ray radiation was not cytotoxic toward Hela cells. The 
cell viability of Hela cells were maintained at about 95.8%-
92.1% after exposure to 1, 2 and 4 Gy of X-ray. The results of 
flow cytometric also demonstrated that the X-ray radiation 
showed no effects on the cycle arrest distribution of Hela cells 
(Figure S1 B). In order to enhance the sensitivity of Hela cells 
to radiation, an effective radiosensitizer to enhance the effects 
of radiotherapy is necessary. Fortunately, in this study, we 
found that, SeC effectively enhanced the sensitivity of human 
cervical cancer cell lines, including Hela, Caski and Siha cells, 
to X-ray radiation. The combined treatment resulted in 
significant reduction of cell viability, by comparing with X-ray 
or SeC alone (Figure 1C,D and Figure S3-4). In contrast, Cys 
under the same concentrations showed no effects on the 
anticancer action of X-ray. The significant difference 
demonstrate the obvious effects of Se substitution on the 
anticancer action of Cys. Furthermore, we evaluated the effects 
of Se substitution on the radiotherapeutic activity of Cys by 
clonogenic assay. As shown in Figure 1A, the images of cell 
colony formation in 6-well plates indicated that SeC enhanced 

the radiation-induced inhibition of colony formation. The 
survival fraction of Hela cells treated by X-ray (2 Gy) and SeC 
(20 μM) alone were 93.4% and 41.7%, respectively. While after 
co-treated with X-ray and SeC at 5, 10 and 20 μM, the survival 
fraction was continuously declined to 5.9% (Figure S2). 
However, Cys couldn’t inhibit the cell colony formation, even 
under co-treatment with X-ray (Figure 1B). The survival 
fraction of Hela cells after incubation with Cys and X-ray both 
exhibited no changes by comparing with control (Figure S2). 
Moreover, MTT assay was used to further confirm the 
enhancement effects of Se substitution. As shown in Figure 1C, 
the significant difference of the cell viability among the 
combined treatment and SeC or X-ray alone was observed. The 
cell viability treated by X-ray (2 Gy) and SeC (20 μM) alone 
were 90.26% and 35.40%, respectively. While after co-treated 
with X-ray and SeC at 5, 10 and 20 μM, the cell viability has 
significantly declined to 10.62%, 2.65% and 0.88%, 
respectively. The morphological changes (Figure S3) of Hela 
cells also demonstrated that SeC can sensitizes cancer cells to 
X-ray. In contrast, as shown in Figure 1D, treatments of the 
cells with Cys or even in combination with X-ray showed no 
significant growth inhibitory effects. Furthermore, significant 
enhancement of X-ray-induced cell growth inhibition was also 
observed in Caski and Siha cells exposed to SeC (Figure S4). 
Taken together, these results suggest that Se substitution 
endows cystine radiosensitization activity against cervical 
cancer cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Se substitution endows Cys radiosensitization activity. (A) Clonogenic 
assay performed in 6 well plates cultured up to 8 days after treated with 20 μM 
SeC or X‐ray.  (B) Clonogenic assay performed  in 6 well plates cultured up  to 8 
days after treated with 20 μM Cys or X‐ray. (C) Viability of Hela cells exposed to 
the combined treatment and SeC or X‐ray alone, and then cultured for 24 h. (D) 
Viability  of  treated  Hela  cells  under  the  same  conditions.  Cell  viability  was 
determined by MTT assay 
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Figure  2.  Se  substitution  enhances  radiation‐induced  ROS  generation.  Cells 
were treated with SeC or Cys for 2 h, and then co‐treated with X‐ray (2 Gy). After 
different  period  of  time,  the  intracellular  ROS  generation was  determined  by 
DCFH‐DA fluorescence assay.  

Se substitution enhances radiation-induced ROS generation 

Theoretically, radiotherapy uses ionizing radiation to kill cancer 
cells by directly damaging DNA structure or by creating free 
radicals within the cells to damage the DNA.4-6 ROS was 
mainly produced from mitochondrial respiratory chain in cells, 
especially superoxide and hydrogen peroxide.43 Many studies 
have demonstrated that Se could stimulate cancer cells to 
produce excess ROS, which could attack various components 
of DNA, cause DNA damage, thus induce the apoptosis in 
cancer cells.27, 29, 44, 45 For instance, Stewart et al. have 
compared the catalytic and superoxide-producing properties of 
three selenocompounds, and found that sodium selenite and 
selenocystamine generated superoxide and induced apoptosis of 
BALB/c MK2 cells. In contrast, selenomethionine didn’t 
generate superoxide, and thus was not cytotoxic to the cells.46 
Furthermore, our previous studies have showed that, SeC 
induced apoptosis in A375 human melanoma cells and MCF-7 
human breast adenocarcinoma cells by activating ROS-
mediated mitochondrial pathway.27-29, 38 Therefore, in this study, 
we tried to examine the roles of ROS in the radiosensitization 
action of SeC. Briefly, we have detected the intracellular ROS 
generation in Hela cells treated with SeC or Cys under X-ray 
irradiation by DCF-DA assay. As shown in Figure 2, treatment 
of Hela cells with X-ray (2 Gy) alone displayed increase in 
DCF fluorescence intensity in a time-dependent manner. 
However, the ROS level displayed a much higher increase after 
combined treatment with SeC and X-ray. In contrast, treatment 
of the cells with Cys alone slightly inhibited the intracellular 
ROS generation, while the combined treatment with Cys and X-
ray only slightly increased the ROS level. This significant 
difference between SeC and Cys may be caused by the Auger 
electron effect of Se atom under X-ray radiation. Taken 
together, these results suggest that, Se substitution of sulfur in 
Cys may sensitize the cancer cells to X-ray through enhanced 
induction of ROS generation. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure  3.  SeC enhances  radiation‐induced apoptosis  in Hela cells.  (A)  Flow 
cytometric  analysis  of  Hela  cells  treated  by  SeC  and  X‐ray  (2  Gy).  Hela  cells 
treated with or without SeC and X‐ray for 24 h were collected and stained with PI. 
Cellular  DNA  histograms  were  analyzed  by  flow  cytometer.  (B)  DNA 
fragmentation  and  nuclear  condensation  induced  by  radiation  and  SeC  as 
determined by TUNEL‐DAPI assay (magnification, 400×). 

SeC enhances radiation-induced cell apoptosis through caspase 
activation 

Apoptosis, cell cycle arrest or combination of these two modes 
are possible causes of inhibition of cell proliferation.47 To 
further evaluate mechanism of radiosensitization by SeC, flow 
cytometric analysis was used to examine the DNA distribution 
after treated with or without X-ray and SeC. As shown in 
Figure 3A, the representative DNA histograms clearly showed 
that the significant difference of exposure of Hela cells among 
the combined treatment and SeC or X-ray alone. For the sub-
G1 phase, there was no big difference between the single X-ray 
(2 Gy), SeC (5, 10 μM) and the control. However, after co-
treated with X-ray and SeC (5, 10 μM), the sub-G1 peak 
increased from 2.7% (control) to 53.6% and 53.8%, 
respectively. The induction of apoptosis was further confirmed 
by TUNEL-DAPI co-staining assay, which can detect early 
stage of DNA fragmentation and nuclear condensation in 
apoptotic cells. As shown in Figure 3B, after co-treated with 
X-ray and SeC (5 μM), Hela cells exhibited typical apoptotic 
features including nuclear condensation, chromatin 
condensation and formation of apoptotic bodies. While Hela 
cells treated with X-ray alone didn’t exhibit the obvious 
apoptotic features, and cells treated with SeC (5 μM) alone also 
exhibited weak apoptotic features. Taken together these results 
indicate that SeC could enhance radiation-induced apoptosis in 
human cervical cancer cells.  
To delineate the molecular events of radiosensitization by SeC, 
we examined the requirement of caspase family proteins for the 
apoptotic program. Generally, in mammalian cells, initiator 
caspases, caspase-8 and caspase-9 would activate caspase-3 by 
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Figure 4. Activation of caspases by SeC and X‐ray. (A) Western blot analysis of 
expression  levels of the caspase family members after treated by SeC and X‐ray 
for  24  h.  (B) Quantitative  analysis  of  caspase  activation  triggered  by  radiation 
and SeC. Cells were  treated with SeC and X‐ray  for 24 h. Significant difference 
between treatment and control groups is indicated at * P <0.05, ** P < 0.01 level.  

proteolytic cleavage, which then cleaves vital cellular proteins 
or other caspases. In this study, from the results of Western blot, 
we found that Hela cells co-treated with X-ray and SeC caused 
activation of caspase-3, caspase-8 and caspase-9 (Figure 4A). 
Poly (ADP-ribose) polymerase (PARP) is a DNA repair 
enzyme. In apoptosis pathways, PARP is the downstream of 
caspase family proteins. Caspase-3 activation subsequently 
induced the cleavage of PARP, which serves as a biochemical 
marker of the cell apoptosis. As shown in Figure 4A, we also 
detected the proteolytic cleavage of PARP in Hela cells after 
treated with X-ray and SeC. Caspase-3 has been regarded as the 
central regulator of apoptosis, while caspase-8 and -9 acted as 
initiators of extrinsic and intrinsic signaling pathways. To 
further examine the importance of caspase-8 and caspase-9, we 
examined the activities of the aforementioned caspases. As 
shown in Figure 4B, exposure to X-ray (2 Gy) and SeC (2 μM) 
significantly increased the activities of caspase-8 and -9, 
whereas no significant changes was observed in Hela cells 
single treated with X-ray and SeC. It is thus speculated that the 
caspase-mediated apoptosis is the main signaling pathway 
triggered by X-ray and SeC.  

SeC enhances radiation-induced ROS-mediated signaling 

Studies have showed that excess intracellular ROS could 
activate the MAPK and AKT pathway in cancer cells48. 
Therefore we next examined the MAPK and AKT expression 
and phosphorylation in Hela cells after treated with or without 
X-ray and SeC by western blot analysis. It was found that X-ray 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  5.  SeC  enhances  radiation‐induced  ROS‐mediated  signaling.  Effects  of 
SeC and radiation on the phosphorylation status and expression levels of MAPKs 
and AKT pathways.  

and SeC treatment induced differential phosphorylation of p38, 
JNK, ERK, and AKT in Hela cells (Figure 5). The figure 
showed that phosphorylation of pro-apoptotic kinases p38 and 
JNK activation displayed up-regulation co-treated with SeC and 
X-ray compare to that single treated with X-ray or SeC. In 
addition, phosphorylation of anti-apoptotic kinases ERK was 
activated by co-treated with SeC and X-ray and displayed 
down-regulation. AKT pathway plays a role in cell growth 
inhibition, the expression of phosphorylated AKT displayed a 
trend of down-regulation in Hela cells after co-treated with SeC 
and X-ray. These results suggested that SeC enhances the 
anticancer efficacy of X-ray through activation of MAPKs and 
AKT pathways. 

SeC synergizes with X-ray to induce DNA damage-mediated 
signaling  

The previous results showed that X-ray and SeC treatment 
induced ROS-mediated DNA damage in Hela cells, suggesting 
the possible involvement of p53 pathway. To examine whether 
p53 is activated by SeC and radiation, we determined the p53 
expression and phosphorylation in Hela cells after treated with 
or without SeC and X-ray. As shown in Figure 6A, both SeC 
and X-ray can activate the phosphorylated p53 at Ser 15 in Hela 
cells. Protein levels of a DNA damage marker Ser139-Histone 
H2A.X were up-regulated much more co-treated with SeC and 
X-ray than that single treated with them. Furthermore, from the 
expression levels of p-ATM and p-ATR, the radiation-induced 
DNA damage was further demonstrated. However, after co-
treated with SeC, the expression levels significantly up-
regulated. These results further indicate that SeC enhances 
radiation-induced DNA damage and the activation of p53 
pathway is required for SeC and radiation-induced apoptosis. 
VEGFR2 is overexpressed in cervical cancer cells, and it’s 
expression often act as the reference index for migration, 
invasion and prognosis of cervical cancer.49 Then, we examined 
the expression levels of VEGFR2 and found that X- ray and 
SeC treatment induced it’s down-regulation (Figure6B). 
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Figure 6. SeC synergizes with X‐ray to induce DNA damage‐mediated signaling. 
(A) SeC enhances X‐ray‐induced DNA damage‐mediated p53 phosphorylation. (B) 
SeC down‐regulates the expression of VEGFR2 and XRCC1.  

However, most radiation-induced DNA damage is sublethal, 
and the cells are able to repair themselves in lower doses.50 The 
X-ray repair cross complementing protein 1 (XRCC1),51, 52 a 
DNA repair protein, was evaluated after treated with X-ray and 
SeC by western blot analysis. As shown in Figure 6B, the 
expression levels of XRCC1 significantly up-regulated after 
treated with single X-ray (2 Gy). However, SeC can reduce X-
ray-induced up-regulation of XRCC1, which may be beneficial 
to prevent the reoccurence of cervical cancer. Taken together 
these results indicated that activation of p53 pathway is 
required for SeC and radiation-induced apoptosis.  

 CONCLUSIONS 

In conclusion, this study identifies SeC, an analog of Cys 
through Se substitution of sulfur, could act as an effective 
radiosensitizer to enhance the anticancer efficacy of X-ray. SeC 
sensitized human cervical cancer Hela cells to X-ray and 
enhanced the cell growth inhibition through induction of 
caspase-mediated apoptosis. We also proposed the signaling 
pathways accounting for the synergistic effects of X-ray 
radiation and SeC (Figure 7). Firstly, intracellular SeC 
synergize with X-ray to trigger ROS overproduction. Excessive 
ROS induces DNA damage and activate downstream signaling 
pathways, including the phosphorylation of p53 and p38MAPK 
and down-regulation of phosphorylated AKT and ERK, finally 
results in increased radiation sensitivity and thus inhibits the 
tumor reproduction. Taken together, this study suggests Se 
substitution could be a novel strategy for design of cancer 
radiosensitizers, and SeC could be further developed as an 
effective and low toxic cervical cancer radiosensitizer. 
, 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Proposed apoptotic signaling pathways induced by radiation and SeC.  
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