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Targeting RAD50 increases sensitivity to radiotherapy in colorectal cancer cells 
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Radiotherapy resistance remains the major factor limiting the radiotherapy efficacy in colorectal cancer. The Mre11-
RAD50-Nbs1 (MRN) complex is known to play a critical role in the DNA double strand breaks (DSBs) repair pathways and 
thus facilitates radioresistance. Targeting MRN function can sensitize cancer cells to irradiation in some malignancies. In 
this study, we stably knocked down RAD50 protein in colorectal cancer (CRC) cell lines, HCT116 and DLD1, and evaluated 
their response to irradiation as well as the DSB repair dynamics. We observed that downregulation of RAD50 sensitized 
CRC cells to irradiation with reduction in DSB repair efficiency after exposure to irradiation. In addition, RAD50 was found 
to be upregulated in CRC cancerous tissue samples compared to non-cancerous adjacent tissues (NATs) and in patients who 
were resistant to RT. Elevated RAD50 expression was associated with poor patient survival in CRC. In conclusion, targeting 
RAD50 can serve as an efficient strategy to sensitize CRC cells to irradiation. RAD50 protein may be used as a biomarker 
for patient survival in CRC.
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Radiotherapy (RT) is one of the major approaches to treat 
multiple cancer types, including lung, colorectal, breast 
and prostate cancer [1]. Radiation, often combined with 
chemotherapy, may be used before or after surgical resec-
tion of tumors to decrease the risk of recurrence. Radiation 
exerts cytotoxicity through induction of sustained DNA 
double-strand breaks (DSB) [2]. However, enhanced DNA 
repair capacity in tumor cells has been considered as the 
major cause of radioresistance and thus unsuccessful treat-
ment. Inhibition of DSB repair through targeting repair 
proteins can sensitize tumor cells to irradiation (IR) and 
increase radiotherapy efficacy. Therefore, identification of 
novel targets as RT sensitizers is imperative [3, 4].

In response to DSBs, cells activate the so-called DNA 
damage response (DDR) that activates the DNA damage 
checkpoint, blocks the cell cycle, and mediates DNA 
repair in a highly coordinated manner. In case DSBs are 
left unrepaired, cells undergo apoptosis to prevent the 
transmission of severe DNA damage to offspring. The 
MRN complex facilitates the two DSBs repair pathways-

homologous recombination (HR) repair and non-homol-
ogous end joining (NHEJ) in humans. This complex has 
critical functions in several aspects of DDR, including 
DSBs detection, subsequent signaling, cell cycle regula-
tion and telomere maintenance [5, 6]. Due to its crucial 
function in DDR, targeting the protein components of this 
complex represents an effective strategy to sensitize tumor 
cells to RT.

The human RAD50 gene is located on chromosome 5q31 
and encodes a 153 kDa protein. During DSBs repair, Mre11 
and RAD50 form functional Mre112/RAD502 heterotetra-
mers that bind to either DNA ends or sister chromatids 
and are associated with other heterotetramers to initiate 
DSBs repair [7]. It is essential for all the aspects of MRN 
complex function. Targeting RAD50 has been reported to 
sensitize tumor cells to RT in nasopharyngeal carcinoma 
and squamous cell carcinoma [8, 9].

In this study, we investigated the role of RAD50 in 
mediating radiosensitivity in CRC and its potential clinical 
significance.
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Materials and methods 
Cell culture. Human colorectal cancer cells HT29 and 

HCT116 (ATCC) were cultured in basal medium supple-
mented with 10% serum at 37 °C and 5% CO2. These cells 
were tested mycoplasma free.

Viral transductions and stable selections. For lenti-
virus production, 1 μg of shRNA (Santa Cruz Biotech-
nology, sc-37397-SH), together with 0.4 μg pMD2G and 
0.6 μg psPAX2 were transfected into 293FT cells using Effec-
tene reagent (Qiagen, Valencia, CA, USA). Viral superna-
tants were collected 48 hours afterwards, cleared through 
a 0.45 μm filter and added onto cells containing 4 μg/mL 
polybrene (Sigma, St. Louis, MO, USA) and selected under 
puromycin for 7 days.

Colony formation assay. After exposure to γ-radiation, 
cells were trypsinized and seeded in 6-well plates at a density 
of 1,000 cells/well in triplicates and incubated for 1 week. 
Cells were washed with PBS three times, fixed with 4% 
paraformaldehyde for 15 min, and stained with 0.1% crystal 
violet (Sigma-Aldrich, USA) solution for 30 min. Then the 
colonies were washed with PBS three times. Colony forma-
tion efficiency was calculated as colony number divided by 
1,000 and normalized to control cells.

Immunoblot analysis. Total cell lysates were harvested 
from cells in Laemmli S.D.S reducing buffer (50 mM Tris-HCl 
(pH 6.8), 2% S.D.S, and 10% glycerol), boiled and resolved 
on a gradient polyacrylamide gel, and then transferred onto 
polyvinylidinefluoride membrane. After incubation with 
antibodies against RAD50 (Abcam, Cambridge, MA, USA), 
and β-actin (Sigma-Aldrich, USA) for 1 hour, the blots were 
incubated with anti-rabbit or anti-mouse IgG secondary 
antibody (1:5000, Santa Cruz Biotechnology, Dallas, USA) 
and developed with Femto Chemiluminescent Substrate Kit 
(Thermo Scientific, Grand Island, USA).

Caspase 3/7 activity. Control or RAD50 knockdown cells 
were exposed to 4 Gy of γ-radiation and followed by Caspase-
Glo 3/7 assay according to the manufacturer’s instructions 
(Promega, Madison, WI, USA).

γ-H2AX assay. After exposure to 2 Gy of γ-radiation, cells 
were fixed using 4% paraformaldehyde for 10 min, permeabi-
lized in PBS with 0.5% TritonX-100 for 5 min and incubated 
with blocking solution for 60 min, followed by γ-H2AX 
antibody (1:100, Abcam, ab18311) incubation for an hour. 
After incubation with AlexaFluor-568 labeled secondary 
antibodies (1:400, Invitrogen, Carlsbad, CA, USA), slides were 
mounted and cells were analyzed under a fluorescence micro-
scope (Axiovert 200M, CarlZeiss, Gottingen, Germany). 

Patients and treatments. The study was approved by the 
Ethical Committee of Nanjing Medical University Affiliated 
Cancer Hospital, and informed consent was obtained from all 
patients. Resection specimens and matched non-cancerous 
adjacent tissues (NATs) were collected from CRC patients with 
primary cancer who were subjected to surgery only between 
January 2013 and July 2015 at Nanjing Medical University 
Affiliated Cancer Hospital. All excised tissues were immedi-

ately snap-frozen in liquid nitrogen and then were stored at 
–80 °C. A total of 36 pairs of CRC tissues were examined in 
the current study. In addition, 44 patients diagnosed with 
locally advanced CRC were recruited between March 2013 
and December 2015. Biopsy samples were obtained before 
radiotherapy was delivered to these patients involving a total 
dose of 45.0–50.4 Gy of IR over five weeks. Radical surgery 
was performed 2–3 weeks after completing radiotherapy at 
Nanjing Medical University Affiliated Cancer Hospital. The 
prognosis was evaluated for all of the patients in October 
2015. Overall survival was defined as the time from onset of 
cancer till death or till censoring on the last follow-up date.

Tumor regression grading (TRG). Pathological analysis 
of radiotherapy response was evaluated according to H and E 
staining using the TRG system according to Dworak [10] as 
follows: TRG 0, no regression; TRG 1, dominant tumor mass 
with obvious fibrosis in ≤25% of the tumor mass; TRG  2, 
dominant tumor mass with obvious fibrosis in 26–50% of the 
tumor mass; TRG 3, dominant fibrosis outgrowing the tumor 
mass; and TRG 4, no viable tumor cells (only a fibrotic mass). 
Histological and TRG evaluations were performed by two 
pathologists blinded to the clinical and pathological features 
associated with the specimens.

Isolation of total RNA and quantitative RT-PCR. Total 
RNAs were extracted with Qiagen RNeasy Mini kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s protocol, 
and then mRNAs was reverse transcribed to cDNA using 
PrimeScript™ RT Master Mix Perfect Real Time (TaKaRa, 
Dalian, China). qPCR reaction was performed in triplicates 
on the Bio-Rad Fluorescence Thermal Cycler (Bio-Rad 
Laboratories, CA, USA) as follows: 95 °C for 10 min; ampli-
fication for 36 cycles, with denaturation at 95 °C for 30 sec; 
annealing at 56 °C for 30 sec; and elongation at 72 °C for 
30  sec, followed by a final extension at 72 °C for 10 min. 
GAPDH mRNA level was used for normalization.

Statistical analysis. Quantitative data represent mean ± 
SD. Statistical significance was evaluated by the Student t test. 
For patient sample data, statistical analysis was performed 
using the SPSS statistical package, version 16.0 (SPSS Inc., 
Chicago, IL, USA). The Mann-Whitney U or Wilcoxon 
test was used to compare RAD50 mRNA expression level 
in unpaired or paired tumor tissue samples versus NATs, 
respectively. The Pearson’s chi-squared test was used to assess 
the association between RAD50 mRNA level and response 
to radiotherapy. Kaplan-Meier curves were compared using 
log-rank test. The p-value of two-sided less than 0.05 was 
considered statistically significant.

Results

RAD50 modulates radiosensitivity in CRC cells. To 
investigate whether RAD50 plays a role in regulating radio-
sensitivity in CRC, we stably knocked down RAD50 in CRC 
cell lines, HCT116 and HT29. Each of the two shRNAs 
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efficiently reduced RAD50 protein level in both cell lines 
(Figure 1A and B). Downregulation of RAD50 led to a signif-
icant sensitization to radiation in both HCT116 and HT29 
cells in colony formation assay (Figure 1C and D), suggesting 
the direct involvement of RAD50 in regulating radiosensi-
tivity. Consistently, CTG assay confirmed that knockdown 
of RAD50 further reduced number of surviving cells after 
exposure to IR compared to Nsi cells, decreasing surviving 

fraction from ~58.7% to ~35% in HCT116 cells and ~62% 
to ~32% in HT29 cells, respectively (Figure 2A). To assess 
whether there was an increased induction of apoptosis, we 
measured the caspase 3/7 activity in control and RAD50 
knockdown HCT116 and HT29 cells after exposure to 4 Gy 
of irradiation. We observed that downregulation of RAD50 
resulted in ~3-fold increase in caspase 3/7 activity, indicating 
enhanced induction of apoptosis (Figure 2B).

Figure 1. RAD50 modulates radiosensitivity in CRC cells. A and B. Western blot analysis of RAD50 protein level in HCT116 (A) and HT29 (B) cells 
expressing non-silencing (Nsi) shRNA or RAD50 shRNA. C and D. Clonogenic survival in HCT116 (C) and HT29 (D) cells expressing non-silencing 
(Nsi) shRNA or RAD50 shRNA after exposure to 2, 4, 6 or 8 Gy of γ-radiation. Survival was normalized to unirradiated control cells. Data represent 
mean ± SD. *, p<0.05. 

Figure 2. RAD50 affects cell survival and apoptosis after IR exposure. A. Surviving fraction of HCT116 and HT29 cells expressing non-silencing (Nsi) 
shRNA or RAD50 shRNA after exposure to 4 Gy of γ-radiation. Student’s t-test, **, p<0.01. B. Caspase 3/7 activity in cells as described in A. Data rep-
resent mean ± SD. Student’s t-test, **, p<0.01.
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samples using qPCR. As shown in Figure 4A, expression 
levels of RAD50 were significantly increased in cancerous 
tissue (p<0.0001). In addition, RAD50 mRNA levels were 
found to be significantly higher in tumors from 23 CRC 
patients who had poor response to radiotherapy compared 
to 21 patients who showed poor response (p<0.0001) 
(Figure 4B). Moreover, we observed a significant association 
between mRNA level of RAD50 and radiotherapy response 
(p=0.001; Table 1).

Discussion

Cancer cells activate a number of signaling pathways to 
enhance DNA-repair capacity and promote cell survival 
which leads to radioresistance and limited efficacy of RT [11]. 

Effects of RAD50 knockdown on γ-H2AX foci forma-
tion after IR exposure. It is known that H2AX is phosphory-
lated rapidly after formation of DSB and aggregates at the site 
of DSB, serving as an important method to detect DSB repair 
efficiency. To further evaluate the role of RAD50 in radiore-
sistance, DSBs were assessed and quantified by γ-H2AX foci 
staining 0.5, 1, 3 and 6 hours post IR. Compared with Nsi 
cells, significantly more γ-H2AX foci were present 6 hours 
after irradiation in RAD50 knockdown cells in both HCT116 
and HT29 cell lines (Figure 3). These results suggested that 
reduced expression of RAD50 compromised DDR efficiency, 
thus conferring sensitivity to IR.

RAD50 expression level is positively associated with 
radioresistance in CRC patients. To evaluate clinical signifi-
cance of RAD50 in CRC patients, mRNA levels of RAD50 
were measured in 36 CRC tissue samples and matched NAT 

Figure 3. Effects of RAD50 knockdown on γ-H2AX foci formation after IR exposure. DNA damage was assessed by γ-H2AX foci staining. HCT116 (A) 
and HT29 (B) cells expressing non-silencing (Nsi) shRNA or RAD50 shRNA were irradiated with 2 Gy of γ-radiation, stained with γ-H2AX antibody 
at subsequent time intervals, and γ-H2AX foci were counted. Data represent mean ± SD. Student’s t-test, *, p<0.05, **, p<0.01 compared to Nsi cells. To 
quantify the number of γ-H2AX foci, at least 100 nuclei were analyzed from each sample.

Figure 4. RAD50 expression is upregulated in CRC patients and positively associated with radioresistance in CRC patients. A. Quantitative PCR analy-
sis of RAD50 mRNA expression in tissue samples from 36 pairs of CRC patients and matched NATs. B. Quantitative PCR analysis of RAD50 mRNA 
expression in tissue samples from CRC patients who showed good response (n=21) or poor response (n=23) to radiotherapy. 
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An efficient DNA repair machinery is considered a hallmark 
of radioresistance. MRN complex is known to play a critical 
role in DNA repair and cell cycle regulation and components 
of this complex represent promising targets for radiosensiti-
zation [12]. Rhee et al. generated recombinant adenoviruses 
to interfere with Nbs1 function which enhances the radio-
response of head and neck tumors [13]. Transfection with 
Mre11 siRNA increases sensitivity of human tumor cells to 
heat radiation [14].

As a key member of this complex, malfunction of RAD50 
reduces MRN complex-mediated DNA repair directly [15]. 
It has been reported that RAD50-deficient cells displayed 
defects in DNA damage-induced cell cycle regulation and 
DNA repair [16]. Disruption of RAD50 function by a recom-
binant adenovirus abrogates the DSB induced G2/M arrest 
and reduces the DNA repair capability in nasopharyngeal 
carcinoma cells [8]. In our present study, we introduced two 
independent shRNAs against RAD50 into two authentic 
CRC cell lines and monitored their response to irradiation. 
Consistent with previous reports in other cancer types, 
downregulation of RAD50 increased the sensitivity to irradi-
ation in these two cell lines (Figure 1). DSBs repair failure 
initiates apoptosis by activating ATM (Ataxia telangiectasia 
mutated) kinase and the downstream pathway [17, 18]. We 
observed that knockdown of RAD50 led to an increase in 
caspase activity, indicative of more apoptosis (Figure 2).

Phosphorylation of H2AX (γ-H2AX) by ATM and ATR 
(ATM-Rad3-related) is the first step to recruit and localize 
repair proteins. γ-H2AX can be used as a biomarker for 
DSBs, and its disappearance indicates the repair of the DNA 
damage [19, 20]. We performed γ-H2AX assay to evaluate 
the dynamics of DSBs repair after irradiation in our cells. 
Interestingly, RAD50 knockdown cells showed reduced DSB 
repair efficiency compared to control cells (Figure 3), thus 
may confer vulnerability to irradiation. This partially explains 
the increased sensitivity to irradiation in the RAD50 knock-
down cellsMutations in the genes encoding MRN complex 
have been shown to associate with risk for breast cancer [21]. 
Expression levels of MRE11, RAD50 and NIBRIN protein are 
found to be significantly correlated with the postoperative 
survival in patients with pancreatic ductal adenocarcinoma 
[22]. Recently, RAD50 has been found to be dysregulated in 
premalignant immortalized human colonic epithelial cells 
and may be implicated in early stage of CRC development 
[23, 24]. However, RAD50 expression and its association 
with patient survival have not been investigated in CRC. We 
observed that RAD50 was upregulated in CRC tumor tissues 
compared to NATs as well as in patients who did not respond 
to RT (Figure 4). RAD50 expression was significantly corre-
lated with tumor response to RT and overall CRC patient 
survival (Figure 5 and Table 1). These results demonstrate 
that RAD50 may play a role in regulating radiosensitivity in 
CRC patients and serve as a predictive biomarker for RT.

In conclusion, our studies demonstrate that RAD50 is 
involved in radiosensitivity in CRC cells. RAD50 is upregu-

lated in CRC cancerous tissues and especially in the patients 
who are resistant to RT. RAD50 expression is also associ-
ated with patient survival and therefore, it can serve as a 
biomarker for patient survival in CRC.
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Table 1. Correlation between RAD50 expression and tumor response to 
radiotherapy treatment according to TRG in CRC patients.
RAD50 expression Good response Poor response p-value

Low 17 7 0.001
High 4 16

Good response was defined as patients with TRG 4 whereas poor response 
was defined as patients with TRG 0, 1, 2, and 3.

Figure 5. RAD50 expression is negatively associated with overall survival 
in CRC patients receiving radiotherapy. Survival curves showing the cor-
relation of RAD50 with overall survival in CRC patients receiving radio-
therapy (p=0.0254).
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