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Abstract

Osteosarcoma survival rate has not improved over the past three decades, and the debilitating side 

effects of the surgical treatment suggest the need for alternative local control approaches. 

Radiotherapy is largely ineffective in osteosarcoma, indicating a potential role for radiosensitizers. 

Blocking DNA repair, particularly by inhibiting the catalytic subunit of DNA-dependent protein 

kinase (DNA-PKCS), is an attractive option for the radiosensitization of osteosarcoma. In this 

study, the expression of DNA-PKCS in osteosarcoma tissue specimens and cell lines was 

examined. Moreover, the small molecule DNA-PKCS inhibitor, KU60648, was investigated as a 

radiosensitizing strategy for osteosarcoma cells in vitro. DNA-PKCS was consistently expressed in 

the osteosarcoma tissue specimens and cell lines studied. Additionally, KU60648 effectively 

sensitized two of those osteosarcoma cell lines (143B cells by 1.5-fold and U2OS cells by 2.5-

fold). KU60648 co-treatment also altered cell cycle distribution and enhanced DNA damage. Cell 

accumulation at the G2/M transition point increased by 55% and 45%, while the percentage of 

cells with >20 γH2AX foci were enhanced by 59% and 107% for 143B and U2OS cells, 

respectively. These results indicate that the DNA-PKCS inhibitor, KU60648, is a promising 

radiosensitizing agent for osteosarcoma.
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Introduction

Osteosarcoma (OS) is the most common malignant bone tumor, and is treated with surgery 

and chemotherapy [1]. The debilitating side effects of surgical treatment suggest that adding 

radiotherapy could potentially improve patient outcomes [2]. One approach to amplify the 

effects of ionizing radiation (IR) is through radiosensitizers. Sulforaphane, zoledronic acid 

and parthenolide are naturally occurring agents that enhanced the effects of IR in OS [3–5]. 

In addition, targeting molecular pathways by inhibiting RAD51, WEE1 or histone 

deacetylases (HDAC) have shown promise in radiosensitizing OS [6–8].

DNA repair is critical for recovery of IR induced damage and disrupting repair can increase 

cell killing [9]. IR induces DNA double-strand breaks (DSB), which are primarily repaired 

by non-homologous end joining (NHEJ) [10]. The catalytic subunit of DNA-dependent 

protein kinase (DNA-PKCS), which belongs to the phosphatidylinositol 3-kinase-related 

kinases (PIKKs) family, is an essential component of NHEJ [11]. Mutations in PRKDC, the 

gene that codes for DNA-PKCS, result in defects in NHEJ causing hypersensitivity to IR 

[12]. Hence, small molecule inhibitors of DNA-PKCS could be promising radiosensitizers 

for human OS cells [13].

Knocking down DNA-PKCS in OS cells enhances the response to IR [14]. While some 

studies have explored the use of DNA-PKCS inhibitors to sensitize OS cells to chemotherapy 

[15, 16], the role of these inhibitors in sensitizing OS cells to IR remains to be investigated. 

KU60648 is a recently developed potent small molecule DNA-PKCS inhibitor [17]. In this 

study, the potential of KU60648 to sensitize OS cells to IR is explored.

Materials and Methods

Next Generation RNA Sequencing

The RNASeq analysis was performed on OS tissue and cell lines and their DNA-PKCS 

mRNA was compared with expression in other bone tumors (chondrosarcoma, Ewing’s 

sarcoma, chordoma and chondroblastoma). All human specimens were collected under 

protocols approved by the Mayo Clinic Institutional Review Board (IRB). Each specimen 

was evaluated by a board-certified musculoskeletal pathologist. Once collected, the tumor 

specimens were immediately snap-frozen using liquid nitrogen, and later ground into a 

powder using a hammer. RNA from three OS and four Ewing’s sarcoma cell lines were also 

evaluated. For both tissues and cell lines, total RNA was harvested using the miRNeasy 

minikit (Qiagen, Hilden, Germany). Total RNA was quantified using the NanoDrop 2000 

spectrophotometer (Thermo Fischer Scientific, Wilmington, DE). RNA sequencing and 

bioinformatics analysis were performed as previously described [18, 19]. Gene expression, 

normalized to one million reads and corrected for gene length, was reported in terms of 

reads per kilobase per million mapped reads (RPKM).
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Cell Culture, Irradiation and Compound

Human OS cells (143B, U2OS, Saos-2 and Hos) as well as human osteoblast (HOB) cells 

were cultured in Dulbecco’s Advanced Modified Eagles Media – F12 (DMEM-F12) with 

10% fetal bovine serum (FBS), 100 units/ml of penicillin/streptomycin and kept at 37°C 

under 5 % CO2. The OS cells were obtained from ATCC, while the HOB cells were 

established from cancellous bone obtained as surgical waste from orthopedic procedures 

following a protocol approved by the Mayo Clinic IRB as previously described [20]. All IR 

treatments were performed using a cesium 137 (137Cs) irradiator. Cells in six-well plates 

were exposed to specified dose of IR. The DNA-PKCS inhibitor, KU60648, was kindly 

provided by KuDOS Pharmaceuticals and was dissolved in DMSO as a 1 mM stock 

solution.

Western Blotting

Cytoplasmic protein extracts were loaded onto 3 – 8% Criterion™ Tris-acetate gels (BioRad, 

Hercules, CA) and subsequently transferred to PVDF membranes. High molecular weight 

marker, HiMark™ Protein Standard (ThermoFischer Scientific, Waltham, MA) was used for 

identifying DNA-PKCS. Antibodies used included anti-DNA-PKCS (NA57, Calbiochem, 

EMD Biosciences, Billerica, MA), phospho-S2056-DNA-PKCS (ab18192, Abcam, 

Cambridge, MA) and vinculin (E1E9V, Cell Signaling Technology, Beverly, MA). Inhibition 

of DNA-PKCS autophosphorylation was determined in cells cultured in the presence of 

graded concentrations of KU60648 one hour before treatment with IR (10 Gy) followed by 

cell lysis 30 minutes later. DNA-PKCS autophosphorylation at Ser2056 and total DNA-PKCS 

levels were assessed by western blotting as previously described [17].

Clonogenic Assay

Appropriate numbers of cells were counted and plated in six-well plates, and treated with 

vehicle control or 300 nM KU60648 one hour prior to IR treatment. Cells were then 

incubated with and without the drug for an additional 24 hours, rinsed with phosphate-

buffered saline (PBS) and incubated in fresh media for 7–12 days to allow for colony 

formation. After staining with crystal violet, colonies with ≥ 50 cells were quantified and 

survival analysis was performed.

Cell Cycle Analysis

Cells plated in six-well plates were cultured overnight prior to adding vehicle control or 100 

nM KU60648, and were treated with IR one hour later. The cells were then incubated for 24 

hours and subsequently trypsinized, washed with ice-cold PBS, cell pellets were suspended 

in equal volume of chilled 95% ethanol and stored at 4°C until further processing. Cells 

were centrifuged, washed twice to remove ethanol content, and subsequently suspended in 

PBS containing RNase A (1.5 mg/ml; Sigma-Aldrich, St. Louis, MO). After incubation at 

37°C for 15–30 minutes, propidium iodide (100 μg/ml; Roche, Indianapolis, IN) was added 

and cell cycle distribution was measured using fluorescence-activated cell sorting (FACS) by 

the Mayo Clinic Flow Cytometry Core Lab and data were analyzed using the ModFit 

software.
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Immunocytochemistry

Cells were cultured overnight on coverslips (placed in six-well plates) prior to treatment 

with vehicle control or 100 nM KU60648 and irradiated one hour later. After 24 hours, cells 

were rinsed with PBS, fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton 

X-100 and stained with anti-γH2AX (phospho-Ser139, 2577, Cell Signaling Technology) in 

1% bovine serum albumin (BSA) at 4°C overnight. Cells were then washed with PBS and 

incubated with goat anti-rabbit Alexa Fluor 488 (A-11008, ThermoFisher Scientific). 

Finally, stained cells were mounted with DAPI containing mounting medium (H-1500, 

Vector Labs, Burlingame, CA) and imaged by confocal microscopy (Zeiss LSM510). Nuclei 

positive for γH2AX foci were quantified. For each group, a total of >150 and >90 nuclei 

were counted for 143B and U2OS cells, respectively.

Statistical Analysis

Unless stated otherwise, data presented are mean ± standard deviation (SD) from three or 

more experiments. Two-tailed Student’s t-tests were used for statistical analysis and p<0.05 

was considered significant. Fitting clonogenic survival data to linear-quadratic (LQ) model 

was performed using CS-Cal software from German Cancer Research Center (http://

angiogenesis.dkfz.de/oncoexpress/software/cs-cal/index.htm). Survival fraction (SF) is 

related to dose d (Gy) by SF = e−(αd+βd2), where α and β are experimentally derived 

parameters.

Results

DNA-PKCS Expression and Inhibition in OS

RNASeq analysis showed that DNA-PKCS mRNA was expressed at levels greater than 1 

RPKM in all tumor specimens studied. OS specimens had the highest level of expression, 

while specimens for chondroblastoma, a benign bone tumor, had the lowest level of 

expression (Fig. 1A). Additionally, there was a higher level of DNA-PKCS protein 

expression in all OS cells compared to the non-cancerous HOB cells (Fig. 1B). The 

autophosphorylation induced in response to IR was greatly reduced by KU60648 treatment 

starting at 300 nM (Fig. 1C). This suggests that KU60648 is effective at inhibiting DNA-

PKCS in OS cells.

KU60648 Sensitizes Human OS Cells to IR

Treatment of human OS cells, 143B and U2OS, with KU60648 sensitized them to IR (Fig. 

2A and B). Fitting the curves to the LQ model, α and β values for 143B and U2OS cells 

were α = 0.230, β = 0.256 (α/β ratio = 8.9) and α = 0.39, β = 0.05 (α/β ratio = 7.8), 

respectively. With KU60648 co-treatment, α values increased to 0.56 (2.4-fold) and 1.5 (3.8-

fold) for 143B and U2OS cells, respectively. The survival curves with KU60648 co-

treatment did not exhibit a shoulder, and hence β values approach zero and could not be 

accurately determined. Additionally, sensitization enhancement ratio at 10% survival 

(SER10) was calculated as the ratio of LD10 (lethal dose at 10% survival) without drug to 

LD10 with drug. With KU60648 co-treatment, the SER10 was 1.5 and 2.5 for 143B and 

U2OS cells, respectively. Similarly, KU60648 led to a 2.4-fold and 7.8-fold reduction in 
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survival (at 2 Gy) for 143B and U2OS cells, respectively. KU60648 treatment alone was 

similar to vehicle control (normalized to 1 in the clonogenic curves). These results indicate 

that KU60648 greatly potentiates IR induced killing of OS cells in vitro.

Combining KU60648 with IR Alters Cell Cycle Distribution in Human OS cells

Treatment with KU60648 caused changes in cell cycle distribution when combined with IR. 

In the representative histograms in Fig. 3A–C (for U2OS cells), IR alone caused an increase 

in cell population at the G2/M transition point (Fig. 3B), which was further enhanced with 

KU60648 treatment (Fig. 3C). KU60648 treatment alone was similar to vehicle control. 

Comprehensive analysis of the results shown in Figs. 3D–F suggest that KU60648 co-

treatment led to a statistically significant (P < 0.05) percentage increase in G2/M 

accumulation (55% and 45% in 143B and U2OS cells, respectively) compared to IR alone 

(Figs. 3D and E). The percentage increase of G2/M accumulation in HOB cells (Fig. 3F) 

was not statistically significant (P = 0.08).

Combining KU60648 with IR Increases DNA Damage in Human OS cells

IR treatment led to increased levels of γH2AX foci, which was further enhanced by co-

treatment with KU60648. Treatment with KU60648 one hour before IR enhanced the extent 

of γH2AX foci observed 24 hours after IR treatment (Figs. 4A and B). KU60648 co-

treatment increased the percentage of cells with > 20 γH2AX foci from 27.0 ± 5.6 to 65.0 

± 5.5, for 143B cells (Fig. 4C), and from 43.5 ± 6.2 to 88.8 ± 9.6, for U2OS cells (Fig. 4D), 

compared to IR treatment alone. KU60648 treatment alone was similar to vehicle control. 

This increase in the fraction of cells with persistent γH2AX foci with KU60648 co-

treatment indicates that KU60648 potentiates the DNA damage induced by IR by inhibiting 

DNA repair.

Discussion

The 5-year overall survival for extremity OS is 65–70%, while it is lower for pelvic and 

spinal OS [21]. For pelvic and spinal OS, surgery is more likely to lead to debilitating 

morbidity and higher local failure rates [22]. Radiosensitizers could potentially enhance the 

efficacy of radiotherapy in OS as an adjunct to surgery. Inhibiting key regulators of DNA 

repair has become an attractive approach to enhance the cytotoxic effects of IR [23]. DNA-

PKCS is an essential component of NHEJ, the major DNA repair mechanism in IR-induced 

DSB [24]. Hence, inhibiting DNA-PKCS has been explored in sensitizing various cancer 

cells to IR [25]. In the current study, DNA-PKCS was shown to be consistently expressed in 

OS and the small molecule DNA-PKCS inhibitor, KU60648, effectively sensitized OS cells 

to IR. KU60648 co-treatment with IR also led to increased G2/M accumulation and DNA 

damage.

Co-treatment with KU60648 suppressed IR-induced DNA-PKCS autophosphorylation in 

143B cells (Fig. 1C), consistent with the potential of the drug to radiosensitize OS cells. 

Moreover, RNASeq analysis indicated that OS specimens had higher levels of DNA-PKCS 

mRNA expression compared to the benign tumor chondroblastoma (Fig. 1A). Interestingly, 

specimens from Ewing’s sarcoma (ES), an IR-responsive primary bone tumor, also had high 
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levels of DNA-PKCS mRNA expression, suggesting that DNA-PKCS inhibitors may play a 

role in ES treatment. Previously, Feng et al have suggested that DNA-PKCS associates with 

ETS gene fusions, providing a rationale for treating ES with DNA-PKCS inhibitors [26]. 

Taken together, the expression data in Fig. 1 indicate that DNA-PKCS can be targeted in OS 

treatment, but it is not entirely clear whether the level of expression correlates with the level 

of IR sensitivity.

The LQ model (SF = e−(αd+βd2)) is a standard method to model the dose-response 

relationship of clonogenic survival data from IR experiments [27]. The α and β parameters, 

which represent the linear and quadratic components of the curve, can provide insight into 

the mechanism of radiosensitization [28]. Franken et al. showed that radiosensitizers could 

increase α, β or both, and hence affect the α/β ratio, depending on whether they influence 

direct lethal damage, potentially lethal damage (PLD) or sublethal damage (SLD) [28]. 

Inhibiting DNA-PKcs is expected to mainly increase the β component based on the 

importance of DNA-PKcs on the repair of SLD [29]. As expected, at the IR doses used with 

KU60648 co-treatment (≤4 Gy), the survival curves did not exhibit a shoulder and β 
approached zero. The increase in the α value observed with KU60648 co-treatment (2.4 and 

3.8-fold for 143B and U2OS cells, respectively), indicates there might also be enhanced 

PLD at low radiation doses. While β cannot be accurately calculated in this context, the α/β 
ratio becomes quite large. These results are all consistent with a radiosensitizing effect 

associated with the inhibition of DNA repair capacity.

Radiosensitization effects were also analyzed by comparing SER10 and survival fraction at 2 

Gy. While both OS cell lines studied were effectively sensitized by KU60648, U2OS cells 

were sensitized to a higher degree (SER10=2.5) than 143B cells (SER10=1.5). The survival 

fraction at 2 Gy was also reduced to a higher degree for U2OS cells (7.5-fold) compared to 

143B cells (2.4-fold). The difference might be attributed to the higher level of DNA-PKCS 

expression seen in U2OS cells compared to 143B cells (Fig. 1B). The other difference 

between the two cell lines is that U2OS is wild type for the p53 tumor suppressor gene 

(TP53) with active p53 proteins, while 143B is p53 mutant [30–32]. There are multiple 

studies to suggest that p53 wild-type cells may be more sensitive given the role of p53 in 

regulating DNA repair, cell cycle arrest and cell survival [33, 34]. Additional differences in 

DNA repair capacity due to the other arm of the DNA repair machinery, i.e. homologous 

recombination (HR), could also possibly explain the difference in the two cell lines.

Similar to the findings with other DNA-PKCS inhibitors [35], the radiosensitizing effect of 

KU60648 in OS cells is accompanied by a change in cell cycle distribution and a rise in 

DNA damage. While the increase in G2/M accumulation is comparable in the two cell lines 

(55% vs 45%), the increase in γH2AX foci is more pronounced in U2OS cells (107%) 

compared to 143B cells (59%). This agrees very well with the relative difference discussed 

above in the radiosensitization effects, and could be explained in a similar way. Moreover, 

the significant difference in the G2/M accumulation for the two OS cell lines compared with 

the control HOB cells indicates that the effect of DNA-PKCS inhibition could be more 

specific to tumor cells.
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In conclusion, KU60648, a potent DNA-PKCS inhibitor, is an effective radiosensitizing 

agent for OS at much lower concentrations than those reported for other DNA-PKCS 

inhibitors [35]. However, given that DNA-PKcs is expressed at some level in all normal cells 

such as the gut and skin, future work should explore the use of drug delivery vehicles such 

as nanoparticles in the clinical translation of KU60648 for osteosarcoma radiotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DNA-PKcs is consistently expressed in human osteosarcoma tissue and cell 

lines

• The DNA-PKcs inhibitor, KU60648, effectively radiosensitizes osteosarcoma 

cells

• Combining KU60648 with radiation increases G2/M accumulation and DNA 

damage
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Fig. 1. DNA-PKCS expression and inhibition in human OS tissue and cells
A) RNASeq analysis of DNA-PKCS mRNA in primary bone tumor specimens and cell lines. 

Specimens included four chondrosarcomas, eight chondroblastomas, five chordoma, five 

Ewing’s sarcoma (one tissue and four cell lines) and four OS (one tissue and three cell 

lines). B) Total DNA-PKCS protein levels in OS cell lines compared with HOB cells. C) 

Levels of DNA-PKCS autophosphorylation at Ser2056 induced with IR (10Gy) and with 

graded concentration of KU60648, in 143B cells. Results are representative of three 

independent experiments.
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Fig. 2. KU60648 sensitizes 143B and U2OS cells to IR
Clonogenic survival for 143B cells (A) and U2OS cells (B) treated with vehicle control or 

300 nM KU60648 for one hour pre-IR and 24 hours post-IR, rinsed with PBS, media 

changed and incubated for colony formation. Results are the mean ± SD of three 

independent experiments fitted to the LQ model.
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Fig. 3. KU60648 enhances G2/M accumulation when combined with IR in human OS cells
A–C) FACS histograms for U2OS cells treated with vehicle control (A), 5 Gy (B), and 5 Gy 

plus 100 nM KU60648 (C). Results are representative of three independent experiments. D–

F) The summary of the cell cycle analyses for 143B cells (D), U2OS cells (E) and HOB cells 

(F). Results are mean ± SD of three or more independent experiments. (* P < 0.05)
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Fig. 4. KU60648 enhances DNA damage when combined with IR in human OS cells
Representative confocal microscopy images of γH2AX foci 24 hours post-IR in cells treated 

with vehicle control, 5 Gy or 5 Gy plus 100 nM KU60648 (added 1 hour before IR) in 143B 

cells (A) and U2OS cells (B). Quantification of percentage of cells with > 20 γH2AX foci in 

cells treated with vehicle control, 100 nM KU60648 alone, 5 Gy or 5 Gy plus 100 nM 

KU60648 in 143B cells (C) and U2OS cells (D). Results are mean ± SD from 2 independent 

experiments. For each treatment group, >150 and >90 nuclei were counted for 143B and 

U2OS cells, respectively.
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