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Abstract

Nonhomologous end joining (NHEJ), one of the major DNA double‐strand break

repair pathways, plays a significant role in cancer cell proliferation and resistance to

radio and chemotherapeutic agents. Previously, we had described a small molecule

inhibitor, SCR7, which inhibited NHEJ in a DNA Ligase IV dependent manner. Here,

we report that SCR7 potentiates the effect of γ‐radiation (IR) that induces DNA

breaks as intermediates to eradicate cancer cells. Dose fractionation studies re-

vealed that coadministration of SCR7 and IR (0.5 Gy) in mice Dalton's lymphoma

(DLA) model led to a significant reduction in mice tumor cell proliferation, which

was equivalent to that observed for 2 Gy dose when both solid and liquid tumor

models were used. Besides, co‐treatment with SCR7 and 1Gy of IR further im-

proved the efficacy. Notably, there was no significant change in blood parameters,

kidney and liver functions upon combinatorial treatment of SCR7 and IR. Further,

the co‐treatment of SCR7 and IR resulted in a significant increase in unrepaired

DSBs within cancer cells compared to either of the agent alone. Anatomy, histology,

and other studies in tumor models confirmed the cumulative effects of both agents

in activating apoptotic pathways to induce cytotoxicity by modulating DNA damage

response and repair pathways. Thus, we report that SCR7 has the potential to

reduce the side effects of radiotherapy by lowering its effective dose ex vivo and in

mice tumor models, with implications in cancer therapy.
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1 | INTRODUCTION

DNA double‐strand breaks (DSBs) are among the most lethal

types of DNA damage occurring in a cell. DSBs can occur as in-

termediates of the recombination process or due to metabolic

stress and exposure to ionizing radiation (IR) or radiomimetic

compounds.1–6 When left unrepaired, DSBs can lead to chro-

mosomal rearrangements resulting in oncogenesis or cell

death.7–11 Organisms have evolved with several DNA repair

pathways such as homologous recombination, nonhomologous

end joining (NHEJ), microhomology‐mediated end joining for the

repair of DSBs. In higher eukaryotes, most DSBs generated in a

cell are repaired through the NHEJ pathway.12–18

During NHEJ, KU70/KU80 heterodimer recognizes and binds

to the broken DNA ends and recruit proteins such as DNA‐PKcs,
Artemis, and Pol µ or λ to the repair site, resulting in end‐
processing of the damaged DNA. Sealing of the DNA ends is

carried out by the Ligase IV–XRCC4–XLF complex, which is re-

tained on the DNA with the help of KU heterodimer along with

APLF.14–16,19–22 The other accessory proteins, such as APLF and

PAXX, are also believed to help assemble core NHEJ proteins

onto the broken DNA ends.6,21

Radiotherapy is one of the most common and effective re-

gimes used for cancer treatment, including breast cancer. Var-

ious reports suggest that surgery, along with radiation, can

significantly reduce the recurrence rate and mortality in breast

cancer.13,23 However, studies also indicate that IR alone may not

be sufficient to treat breast cancer.24

In classical Hodgkin's lymphoma and non‐Hodgkin's lym-

phoma (NHL), radiotherapy is often followed by chemotherapy.25

Although combination chemotherapy and immuno‐chemotherapy

have been shown to play a significant role in treating NHLs, ra-

diation therapy continues to play an essential role against ad-

vanced stage NHL.26,27 Studies suggest that consolidated

radiation therapy has a much better effect than R‐CHOP (che-

motherapy with rituximab or Rituxan, and cyclophosphamide,

doxorubicin, vincristine, and prednisone) alone treatment in

stage III‐IV DLBCL patients.26 High levels of DSB repair in DLBCL

contribute to radioresistance in cancer cells,18,28 which could be

counteracted by administering small molecules. Based on these,

it appears that radiosensitizers play a vital role in lowering the

radiation dose to which the lymphoma patients are exposed and

can help in reducing the side effects caused by radiation.

Although radiotherapy has successfully eradicated cancer

cells, the dose employed often affects normal healthy cells,

leading to multiple side effects.29 Irradiation of cells leads to

DSBs, as intermediates, which activate cell death pathways.30–33

Accumulating evidence suggests that deregulation of NHEJ pro-

teins in cancer cells confers resistance against γ‐radiation and

chemotherapeutic agents.18,24 Moreover, increased expression

of NHEJ proteins like KU70/KU80 and DNA‐PKcs have been

reported in various cancers and some of these were correlated

with radioresistance.28,34–37 Our recent analysis of patient data

using the UALCAN database has revealed elevated levels of

PRKDC (coding for DNA‐PKcs) in cholangiocarcinoma, sarcoma,

cervical and esophageal carcinoma, and up to a 2‐fold increase in

LIGASE4 (coding for DNA Ligase IV) in esophageal, head and neck

cancer and skin cancers, compared to normal samples.18 Poly-

morphisms in LIGASE4 and XRCC4 genes were reported in breast

cancers, whereas patients bearing Ligase IV mutations or lower

expression levels exhibited heightened radiosensitivity.38,39

Thus, the inhibition or downregulation of NHEJ in cancer cells

could be an effective strategy for sensitizing cancer cells to ra-

diation and specific chemotherapeutic agents.

In a previous study, we reported the design and character-

ization of SCR7, a novel small molecule inhibitor of DNA Ligase

IV.40 SCR7 blocked NHEJ in a DNA Ligase IV dependent manner

and inhibited tumor progression in multiple mouse models,

leading to an increased life span.40 Studies also indicated that

SCR7 showed promising potential to improve radio and che-

motherapy.28,40 We also observed that parental SCR7 could get

autocyclized to a stable form, which upon oxidation can result in

SCR7‐pyrazine.41 Further, water‐soluble versions of SCR7 and

pyrazine exhibited anticancer efficacy in cell lines and tumor

models.42–44 Our data revealed that both the forms of SCR7

could block NHEJ in a Ligase IV dependent manner, although the

cyclized version is Ligase IV specific inside the cells.6,41–45

In the present study, we find that combinatorial treatment

with SCR7 and radiation led to a ≥ 2‐fold reduction in the effec-

tive IR dose in multiple mouse tumor models and cancer cell lines.

Coadministration of SCR7 and radiation resulted in the accu-

mulation of unrepaired DSBs in cancer cells, activation of apop-

tosis, ultimately leading to cell death. Thus, SCR7 has the

potential to be used in tandem with radiotherapy to reduce side

effects by lowering the effective dose of radiation.

2 | MATERIALS AND METHODS

2.1 | Chemicals, reagents, and cell culture

Refer to Supporting Information for details.
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2.2 | Synthesis of SCR7

Cyclized version of SCR7 possessing the same molecular formula and

weight of parental SCR7 was prepared as described before40,41 and re-

ferred henceforth as SCR7. Refer to Supporting Information for details.

2.3 | Irradiation

Samples were irradiated using Cobalt‐60 gamma irradiator (BI 2000,

BRIT, India) as described before.46 Refer to Supporting Information for

details.

2.4 | Evaluation of cytotoxicity in combination
with radiation

To investigate the effect of SCR7 in combination with IR on cytotoxicity

of cancer cells, trypan blue exclusion andMTT assays were performed, as

described earlier.47–50 Refer to Supporting Information for details.

2.5 | Cell cycle analysis

Cell cycle analysis was performed in Nalm6 cells, as described

earlier.48,51,52 Refer to Supporting Information for details.

2.6 | Immunocytochemistry

Nalm6 cells (0.25×105) were cultured in six‐well plates for 24 h,

followed by treatment with SCR7 (100 µM) alone or in conjunction

with 0.25 Gy radiation. Dimethyl sulfoxide (DMSO)‐treated cells

served as control. After 24 h treatment, cells were harvested and

processed for immunocytochemistry.50,53,54 Refer to Supporting In-

formation for details.

2.7 | Neutral comet assay

Following treatment with SCR7 (100 µM) alone or in conjunction

with 0.25 Gy IR, Nalm6 cells (0.25×105) were cultured in six‐well

plates for 24 h and processed for comet assay as described.55–57

Refer to Supporting Information for details.

2.8 | In vivo experiments

2.8.1 | Ethics statement

Mice were maintained as per the principles and guidelines of

the ethical committee for animal care of the Indian Institute of

Science following Indian National Law on animal care and use.

The experimental design of the present study was approved by

the Institutional Animal Ethics Committee (CAF/Ethics/461/2015),

Indian Institute of Science, Bangalore, India.

2.9 | Animals

Swiss albino mice 6–8 weeks old, weighing 18–22 g were obtained and

were maintained as per the guidelines of the animal ethics committee

following Indian National Law on animal care and use in the animal

house, central animal facility, Indian Institute of Science (IISc), Bangalore,

India. Refer to Supporting Information for details.

2.10 | Induction of solid and liquid tumor with
Dalton's lymphoma ascites (DLA) cells

DLA tumor cells were used to develop both solid and liquid tumors in

mice, as described previously.40,58,59 Refer to Supporting Information for

details.

2.11 | Evaluation of the combinatorial effect of
SCR7 and γ‐irradiation on tumor mouse models

To evaluate the antiproliferative effects of SCR7 in conjunction with

radiation on tumor progression, mouse DLA tumor models (solid and

liquid) were used. The tumor progression was determined by

measuring the diameters of developing tumor using vernier calipers

once in 4 days and total tumor volume was calculated using the

formula V = 0.5ab2, where a and b indicate the major and minor

diameter, respectively.58,60–62 At the end of 20th day of the

treatment, a representative animal from each group was sacrificed

by cervical dislocation and tissues were collected and stored for

future experiments. Experiments were repeated for a minimum of

two independent times. Refer to Supporting Information for details

on DLA solid and liquid tumor models.

To check the longevity of the treated animals, the mice bearing DLA

tumors were maintained for a maximum of 45 days posttreatment and

then sacrificed. Mice treated with 0.5Gy radiation, SCR7 (10mg/kg), or

coadministered with both were used for the study (n=5, per group). The

percentage of survival was calculated and compared with that of control

animals. The survival pattern of treated animals was recorded to that of

tumor control, and % increase in lifespan was calculated using the for-

mula [(T−C)/C]*100, where T indicates the number of days the treated

animals survived up to their sacrifice period and C indicates the number

of days tumor animals survived.40,53,58,60–62

2.12 | Histopathological evaluation

Thigh and liver tissues were collected from normal (no tumor), untreated

mice with tumor, and tumor‐bearing mice posttreatment (SCR7 in
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conjunction with radiation) and processed for histological sectioning as

per standard protocols.60,63 Refer to Supporting Information for details.

2.13 | Western blot analysis

DLA‐induced mouse tumor samples treated with SCR7 in conjunction

with radiation were used for preparing cell extracts for western blot

analysis.64–66 Refer to Supporting Information for details.

2.14 | Linear quadratic model

Reduction in tumor volume following exposure to a particular dose (D) of

radiation often follows the Linear‐Quadratic Model.67–69 In the present

study, Linear Quadratic Model was plotted in GraphPad Prism ver7 using

the equation Y= exp (−1*[a*X+ b*X2]), where Y is the “fraction survival”

and X is the “dose.”

2.15 | Combination index (CI)

The CI was calculated by analyzing data using CompuSyn software for

automated computer simulation.70 Refer to Supporting Information for

details.

2.16 | Evaluation of toxic effects of SCR7 and
irradiation on mice

A total of 3 animals were used per group (SCR7 alone, IR alone [0.5, 1,

and 2Gy], SCR7+ IR [0.5Gy+SCR7, 1Gy+SCR7, and 2Gy+SCR7] given

as three fractions). SCR7 was injected intraperitoneally (10mg/kg; six

doses every alternate day). Three animals served as control. Mice were

sacrificed by cervical dislocation and blood analysis was performed as

described before.53,71 Refer to Supporting Information for details.

2.17 | Statistical analysis

The results are expressed with a standard error of the mean. All analyses

were done with GraphPad software using one‐way analysis of variance

or Student's t test. Statistical significance was considered as, ns: not

significant, *p< .05, **p< .005, ***p< .0001.

3 | RESULTS

3.1 | SCR7 potentiated the effect of IR in cancer
cells

Effect of the combinatorial potential of SCR7 (25, 50, and 100 μM)

along with radiation (0.25, 0.5, and 1Gy) was evaluated in Nalm6

cells, and the percentage of viable cells was plotted (Figure 1A).

Results showed that coadministration of SCR7 resulted in a sig-

nificant reduction in viable cells with all doses of radiation. While

SCR7 (25 μM) with 0.25 Gy radiation resulted in >50% cell death,

higher concentrations (50 and 100 μM) of SCR7 with radiation

(0.25 Gy) did not yield any viable cells (Figures 1A,B and S1). The

combination index and isobologram were analyzed using CompuSyn

software.70 CI obtained from the software was <0.48 for SCR7

(25 μM) in combination with IR (0.25 Gy), while at higher doses, va-

lues were <0.007, suggesting a synergistic effect (Figures 1A,B

and S1).

The effect of SCR7 (25, 50, and 100 μM) in combination with IR

(0.25, 0.5, and 1 Gy) was further evaluated in two other leukemic cell

lines, CEM and Molt4 (Figure 1C–F). It is important to note here that

IC50 of SCR7 in both CEM and Molt4 are >200 μM and 150 μM,

respectively (Figure 1C,E).40 Treatment with radiation alone did not

lead to any significant cell death in these cell lines, even at 1 Gy dose

(Figure 1C,E). SCR7 (100 μM) in combination with 0.25 and 0.5 Gy

did not lead to much cell death in CEM and Molt4, unlike in the case

of Nalm6. Interestingly, when SCR7 (50, 100 and 150 μM) was ad-

ministered in CEM in conjunction with 1 Gy IR, increased cell death

was observed in a dose dependent manner (Figure 1C). A combina-

tion of SCR7 (50 and 100 μM) with 1 Gy IR in Molt4 revealed >50%

cell death, as compared to either of the agents alone (Figure 1E). In

both cell lines, SCR7 with 1 Gy IR showed prominent cytotoxicity,

with CI < 1 suggesting synergism (Figure 1D,F).

3.2 | Cell cycle analysis reveals G2/M arrest
following combinatorial treatment of IR and SCR7

Cell cycle analysis was performed to examine the effect of SCR7 and

γ‐radiation on cell cycle progression following combinatorial treat-

ment. Nalm6 cells were subjected to flow cytometric analysis fol-

lowing treatment with SCR7 (50 and 100 µM) and radiation (0.25 Gy)

for 6, 12 and 24 h either alone or in combination (Figure 2A,B). Re-

sults showed a G2/M arrest following 6 and 12 h of irradiation, which

did not further increase in conjunction with SCR7, although an in-

crease in SubG1 population was evident (Figure 2A,B). The arrest

was reverted at 24 h time point, probably following the repair of

cellular DNA. However, there was no cell cycle arrest upon SCR7

treatment alone (Figure 2A,B). Thus, it is likely that the radiation

itself primarily contributed towards cell cycle arrest observed fol-

lowing combined treatment.

3.3 | Combinatorial treatment of SCR7 and IR
leads to the accumulation of DSBs within the cells

Since SCR7 is an inhibitor of NHEJ, we were interested in examining

whether it can elevate the level of DSBs induced by γ‐radiation by

abrogating DSB repair. The extent of DNA damage was assessed in

individual cells by performing a neutral comet assay. Results showed
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that Nalm6 cells treated with SCR7 in conjunction with radiation

exhibited extensive DNA damage compared to independent treat-

ment with SCR7 or irradiation (Figures 2C and 3C). The observed

increase in tail moment demonstrated an elevated DNA damage in

combination treated samples (Figures 2C and 3C). Thus, the above

data suggest that SCR7 can potentiate radiation‐induced DNA da-

mage by several folds by blocking residual DNA repair.

As phosphorylation of histone H2AX at serine 139 position is a

dominant response to DSB, resulting in the formation of γ‐H2AX foci,

immunofluorescence was performed after co‐treatment with SCR7

(100 μM) and IR (0.25 Gy) (Figures 3A,B and S2). Nalm6 cells upon

co‐treatment with SCR7 and IR showed a remarkable increase in the

number of γ‐H2AX foci than that induced by SCR7 or irradiation

alone, demonstrating the potential of SCR7 in accumulating DNA

damage generated by radiation (Figures 3A,B and S2), which was

consistent with our previous study.40,41

The combination potential of SCR7 and IR was further evaluated

in HeLa cells using another DNA DSB marker, 53BP1 specific to

NHEJ. HeLa cells were treated with SCR7 (100 μM) and IR (1 Gy),

with different recovery periods (1, 2, 6, 12 and 24 h) (Figure 3D).

Interestingly, a peak in the number of 53BP1 foci was observed at

2 h post treatment, which slowly decreased over time, and leveled at

24 h similar to that seen at 1 h. SCR7 alone showed an increase in the

number of foci at a later time point (>12 h). Although IR‐induced
breaks were seen as early as 1 h, the number of foci significantly

reduced after 6 h, and leveled at 12 and 24 h. This suggests that

although the breaks induced by IR alone were majorly repaired by

24 h, those induced by a combination of SCR7 and IR remained inside

the cells, culminating in cell death (Figures 3D,E and S3).

3.4 | SCR7 significantly lowered the effective dose
of radiation in the mouse DLA solid tumor model

Previously, we have observed that SCR7 inhibited tumor growth in

multiple mouse tumor models, and as a preliminary investigation, we

had noted that SCR7 could potentiate the effect of chemo and

radiotherapy.40 Recently, we showed that parental SCR7 and its

stable autocyclized form are structural isomers, and they possess

identical chemical formulas (C18H14N4OS), molecular weight, exact

mass, and the same number of protons.41 In the present study, we

used a DLA mouse solid tumor model, to investigate the effect of

SCR7 in combination with increasing IR doses.

SCR7 was administered on 12th day of tumor development.

While six doses of SCR7 (10mg/kg) were administered every alter-

nate day, two doses of γ‐radiation (0.5 or 1 Gy) were administered on

F IGURE 1 Effect of SCR7, when treated in combination with radiation on viability of cancer cells. (A) Effect of SCR7 (25, 50 and 100 μM)
alone and in combination with 0.25 Gy radiation in Nalm6 was plotted based on the percentage of viable cells post treatment. Cells were also
treated with 0.5 and 1 Gy radiation for comparison. Error bars denote mean ± SEM (ns, not significant, *p < .05, **p < .005, ***p < .001). (B)
Logarithmic combination index plot for determination of impact of SCR7 in combination with radiation in Nalm6 cells. (C) Effect of SCR7 (25,
50, 100 and 150 μM) alone and in combination with 1 Gy radiation in CEM was plotted based on the percentage of viable cells post treatment.
Cells were also treated with 0.25 and 0.5 Gy radiation for comparison. (D) Logarithmic combination index plot for determination of impact of
SCR7 in combination with radiation in CEM cells. (E) Effect of SCR7 (25, 50 and 100 μM) alone and in combination with 1 Gy radiation in Molt4

was plotted based on the percentage of viable cells post treatment. Cells were also treated with 0.25 and 0.5 Gy radiation for comparison. (F)
Logarithmic combination index plot for determination of impact of SCR7 in combination with radiation in Molt4 cells
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1st and 3rd day of SCR7 treatment (12th and 16th day of injection of

tumor cells) (Figure 4A). We observed a significant reduction in tu-

mor volume in the combination treatment compared to either SCR7

or irradiation alone (Figure 4B–D). Importantly, we observed that

SCR7 significantly potentiated tumor regression in combination

cases compared to individual treatment with 0.5 and 1 Gy of IR

(Figure 4B–D). Interestingly, the combination treatment of 0.5 Gy of

IR and SCR7 resulted in >2‐fold improvement in radiation sensitivity

compared to 0.5 Gy alone (Figure 4B), which was equivalent to a

dose of 1 Gy (Figure 4B,E). When SCR7 was combined with 1 Gy of

IR, it improved the efficacy of radiation by >2‐fold, equivalent to or

even higher than 2 Gy irradiation alone (Figure 4C). The impact was

even more pronounced when tumor regression was analyzed on 24th

day (Figure 4E,F). Further, plotting of tumor volume against days of

tumor development for DLA as a nonlinear quadratic graph revealed

that treatment of 0.5 Gy combined with SCR7 exhibited an effect

equivalent to that of 2 Gy alone (Figure 4G).

3.5 | SCR7 potentiated the effect of radiation in
the DLA mouse liquid tumor model and improved the
survivability of animals

A significant reduction in tumor volume was observed upon coad-

ministration of SCR7 with 0.5 or 1 Gy of radiation, compared to that

of IR alone, when the DLA liquid tumor model was used for the study

(Figure 5A–C). Interestingly, a combination of 0.5 Gy IR and SCR7

resulted in tumor regression, with >2‐fold more radiation sensitivity

than 2 Gy radiation (Figure 5A). Besides, co‐treatment of SCR7 with

1 Gy IR led to >2‐fold improvement in radiation sensitivity compared

to same dose of radiation alone (Figure 5B,C).

We examined the effect of combined treatment on the survival

of mice until 45 days following coadministration of 0.5 Gy IR and

SCR7 in the DLA tumor model. Results showed that while all un-

treated mice died due to tumor by 42nd day (control), all the mice

that underwent combination treatment survived till the entire

F IGURE 2 Evaluation of generation of DNA double‐strand breaks (DSBs) within cells and assessment of cell cycle progression following

coadministration of IR and SCR7. (A, B) Bar graph depicting cell cycle analysis following treatment with 50 µM (A) and 100 µM (B) SCR7 alone
or in combination with IR (0.25 Gy) after 6, 12 and 24 h of treatment in Nalm6 cells. Error bar indicates standard deviation based on four
independent experiments. (C) Representative images depicting comet assay in Nalm6 cells treated with 0.25 Gy in conjunction with SCR7
(100 µM) for a period of 24 h. Cells were electrophoresed for 25min at 12 V followed by staining with propidium iodide (red). Each experiment
was repeated a minimum of three times
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experimental period. In contrast, the survival rate was only ~60% in

the IR alone treated animals (Figure 5E).

The gross appearance of thigh, liver, and spleen from independent

treatment groups showed distinct differences in the morphology of tis-

sues following combinatorial treatment (0.5Gy IR and SCR7), compar-

able to that of a normal mouse (Figure 5F). Untreated solid tumor control

showed thigh tissues with infiltrated tumor cells and exhibited an in-

crease in the size of the spleen. Although treatment with SCR7 and IR

independently reduced tumor size, the effect was more prominent upon

coadministration (Figure 5F). Organs like the liver exhibited no distinct

morphological difference between normal, untreated, and treated ani-

mals (Figure 5F).

Histological evaluation of untreated and treated tumor mice (0.5Gy,

on 20th day of treatment) exhibited thigh muscles highly infiltrated with

tumor cells. In contrast, the number of dividing cells decreased upon

SCR7 treatment (Figure 6A). Histology of the cotreated samples was

similar to that of normal thigh section with intact skeletal muscles

(Figure 6A). Histochemical analysis of liver section of treated mice

showed no apparent structural changes than untreated tumor bearing

and normal mice, further suggesting no side effects (Figure 6B). There-

fore, these results demonstrate that SCR7 can potentiate radiotherapy,

and coadministration can bring down the effective dose of radiation

by 50%.

3.6 | Combinatorial administration of SCR7 and IR
did not cause significant toxicity in mouse

Previously, different studies have reported a decrease in hematological

parameters like Platelets, WBCs, Lymphocytes, Neutrophils,

F IGURE 3 Evaluation of generation of DNA double‐strand breaks (DSBs) within cells using DNA damage markers following
coadministration of IR and SCR7. (A) Representative images depicting γ‐H2AX foci formation in Nalm6 cells treated with 0.25 Gy IR, along with
SCR7 (100 µM) for a period of 24 h. Control cells were sham irradiated and dimethyl sulfoxide (DMSO)‐treated cells served as vehicle control.
γ‐H2AX is immunostained using fluorescein isothiocyanate (FITC) (green), whereas the nucleus is counterstained with propidium iodide (red).
Each experiment was repeated a minimum of three independent times. (B) Bar graph showing an average number of γ‐H2AX foci per cell. A

minimum of 100 cells were analyzed per group and foci per cell were plotted as a bar graph showing mean ± SEM (ns: not significant, *p < .05,
**p < .005, ***p < .0001). (C) Scatter plot showing tail moment of Nalm6 cells as calculated and analyzed by CometScore software depicting
mean ± SEM (ns: not significant, *p < .05, **p < .005, ***p < .0001). (D) Bar graphs depicting number of 53BP1 foci in HeLa cells post treatment
with SCR7 (100 µM) and radiation (1 Gy) alone or combination and recovery period of 1, 2, 6, 12 and 24 h. (E) Representative images showing
53BP1 foci in HeLa cells treated with SCR7 (100 µM) and radiation (1 Gy) alone or in combination and recovery period of 6 h
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post‐irradiation and so forth.72–76 Consistent with this, blood parameters

analysis showed a noticeable reduction in WBC levels, RBC, and he-

moglobin, particularly at the highest dose, when Swiss albino mice were

irradiated (0.5, 1, and 2Gy × 3 doses) (Table 1). However, when mice

were exposed to IR and SCR7, the effect onWBC and RBC was marginal

even at the highest dose used in the study. Further, there was no re-

duction in the levels of Platelets, Neutrophils, and Lymphocytes, com-

parable to that of vehicle control‐treated animal groups or within an

acceptable normal range (Table 1).

When kidney function was analyzed following the combined

treatment of IR and SCR7, there was no significant difference in

creatinine, blood urea nitrogen (BUN), uric acid, and phosphorous

compared to normal range (Table 2). Upon serum analysis for he-

patotoxicity, we found that parameters like SGPT/ALT, ALP, and

bilirubin levels decreased in a dose‐dependent manner following

exposure to IR. However, there was no effect when mice were

treated with both SCR7 and radiation, and the levels were compar-

able to the accepted range (Table 3).

3.7 | Combinatorial treatment of SCR7 with IR
modulates the expression of DNA damage and
apoptotic proteins

Evaluation of DNA damage response was performed upon treatment

of mice bearing DLA tumor with SCR7 (10mg/kg) and radiation (0.5

and 1 Gy). Immunoblotting of tumor extracts prepared from SCR7

and IR treated samples showed an elevated expression of NHEJ

protein levels KU70, KU80, and LIGASE IV were also observed in the

combination cases (Figures 7A and S4). Previous reports have re-

vealed an upregulation of KU70 upon irradiation leading to its ac-

cumulation in the nucleus.77 This mechanism is p53 and ATM

F IGURE 4 Impact of administration of SCR7 on radiation induced tumor regression in mouse Dalton's lymphoma (DLA) solid tumor model.
(A) The experimental strategy used for assessing antitumor effect of SCR7 in combination with radiation in mice. Swiss albino mice were
injected with DLA tumor cells, followed by administration of six doses of SCR7 (10mg/kg), every alternate day starting from 12th day post tumor
injection (0th day of tumor measurement). Mice were treated with radiation (0.5 and 1Gy, two doses) on the 12th and 16th day of tumor
development, followed by monitoring of tumor growth and/or survival for each group. (B‐C) Bar graphs depicting DLA tumor progression after
16 days in mice exposed to various doses of γ‐radiation either alone, or in conjunction with SCR7 (10mg/kg). Mice were irradiated with 0.5 (B) and
1Gy (C) of γ‐rays, on 1st and 3rd day of SCR7 administration (ns: not significant, *p < .05, **p < .005, ***p < .0001). (D) Bar graph depicting fold
change in radiation sensitivity induced by SCR7 in mouse tumor models on 16th day of tumor measurement when combined with 0.5 or 1Gy.
(E‐F) Bar graphs depicting DLA tumor progression after 24 days in mice exposed to γ‐radiation alone or in conjunction with SCR7 (10mg/kg).
Mice were irradiated with 0.5 (E) and 1Gy (F) of γ rays, on 1st and 3rd day of SCR7 administration (ns: not significant, *p < .05, **p < .005,
***p < .0001). (G) Linear‐quadratic model showing percent survival of mice treated with different doses of radiation and combination of SCR7 with
radiation. Each point represents the mean ± SD of eight animals. The curve represents the results of the linear‐quadratic fit to the data

8 | GOPALAKRISHNAN ET AL.



dependent. Few other studies also revealed that radiosensitivity in

tumors with a high level of KU might be due to the mutation or

downregulation of other DNA‐damage sensing or repair proteins.78

Further, upon treatment with SCR7 in conjunction with 0.5 Gy

IR, elevated levels of proteins involved in regulating apoptotic

pathways in cancer cells, such as p‐c‐JUN, p‐MEK1/2, p38

MAPK,79,80 were observed compared to alone cases (Figure 7B).

Elevated p‐AKT level was observed upon combined treatment with

0.5 and 1 Gy IR (Figure 7B). Previous reports have revealed the

phosphorylation state of p38 mitogen‐activated protein kinase (P38

MAPK) upon exposure to radiation.80–82 In cases where P38 MAPK

activation was observed following exposure to IR, the P38 γ isoform

was proposed to play an important role in causing radiation‐induced
and ATM‐dependent G2/M arrest.83

Alterations in apoptotic protein expression were further eval-

uated in cotreated groups of SCR7 and IR (0.5 and 1Gy) (Figures 7C

and S4). Levels of PARP1 and cleaved PARP1 were observed to in-

crease in combination cases compared to control. Likewise, activated

or cleaved forms of CASPASEs 3 and 9 further increased with SCR7

and radiation (both 0.5 and 1 Gy), thus suggesting activation of the

intrinsic pathway of apoptosis (Figure 7C). Overall, CASPASE 3 also

increased with 0.5 Gy IR, although not much improvement was ob-

served with 1 Gy and SCR7. Elevated levels of cleaved CASPASE 8

were also seen in cotreated groups, suggesting the involvement of

the extrinsic pathway. Interestingly, XRCC4 was observed to un-

dergo phosphorylation and cleavage in the case of radiation alone,

which further increased in combination with SCR7 (Figure 7C). The

antiapoptotic protein BCL2 was shown to be reduced with SCR7 and

1Gy radiation. Altogether, immunoblotting results suggest that

SCR7 treatment with radiation in mice tumor models could accu-

mulate unrepaired breaks, leading to activation of DNA damage re-

sponse, and intrinsic and extrinsic pathways of apoptosis.

F IGURE 5 Evaluation of the impact of coadministration of SCR7 and ionizing radiation (IR) in mice bearing Dalton's lymphoma (DLA) liquid
tumor. (A) Bar graph indicating tumor progression in mice after 12 days following independent treatment with SCR7 (10mg/kg) in presence or
absence of IR (0.5 Gy, 2 doses) in DLA liquid tumor model. IR was given on 1st and 3rd day of SCR7 treatment (i.e., 12th and 16th day of
injection of tumor cells). “Tumor induced body weight change” indicates an increase in body weight due to overall increase in the burden of the
liquid tumor, calculated by subtracting the normal weight of same aged animals from the actual weight of experimental animals to obtain the
body weight increase due to tumor progression). (B) Bar graphs indicating tumor progression of DLA in mice treated with 1 Gy IR in conjunction
with SCR7 (10mg/kg) (ns: not significant, *p < .05, **p < .005, ***p < .0001). (C) Linear‐quadratic model showing percent survival of DLA liquid
tumor model treated with different doses of radiation in combination with SCR7. Each point represents the mean ± SD of eight animals. The

curve represents the results of the linear‐quadratic fit to the data. (D) Bar graph depicting fold change in radiation sensitivity induced by SCR7
in mouse liquid DLA tumor model on 12th day of tumor measurement when combined with 0.5 or 1 Gy (two doses) of IR. (E) Kaplan‐Meier
survival curve showing lifespan of mice bearing DLA tumor following co‐treatment with six doses of SCR7 (10mg/kg) and two doses of IR
(0.5 Gy) or either of them alone. Untreated tumor group is indicated in red (“control”), irradiation group in blue, SCR7 treated group in orange
and combination treated group in black. Survival of mice was monitored for a period of 45 days. Each experiment was repeated twice
independently with 5 animals per group. (F) Gross appearance of thigh tissue/tumor, liver and spleen dissected out from normal mouse,
untreated tumor‐induced mouse, and those treated with radiation (0.5 Gy; two doses), SCR7 (10mg/kg; six doses) or both
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4 | DISCUSSION

SCR7, the selective and potent DNA Ligase IV/XRCC4 inhibitor identified

from our laboratory, was previously reported to inhibit end resealing in

NHEJ, both in vitro and in vivo.28,40 Further, forms of SCR7, such as the

autocyclized version (SCR7‐cyclized) and an oxidized version (SCR7‐
pyrazine), also exhibited Ligase IV dependent effects, although the for-

mer was more specific inside cells.18,41,84 Water‐soluble versions, SCR7‐
pyrazine (Na‐SCR7‐P) and SCR7, and the spiro‐derivative SCR130 ex-

hibited Ligase IV dependent cytotoxicity in several cancer cell lines with

accumulated double‐strand breaks.42,43,85 Apart from biochemical in-

hibition of NHEJ, SCR7 was used as a therapeutic agent to sensitize

resistant cancers to chemotherapy and radiation; for instance, SCR7 was

shown to improve the effects of radiation in DLBCL, doxorubicin in

cervical cancer, and melphalan in skin cancer.18,28,84,86 In this line, in the

present study, we evaluated the antitumor efficacy of SCR7 in conjunc-

tion with different doses of radiation, thereby reducing the overall dose

rate and improving survivability.

4.1 | SCR7 augments the DNA damage induced by
radiation

Radiotherapy is one of the most common and well‐accepted treat-

ment modalities against cancer. Radiation kills the cancer cells by

inducing single‐ and double‐strand breaks as intermediates.32,33,87

Evaluation of cytotoxicity of SCR7 with radiation in cancer cells re-

vealed that SCR7 at concentrations as low as 25 μM could lead to

>50% cell death with 0.25 Gy IR. This synergistic effect in cancer cell

lines was further pronounced when 50 and 100 μM SCR7 was used

together with 0.25 Gy IR. Inhibition of NHEJ inside cells by SCR7,

following irradiation, led to the accumulation of unrepaired DSBs

measurable by comet assay and immunofluorescence of γ‐H2AX and

53BP1 inside cells. Interestingly, while the damage induced by IR was

mostly repaired at early timepoints, effect of the combination of

SCR7 and IR remained till 24 h, resulting in the accumulation of DSBs

inside the cells. The DSBs resulted in the activation of a cascade of

DNA damage response (DDR) events, which directed a coordinated

F IGURE 6 Effect of co‐treatment of ionizing radiation (IR) and SCR7 in DLA mouse tumor model. (A) Representative images depicting
HE staining of thigh tissue/tumor sections from mice after treatment with radiation (0.5 Gy; two doses), SCR7 (10mg/kg; six doses) or
both. All images shown represent ×10 and ×20 magnification. Arrow heads denote tumor cells. (B) Representative images showing ×10 (upper
panel) and ×20 (lower panel) view of liver histology performed on 20th day of tumor development from normal group, 0.5 Gy + SCR7 and
1 Gy + SCR7 combination treatment groups, respectively
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series of signaling, thereby regulating the repair of DNA lesions.14,88

Upon accumulation of DSBs, the MRN complex interacts with DNA

ends, which recruits ATM to the DSB site, triggering ATM activa-

tion.89 Activated ATM phosphorylates p53, a tumor suppressor

protein, and H2AX, a dominant response to DSBs.90 This phosphor-

ylation is a prerequisite for binding MDC1 (through its BRCT do-

main) and the subsequent accumulation of various DDR factors at

DNA lesions. Irradiation, along with SCR7 treatment, leads to en-

hanced DNA‐PKcs mediated phosphorylation of XRCC4, implying

that SCR7 indeed contributes to the DNA damaging effects exerted

by irradiation. Thus, SCR7, in combination with radiation, leads to

enhanced DNA damage, as shown by comet assay and an increased

number of γ‐H2AX foci, followed by upregulation of NHEJ proteins

compared to the respective individual treatments, implying that

SCR7 indeed augments radiation effects.

4.2 | SCR7 brings down the effective dose of
radiation in mouse tumor models significantly by
activating apoptotic pathways

Administration of SCR7 reduced the effective dose of radiation by at

least 50% in both the mice solid and liquid tumor models tested.

Administration of a dose of 0.5 Gy IR combined with SCR7 (10mg/kg)

showed inhibition of tumor growth with an efficiency better than that

of IR dose (2Gy) in the case of DLA tumor. Similarly, a dose of 0.5 Gy

of radiation when combined with SCR7 showed an effect equivalent to

1Gy. This enhanced effect is primarily because of inhibition of residual

repair of DSBs following irradiation resulting in accumulation of

breaks, as discussed above. In addition to this, we observed activation

of both intrinsic and extrinsic pathways of apoptosis in DLA solid

tumors treated with SCR7 alongside radiation. We also observed

phosphorylation and cleavage of XRCC4 in co‐treatment groups. The

combination treatment further led to the downregulation of BCL2, an

antiapoptotic protein essential for activating the apoptotic pathway.40

Observed activation of Caspases resulted in cleavage of PARP1 fol-

lowed by DNA fragmentation and eventually cell death, which is

consistent with previous studies.40,91 In one of our previous reports 40

we have further showed by TUNEL assay on tumor tissues that DNA

fragmentation as a result of apoptotic signaling cascades resulted in a

significant elimination of tumor cells following combination treat-

ments. Thus, the combination of SCR7 and radiation can sensitize

cancer cells by augmenting the DNA damaging effects exerted by

γ‐radiation through effective blocking of NHEJ and by inducing

multiple pathways of apoptosis.

4.3 | SCR7 can improve the efficacy of radiation
by reducing the side effects

Although radiotherapy is used effectively for treating many cancers,

including breast cancer and lymphoma, it often causes side effects,

like other cancer therapeutic regimes. Side effects differ forT
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individuals based on the type of cancer and general health of a

person, including the immune system's effectiveness. Consistent with

this, we have also seen variability in sensitivity towards both radia-

tion and SCR7 in animal models. Although newer technologies are

used for irradiation with precision, the higher doses used during

therapy can damage normal cells, in addition to the actual target i.e.,

the cancer cells. Generally, multiples of 2 Gy of radiation per day are

given in multiple sessions to patients.24,92 Combining a therapeutic

agent targeting an important DNA repair pathway in cancer with

gold standard treatment modalities such as radiation could improve

the efficacy.

Using various mice tumor models, our study revealed that SCR7

could bring down the radiation dose by at least 50%. We also ob-

served that mice receiving a co‐treatment of SCR7 and radiation did

not develop any side effects, as observed from blood parameters,

kidney‐function tests, and histological analysis of tissues, which is

indeed remarkable since it might help in significantly reducing the

side effects of radiotherapy if extended to cancer patients. Although

further studies are required before these findings could be extended

to clinics, it is indeed a promising lead and needs to be explored

further.
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F IGURE 7 Mechanism of antitumor effects induced upon combinatorial treatment of ionizing radiation (IR) and SCR7. (A) Western blot

analysis of DNA repair proteins (KU70, KU80, and Ligase IV) in Dalton's lymphoma (DLA) tumor‐induced mice upon treatment with six doses of
SCR7 (10mg/kg) and two doses each of IR (0.5 and 1 Gy). Each experiment was repeated a minimum of two independent times and the
representative blot has been shown. Ponceau stained membrane served as the loading control. (B) Western blot analysis for MAP Kinase
pathway proteins that are activated by ROS generated from ionizing radiation. (C) Western blot images showing the mechanism of apoptosis
upon coadministration of SCR7 and IR in tumor‐bearing mice as assessed on 20th day of tumor measurement. Ponceau stained membrane
served as the loading control in all the cases
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