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We reported previously that the BET inhibitor (BETi) JQ1 decreases levels of the DNA repair protein RAD51 and that this decrease is concomitant with increased levels of DNA damage. Based on these findings, we hypothesized that a BETi would augment DNA damage produced by radiation and function as a radiosensitizer. We used clonogenic assays to evaluate the effect of JQ1 ± ionizing radiation (IR) on three pancreatic cancer cell lines in vitro. We performed immunofluorescence assays to assess the impact of JQ1 ± IR on DNA damage as reflected by levels of the DNA damage marker γH2AX, and immunoblots to assess levels of the DNA repair protein RAD51. We also compared the effect of these agents on the clonogenic potential of transfectants that expressed contrasting levels of the principle molecular targets of JQ1 (BRD2, BRD4) to determine whether levels of these BET proteins affected sensitivity to JQ1 ± IR. The data show that JQ1 + IR decreased the clonogenic potential of pancreatic cancer cells more than either modality alone. This anticlonogenic effect was associated with increased DNA damage and decreased levels of RAD51. Further, lower levels of BRD2 or BRD4 increased sensitivity to JQ1 and JQ1 + IR, suggesting that pre-treatment levels of BRD2 or BRD4 may predict sensitivity to a BETi or to a BETi + IR. We suggest that a BETi + IR merits evaluation as therapy prior to surgery for pancreatic cancer patients with borderline resectable disease.
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Introduction

Pancreatic cancer (PC) is estimated to become the second leading cause of cancer related deaths in the United States in the next decade (1). The 5-year survival for patients with PC is ~10% (2). Surgical resection is the only potentially curative treatment, but only ~20% of patients are eligible for resection at diagnosis (3, 4). Criteria that determine eligibility for surgical resection have included absence of metastatic lesions and limited invasion into arteries of the mesenteric-portal axis (5). Several approaches to increase the number of eligible cases for resection have been evaluated for patients with pancreatic ductal adenocarcinoma (PDAC), the most common form of PC. For example, combinations of a radiosensitizing agent and radiotherapy increases the number of patients with nonmetastatic disease that are eligible for resection, based on assessments that negative margin resection is possible post treatment (6–8). Two noteworthy studies evaluated the benefits of combining radiation with 5-fluorouracil (5-FU) or with FOLFIRINOX (5-FU, oxaliplatin, irinotecan, and leucovorin). The first, a prospective study, addressed the benefit of preoperative 5-FU + IR (50.4-56 gy) in borderline resectable PC. The study was conducted with 15 patients in 2001 by Mehta and colleagues (9). This approach converted 9/15 (60%) patients from surgically ineligible to eligible. The second, a retrospective study in 2014 by Christians, et al. analyzed the potential benefit for PC patients of FOLFIRINOX followed by gemcitabine or capecitabine and radiation (50.4 gy) (10). Twelve out of eighteen patients met the criteria for resection post therapy and had subsequent margin negative resections. Of these 12 patients, 7 were alive at termination of study 35 months post resection, and 5 of the 7 had no evidence of disease 18-35 months after diagnosis. Our study addresses whether the BETi JQ1, which we have shown to have anti-tumor efficacy as a single agent in preclinical models of PDAC, is also a radiosensitizer.

JQ1 inhibits the activity of BET bromodomain proteins (BRD2/3/4) by competitively inhibiting the association of BET proteins with acetylated lysine residues of binding partners (11). BRD2 and BRD4 are the main targets of BET inhibitors (12). The most well characterized effect of BET inhibitors is a decrease in binding of BET-dependent transcriptional complexes to promoter and enhancer regions of specific genes (13, 14). This inhibition, in turn, decreases expression of genes dependent on this mechanism of transcription. Recent literature suggests BET inhibitors may also decrease DNA repair mechanisms that depend on BRD4 activity (15–17). Consistent with this finding, we have shown that JQ1 increases levels of the DNA damage marker γH2AX and decreases expression of the NHEJ DNA repair protein Ku80 and the HR DNA repair protein RAD51 in models of PDAC of human origin (18).

Work presented here addresses whether JQ1 functions as a radiosensitizer in PC models in vitro and whether inhibition of BET protein activity or downregulation of BRD2 or BRD4 expression contributes to the potency of this combination. The work is based on the hypothesis that JQ1-mediated decreases in BET activity and consequent DNA repair deficiency sensitize PC cells to ionizing radiation. The long-range goal of the work is to determine if BET inhibition + IR comprises an effective pre-surgical treatment for patients that present with borderline resectable PDAC.



Materials and Methods


Cell Culture and Chemicals

Panc1, BxPC3, and MiaPaCa2 PC cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM (Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA) and 2 mM L-glutamine (Fisher Scientific). Each PC cell line was tested for mycoplasma using MycoAlert™ Plus Detection Kit (Lonza, Walkersville, MD, USA) and were negative. JQ1 (HY-13030, MedChem Express, Monmouth Junction, NJ, USA) stock solutions were prepared in DMSO, and diluted to the appropriate concentration in complete DMEM media. Vehicle control was DMSO (<0.01%).



Clonogenic Assay

PC cells were plated in 24-well plates (Panc1: 250 cells/well, BxPC3: 400 cells/well, and MiaPaCa2: 200 cells/well) and allowed to adhere for 24h. After being exposed to JQ1 for 72h or 120h and then irradiated (IR), cells were propagated in drug-free media for the equivalent of 5-6 cell doubling times (doubling times: Panc1, 48 hours; BxPC3, 52 hours; MiaPaCa2, 30 hours.). Cells were stained with crystal violet (0.025%) at 10, 14 and 7 days after exposure to drug. Quantification was performed by counting stained colonies of >50 cells, using an Olympus CK2 microscope (Olympus Scientific Solutions Americas Corp., Waltham, MA, USA). The plating efficiency (PE) was calculated as: PE = (number of colonies counted)/(number of cells plated). The clonogenic survival fraction (SF) for each treatment was calculated as: SF = [(# of colonies counted)/(# cells plated x PE) x 100] (15, 19–21). Data are reported as average survival fraction ± SEM.



Immunoblot

Cells were plated (3 x105 cells/well) in 6-well plates and allowed to adhere for 24h, exposed to JQ1 for 48h, and then irradiated (IR). Cells were harvested 1h or 24h post IR. Whole cell lysates were prepared in NP-40 containing protease inhibitors (Fisher Scientific). Primary antibodies used were: Cleaved-PARP (5625, Cell Signaling, Denvers, MA, 1:1,000), γH2AX (9718S, Cell Signaling, 1:1,000), RAD51 (ab88572, Abcam, Waltham, MA, 1:1,000), GAPDH (97166, Cell Signaling, 1:10,000), BRD2 (5848, Cell Signaling, 1:1,000) and BRD4 (13440, Cell Signaling, 1:1,000). Secondary antibodies used were: HRP goat anti-rabbit IgG (6721, Abcam, 1:50,000) and HRP anti-mouse IgG (7076, Cell Signaling, 1:5,000). Immunoblots were quantitated using ImageJ software. Data were normalized to respective loading controls and then to the DMSO control.



Immunofluorescence

BxPC3 cells were seeded (1 x 104 cells/well) on chamber slides (Lab-Tek®, Rochester, NY, USA) and incubated under standard conditions for 24h prior to drug or IR exposure. Cells were then exposed to JQ1 for 48h + 0, 4, or 8 gy IR and resuspended in drug-free medium for 1 or 24 hours, as indicated. At harvest, cells were washed with PBS, fixed with 10% neutral buffered formalin (NBF) (Fisher Scientific), and permeabilized with 0.1% Triton x-100 (Fisher Scientific). Blocking of non-specific binding was performed in 2% bovine serum albumin (BSA) (Fisher Scientific). γH2AX foci (05-636, Millipore Sigma, Burlington, MA, 1:500) were detected using AlexFluor 488 nm donkey anti-rabbit conjugated secondary antibody (1:500), and nuclei were stained with DAPI (1:20,000). Images were taken using a Zeiss Observer Z.1 microscope and photomicrographs were processed with Zen 2011 Blue imaging software (Zeiss, Dublin, CA, USA).



Generation of Stable Transfectants

The protocol used to generate stable transfectants of Panc1 cells that express contrasting levels of BRD2 or BRD4 is published (18). Briefly, Panc1 cells were transfected using PEI (Polysciences Inc., Warrington, VA, USA) and Mission shRNA (Millipore Sigma) targeting BRD2 or BRD4. shGFP served as vector control (Addgene, Watertown, MA, USA). Selection of stable transfectants was carried out using 10 μg/ml puromycin (ENZO Life Sciences, Farmingdale, NY, USA).



Irradiation

Radiation experiments were carried out using a Kimtron IC-320 Series Biological Irradiator (Kimtron Medical Inc., Oxford, CT, USA). Cells were exposed to 4 or 8 gy IR using a 320 kV x-ray tube with a maximum output of 3200 watts, with parameters set on the SC-500 Series II controller (Kimtron Medical Inc.). In addition, the IR dose was also measured by a PTW Unidose E dosimeter (PTW, Freiburg, Germany).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 and 9.0 (San Diego, CA, USA). Quantitation of clonogenic assays, IF assays for BxPC3 cells and IB for Panc1, MiaPaCa2 cells was done using one-way ANOVA followed by Tukey multiple comparisons. P<0.05 was considered significant. All experiments were done a minimum of three times.




Results


JQ1 + IR Reduced Clonogenic Potential More Than JQ1 or IR as a Single Modality

Clonogenic assays reflect cell reproductive capacity and are used as in vitro assessments of efficacy of IR and chemotherapeutic agents (20). We performed clonogenic assays using three PC cell lines to evaluate whether the combination of JQ1 + IR was more effective than either modality alone (Figure 1). The two concentrations of JQ1 used for each cell line reflect the approximate IC25 and IC50 for that cell line at two different exposure times. The two exposure times, 72h or 120h, were used to compare the impact of JQ1 at a higher dose for a shorter time with a lower dose for a longer time (Figure 1A). We used two doses of IR, 4 or 8 gy, to determine if increasing the dose provided added benefit when combined with a lower vs higher dose of JQ1. All concentrations used for JQ1 are achievable in plasma of murine models at nontoxic doses (22). Immediately after IR, cells were placed in drug-free media and propagated for an additional 5-6 cell doubling times (7-14 days, depending on the cell line).




Figure 1 | The combination of JQ1 + IR reduces clonogenic potential more than JQ1 or IR as a single modality. (A) Schematic of the clonogenic assay protocol. Cells were exposed to JQ1 for 72h and 120h. (B, C) Images of representative plates showing colonies produced by Panc1 cells at (B) 72 hours or (C) 120 hours exposure to JQ1 ± IR. (D, E) Images of representative plates showing colonies (left panel) and survival fraction (right panel) of BxPC3 cells at (D) 72 hours or (E) 120 hours after treatment. (F, G) Images of representative plates showing colonies (left panel) and survival fraction (right panel) of MiaPaCa2 cells at (F) 72 hours or (G) 120 hours after treatment. Data are reported as average survival fraction ± SEM, as shown on bar graphs to the right of each plate image. One-way ANOVA followed by Tukey multi comparison analysis was performed as described in Materials and Methods. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.



Panc1 cells. Cells that were not exposed to JQ1 or IR (control) produced 40 ± 1 colonies. IR alone, 4 or 8 gy, reduced clonogenic survival fraction by 37% and 64%, respectively, compared to control (no JQ1 or IR). Exposure to JQ1 alone produced a dose-dependent reduction in colony number of ~32-56% compared to controls (p<0.0001) (Figure 1B). The combination of JQ1 + IR at all doses used was more effective than either modality alone. Notably, cells exposed to 8gy IR + 20 µM JQ1 for 72h or to 8 gy IR + 0.55 or 3 µM JQ1 for 120h completely suppressed colony formation. (Figures 1B, C). The data demonstrate that, in combination with each dose and time of JQ1 evaluated, 8 gy IR provided greater inhibition of clonogenic potential in vitro than 4 gy.

BxPC3 cells. Control BxPC3 cells produced 22 ± 1 colonies. 4 or 8 gy IR reduced colony number by 21% or 57%, respectively (Figure 1D). JQ1 alone (2 or 8 µM) decreased survival fraction by 39-82%, respectively. Similar to Panc1 cells, the combination of JQ1 + IR was more effective than either agent alone: BxPC3 survival fraction was completely inhibited when exposed to 4 gy IR + 8 µM JQ1 or 8 gy IR + 2 µM or 8 gy IR + 8 µM JQ1 at 72h (Figure 1D). A similar additive effect was seen in cells exposed to the lower doses of JQ1 for 120h (Figure 1E).

MiaPaca2 cells. Control MiaPaCa2 cells produced 24 ± 1 colonies. Radiation (4 or 8 gy) as a single treatment reduced survival fraction by 18%, or 56%, respectively (Figure 1F). JQ1 (80 or 250 nM) as a single modality decreased colony number by 41%, 50%, respectively. The combination decreased survival fraction by 58-99% compared to control (Figure 1F). As seen with Panc1 and BxPC3 cells, survival fraction was reduced to 99% following exposure to 8 gy IR + 250 nM JQ1 for 72h. Similar results were observed with cells exposed to JQ1 for 120h (Figure 1G).

Taken together, the data show that a higher dose of JQ1 x shorter exposure (72h) + IR and a lower dose of JQ1 x longer exposure (120h) + IR had similar impact on colony numbers. Further, concentrations of the BETi JQ1 achievable in murine plasma (up to 24 µM) at nontoxic doses can be effectively combined with IR to decrease the clonogenic potential of PC cells (22).



Immunofluorescence Data Demonstrate That JQ1 + IR Increased Levels of the DNA Damage Marker γH2AX and Decreased Levels of the DNA Repair Protein RAD51 in BxPC3 Cells

BET-associated transcription complexes regulate expression of many genes. We showed previously that JQ1 decreased expression of DNA repair proteins Ku80 and RAD51 in in vivo PDAC models (18). We also reported that JQ1 increased levels of DNA damage, as reflected by an increase in levels of the damage marker γH2AX (18, 23). These observations suggested that JQ1 interferes with DNA damage repair. We performed immunofluorescence (IF) and immunoblot (IB) assays to determine whether IR enhanced these two known effects of the BETi JQ1 in BxPC3 PC cells. Doses of JQ1, 2 or 8 µM represent approximate IC25 and IC50 concentrations for this cell line. The exposure time of 48h was based on laboratory experience indicating that increases in γH2AX are readily detectable 48h after exposure to JQ1.

Cells were exposed to JQ1 for 48h and irradiated. Analyses were performed at 1h and at 24h post IR (Figure 2A). We used IF to evaluate formation of γH2AX foci as a measure of DNA damage in BxPC3 cells exposed to JQ1 (2 or 8 µM) ± IR (4 or 8 gy) (Figures 2B, C). Cells with >5 foci were designated γH2AX positive. We used IB to assess the effect of JQ1 ± IR on expression of the DNA damage repair protein RAD51 (Figures 2D, E). At 1h post IR, the data show that: JQ1 increased γH2AX foci and decreased RAD51 levels compared to controls; that 4 gy IR augmented the effect of JQ1 on γH2AX; and that the effect of JQ1 + 4 gy IR was equivalent to that of JQ1 + 8 gy IR. In contrast, the effect of 4 vs 8 gy IR at 24h post irradiation (compare Figures 2B, C) at 2 or 8 µM JQ1, 8 gy IR increased γH2AX foci more than JQ1 + 4 gy IR (p<0.01). As anticipated, IR alone had little effect on the level of detectable RAD51 protein. The data suggest that JQ1 inhibits DNA repair and acts as a radiosensitizer and that the degree of sensitization is dose-dependent.




Figure 2 | Immunofluorescence and immunoblot data show that JQ1 + IR increases levels of the DNA damage marker γH2AX and decreases levels of the DNA repair protein RAD51 in BxPC3 cells. The combination is more effective than either single modality. (A) Schematic of exposure and harvest times of cells exposed to JQ1 and IR prior to evaluating levels of γH2AX and RAD51. (B, C) Images of representative immunofluorescence (IF) data at (B) 1 hour post IR or (C) 24h post IR. Quantitation of γH2AX foci is presented on bar graphs to the right of the IF images. (D, E) Representative immunoblots for RAD51 at (D) 1 hour and (E) 24 hours post IR. One-Way ANOVA followed by Tukey multi comparison analysis was performed as described in Materials and Methods. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.





Immunoblot Data Demonstrate That JQ1 + IR Increased Levels of the DNA Damage Marker γH2AX and Decreased Levels of the DNA Repair Protein RAD51 in Panc1 and MiaPaCa2 Pancreatic Cancer Cells, and That the Increase in γH2AX Was Concomitant With an Increase in the Apoptosis Marker Cleaved PARP

To confirm that data seen with BxPC3 cells was not unique to that PC cell line, we used IB to examine the effect of JQ1 ± IR on γH2AX and RAD51 levels in Panc1 and MiaPaCa2 cells (Figure 3). We also evaluated levels of cleaved PARP (Cl. PARP) to determine if this marker of apoptosis increased in parallel with an increase in γH2AX. We hypothesized that if the observed increase in DNA damage affected cell viability, Cl. PARP would increase simultaneously with γH2AX.




Figure 3 | Immunoblot data demonstrate that JQ1 + IR increases levels of the DNA damage marker γH2AX and decreases levels of the DNA repair protein RAD51 in Panc1 and MiaPaCa2 pancreatic cancer cells, and that the increase in γH2AX is concomitant with an increase in the apoptosis marker cleaved PARP (Cl. PARP). Images of representative immunoblots of Panc1 cells exposed to JQ1 ± IR, 1h after IR (A) or 24h after IR (B), and of MiaPaCa2 cells 1h after IR (C) or 24h after IR (D). Quantitation of γH2AX, RAD51 or Cl. PARP, was done using ImageJ software and analyzed using one-way ANOVA followed by Tukey multi comparison analysis. Quantitation is shown to the right of each immunoblot images as a bar graphs. *p < 005, **p < 0.01, ***p < 0.001, ****p < 0.0001.



As was seen with BxPC3 cells, IR or JQ1 as single agents increased the level of γH2AX in Panc1 cells (Figures 3A, B) and JQ1 + IR increased the levels of γH2AX more than JQ1 or IR as a single modality. Also similar to data with BxPC3 cells, JQ1 decreased RAD51 levels (p<0.0001) at both time points post IR and IR had little if any effect on RAD51.

As with BxPC3 and Panc1 cells, in MiaPaCa2 cells JQ1 + IR increased γH2AX compared to JQ1 or IR alone (p<0.0001). Additionally, similar to Panc1 cells, JQ1 + IR increased levels of Cl. PARP at 24h, concomitant with the increase in γH2AX (p<0.0001) (Figures 3C, D). The data show that JQ1 and JQ1 + IR increase the levels of markers that reflect DNA damage and apoptosis. The data demonstrate simultaneous increases in DNA damage and apoptosis in cells exposed to JQ1 + IR greater than JQ1 or IR, and suggest that the BETi JQ1 functions as a radiosensitizer.



Downregulation of BRD2 and BRD4 Enhanced Sensitivity to JQ1 + IR

We next addressed a mechanistic aspect of JQ1 + IR on PC cells. BRD2 and BRD4 are the principal molecular targets of JQ1 (12). We considered the possibilities that lower levels of BRD2 or BRD4 would decrease JQ1 potency due to a relative lack of target protein(s) or, alternatively, lower levels of BRD2 or BRD4 would increase JQ1 potency because lower levels of drug might be needed to inhibit a greater percentage of BET protein activity. We transfected Panc1 cells with shBRD2 or shBRD4 to decrease expression of each protein by 96% or 99%, respectively, (Figure 4A) and evaluated the sensitivity of these and of shGFP control transfectants to JQ1 ± IR using clonogenic assays. As for experiments in Figures 1B, C, we used two concentrations of JQ1 and two exposure times: 4.8 or 20 µM for 72h (Figures 4B, D, F) and 0.55 and 3 µM for 120h (Figures 4C, E, G) ± 4 or 8 gy IR. Immediately after irradiation, cells were placed in drug-free media and propagated for an additional 10 days.




Figure 4 | Downregulation of BRD2 or BRD4 enhances sensitivity to JQ1 + IR. (A) Levels of BRD2 and BRD4 protein were lower in Panc1 cells transfected with shBRD2 or shBRD4 than in shGFP control transfectants. Quantitation of expression level was done as in Materials and Methods. ****p<0.0001. (B, C) Images of representative clonogenic assays showing colonies for shGFP transfectants exposed to JQ1 for (B) 72 hours or (C) 120 hours ± IR or for (D, E) shBRD2 transfectants or for (F, G) shBRD4 transfectants. Average survival fraction ± SEM is shown to the right of each image as a bar graph. Quantitation was done as in Materials and Methods. *p < 005, ***p < 0.001, ****p < 0.0001. ns, not significant.



In all three transfectants, JQ1 or IR as a single modality reduced colony number compared to controls (p<0.0001) and the combination reduced survival fraction more than either modality alone (p<0.0001). The data show that 4.8 or 20 µM JQ1 for 72h + 4 gy or 8 gy IR abrogated colonies in shBRD2 transfectants and reduced survival fraction by 97-100% in shBRD4 transfectants, compared to controls (Figures 4B, D, F). Also, 0.55 or 3 μM JQ1 x 120h abrogated colony formation in shBRD2 and shBRD4 transfectants (Figures 4C, E, G). PC cells with lower levels of BRD2 or BRD4 were more sensitive to JQ1 as a single agent and to JQ1 + IR. Notably, the combination abrogated clonogenic potential at concentrations of JQ1 that are achievable in murine plasma at nontoxic doses, in a dose- and time-dependent manner.

Taken together, our data suggest that the levels of BRD2 or BRD4 may represent a marker of sensitivity to BET inhibitors, and that a BET inhibitor can be effectively combined with IR to inhibit PC cell proliferation.




Discussion

This study evaluated whether pharmacologic inhibition of BET bromodomain activity by the BETi JQ1 or downregulation of its molecular targets BRD2 or BRD4 potentiated the anti-clonogenic effect of IR in vitro. The data show that JQ1 + IR had greater effect than either treatment alone. The anticlonogenic effect of JQ1 + IR was associated with increases in DNA damage and decreases in expression of the DNA repair protein RAD51. Our data suggest that a combination of BET inhibitor and radiation may be a useful strategy to reduce tumor proliferation and further as a neoadjuvant therapy to reduce tumor volume in patients with PC.

BET proteins contribute to multiple cellular processes in normal and tumor cells. The most well characterized function of BET proteins is to facilitate binding of BET-dependent transcription complexes to specific chromatin associated histones, to regulate transcription of target genes (24, 25). Preclinical studies demonstrate a potential utility BET inhibitors for treatment of a variety of solid malignancies including breast, lung, ovarian, and pancreatic cancers (26–30). Recent studies have sought to identify combination strategies that include BET inhibitors, to improve the efficacy of current standards of care. One such study by Karakashev et al. (2017) determined that the BETi JQ1 + the PARPi olaparib inhibited BRCA-proficient ovarian cancer cell proliferation in vitro and in vivo (16). The authors of that study conclude that the synergy observed with JQ1 + olaparib was associated with a JQ1-mediated decrease in expression of the G2 checkpoint kinase WEE1 and the DNA damage response protein TOPBP1. In 2019, our lab demonstrated the anti-tumor efficacy of this combination in pancreatic patient-derived xenograft (PDX) models (18). Mechanistic studies that were a component of that work showed that RNAi targeting either of the two molecular targets of JQ1, BRD2 or BRD4, decreased levels of the NHEJ repair protein Ku80 and the HR repair protein RAD51. Consistent with that finding, tumors of mice treated with JQ1 + olaparib had higher levels of DNA damage than tumors from mice treated with either drug as a single agent, as reflected by levels of the DNA damage marker γH2AX. The current study focused on RAD51 levels, since RAD51 is considered a representative marker for DNA repair proficiency and is frequently overexpressed in human PDAC tumors (31–34).

Recent studies indicate that this family of proteins also contributes directly to DNA damage repair. Li et al. (2018) demonstrated that the BET protein BRD4 binds to acetylated histones following IR-induced DNA damage and associates with the NHEJ DNA repair protein Ku80 to increase DNA repair in prostate cancer models (35). In that study, JQ1 alone did not increase levels of γH2AX. The latter observation contrasts with our observation in PC cells in that JQ1 as a single agent increases levels of γH2AX. A study by Cameros et al. (2020) showed that the BET inhibitor OTX015 + IR was more effective than OTX015 or IR alone, as reflected by increases in markers of apoptosis and of DNA damage in vitro in rhabomyosarcoma cells (36). In that study, increased DNA damage was associated with decreased levels of DNA damage repair proteins RAD51, ATM, and DNA-PK. Mechanistically, Wang et al. (2017) showed that JQ1 inhibits repair of DNA double-strand breaks induced by IR and promotes apoptosis in non-small cell lung cancer cell lines (37). Further, Yang et al. (2017) showed that JQ1 decreased HR DNA repair activity following 10 gy IR in 3 ovarian cancer cell lines (17). Similar to our study, these investigators observed an increase in γH2AX foci and decreased expression of the DSB repair protein RAD51. In that study, ChIP data showed that JQ1 inhibited binding of BRD2/3/4 to the RAD51 promoter, directly repressing expression of RAD51. Our study and published work using multiple types of tumor cell models indicate that JQ1 disrupts DNA damage repair (15–18, 38–40). Our data suggest that JQ1 may function as a radiosensitizer in pancreatic cancer, the first study to address this question. The data also suggest that a BET inhibitor + IR warrants further investigation to determine if this combination increases the number of PC patients eligible for resection.

Approximately 40% of patients diagnosed with PDAC have locally advanced disease at the time of diagnosis (41). For patients with borderline resectable tumors, neoadjuvant therapy of chemotherapy + IR has the potential to facilitate margin free resection and improve prognosis. Recently The National Cancer Research Institute Clinical and Translational Radiotherapy (CTRad) working group released consensus guidelines to encourage clinical trials conducted with novel compounds in conjunction with radiotherapy (42). Our study suggests that combining a BET inhibitor with IR may be a useful strategy to augment the anti-tumor efficacy of IR prior to resection in this patient population. Future work includes evaluation of BRD2 or BRD4 as a marker of sensitivity to JQ1 + IR and comparison of a BET inhibitor ± IR in low vs high level BRD2 or BRD4 expressing preclinical models of PC.
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