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INTRODUCTION 

Radiation is the most critical therapeutic modality for treating human prostate cancer. However, tumor 

recurrence and therapy resistance often ensue. Moreover, radiation is not free of other serious unwanted risks, 

including the promotion of secondary cancer (1), as well as increased tumor-associated angiogenesis and 

metastasis, especially when cells are subjected to sublethal doses of radiation. A major cause of failure in radiation 

treatment is intrinsic and therapy-induced radioresistant tumor cells. The major mechanisms for radiotherapeutic 

resistance are the DNA damage and repair pathway, as well as cell membrane-associated prosurvival pathways 

such as EGF receptor and phosphoinositide 3-kinase (PI3K)/AKT. Although the delivery of higher doses of 

ionizing radiation improves local control (2-4), there are constraints due to dose-limiting toxicities to 

noncancerous tissues (5-7). Thus, lowering radiation dose, while preserving therapeutic index, is a goal in both 

the laboratory research setting and the clinic. 

Mitogen-activated protein kinase kinase 5 (MAP2K5 or MEK5), belongs to the family of MAP kinases. 

It is activated by the upstream kinases MEKK2 and MEKK3 at S311/T315, or in some cases directly by c-Src (8-

11). MEK5, in turn, phosphorylates and activates extracellular signal-regulated kinase 5 (ERK5 or BMK1) at 

T218/Y220 (8). Targeted deletion of Mek5 or Erk5 genes in mice is embryonic lethal due to defects in blood 

vessel formation and cardiac development (12-14). Initial vascularization in Erk5-/- embryos occurs normally; 

however, subsequent remodeling and/or maintenance of vasculature (angiogenesis) is adversely affected by the 

absence of ERK5 (15). Most importantly, the MEK5/ERK5 signaling pathway is essential for tumor-associated 

angiogenesis (16). Tumor xenografts growing in Erk5 knockout mice show a significantly reduced vascular 

density and tumor growth than growing in Erk5 wild type mice (16). 

The MEK5/ERK5 pathway can be activated by various stimuli such as oxidative stress, growth factors, 

and mitogens downstream of receptor tyrosine kinases, and G protein-coupled receptors, and culminates in the 

activation of a large number of transcription factors, including MEF2 (myocyte enhancer factor 2), c-JUN, NF-

κB, CREB, and transcription factors that control the epithelial-mesenchymal transition (EMT) program (17-22). 

Moreover, gene expression analysis has shown that the MEK5/ERK5 pathway may also control hypoxia-

responsive genes by a mechanism independent of HIF-1α expression control, under normoxic conditions (23).  

MEK5/ERK5 pathway plays a pivotal role in tumor initiation and progression, including prostate cancer. 

MEK5 protein is overexpressed in prostate cancer cells compared with normal cells and MEK5 levels are 

correlated with prostate cancer metastasis (24). Furthermore, high expression of ERK5 in prostate cancer has also 

been found to correlate with poor disease-specific survival and could serve as an independent prognostic factor 

(25) and ERK5 expression in prostate cancer is associated with an invasive phenotype (26).

This study demonstrates that MEK5 downregulation enhances radiosensitization in human prostate cancer 

cells. MEK5 silencing modulates the activation of DNA-PKcs, major player of the DNA repair pathway, and 

impairs non-homologous end-joining. Importantly, in vivo studies using a mouse xenograft model show that 

MEK5 ablation synergizes with radiation to suppress tumor growth. 

KEYWORDS 

MEK5, DNA-PKcs, non-homologous end-joining, ionizing radiation, prostate cancer, xenograft model 
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ACCOMPLISHMENTS 

What were the major goals of the project? 

Specific Aim 1 

Task 1: Prepare cell lines stably expressing shMEK5, HA-MEK5, HA-MEK5DD (constitutively active kinase). 

Cell lines to be used: DU145, PC3, EP156T 

Task 2: Examine the effect of MEK5 downregulation on cell cycle progression, apoptosis, and DNA damage 

repair activation after treatment with ionizing radiation. Predictably induce radioresistance by ectopically 

expressing MEK5 in relatively radiosensitive prostate cell lines. 

Task 3: MEK5 silencing combined with irradiation attenuates prostate tumor growth in vivo 

Specific Aim 2 

Task 1: Evaluate the contribution of AKT to MEK5-induced radioresistance by employing both an AKT-specific 

inhibitor and AKT specific siRNAs in MEK5-expressing cells and expressing an active AKT construct in prostate 

cancer cells with reduced MEK5 levels: Measure the effect on cell radioresistance by clonogenic survival. Cell 

lines to be used: DU145, PC3 [ATCC]. 

Task 2: Perform global gene expression analysis. Confirm by quantitative real time (qRT)-PCR. 

Specific Aim 3 

Task 1: In vitro studies (cell proliferation, migration, tube formation). Antibody arrays. 

What was accomplished under these goals? 

(1) Prepared stable clones of MEK5 knockdown in PC3 and DU145 cells.

(2) Demonstrated that MEK5 depletion sensitizes DU145 and PC3 cells to ionizing radiation by both clonogenic

survival assays, as well as cell proliferation assays.

(3) Discovered that MEK5 knockdown differentially regulates activation of DNA-PKcs, a major player in DNA

repair, in response to genotoxic stress. Furthermore, MEK5 knockdown delays the resolution of IR or etoposide-

induced double strand breaks by monitoring the formation and resolution of γH2AX and 53BP1 foci formation.

Finally, a cell-based assay demonstrated that non-homologous end-joining is severely compromised in MEK5

depleted PC3 cells.

(4) Successfully completed the in vivo experiments with MEK5 knockdown and radiation.

(5) Demonstrated that MEK5 is required for AKT activation in response to ionizing radiation.

(6) Generated stable PC3 cells with reduced levels of MEK5, ectopically expressing activated AKT.

(7) Completed the DNA microarray experiments using shMEK5 alone or in combination with irradiation in PC3

and DU145 cells. We have identified differentially expressed genes and performed pathway analysis.

(8) Discovered that interleukin-1β (IL-1β), a pro-angiogenic factor, is controlled by MEK5 and, additionally,

levels of endogenous and secreted IL-1β are increased by ionizing radiation.

(9) A manuscript describing part of the data has been accepted for publication in Oncogene.



6 

Specific Aim 1 

Task 1: Prepare cell lines stably expressing shMEK5. 

We isolated several stable clones expressing shControl in both DU145 and 

PC3 cell lines, as well as two PC3 cell clones (#12, #22) expressing shMEK5. 

Knockdown in PC3/shMEK5 cells is more than 90%. Now, we have also been 

able to isolate DU145 cells with shMEK5 (#5, #7, and #9) with more than 80% 

reduction in MEK5 protein expression (Figure 1).  

Task 2: Examine the effect of MEK5 downregulation on cell cycle progression, 

apoptosis, and DNA damage repair activation after treatment with ionizing 

radiation. Predictably induce radioresistance by ectopically expressing MEK5 in 

relatively radiosensitive prostate cell lines. 

We determined the 

impact of ionizing radiation on 

MEK5/ERK5 pathway activation. Time course experiments 

with PC3 cells showed that IR resulted in phosphorylation of 

ERK5 at T218/Y220. In contrast, PC3 cells stably expressing 

shMEK5 did not show any phospho-ERK5 increase in response 

to IR (Figure 2). Furthermore, we demonstrated that MEK5 

knockdown resulted in the radiosensitization of DU145, and 

PC3 cell lines as judged by long-term clonogenic survival 

analysis and short-term cell proliferation assays (Figure 3).  

The DNA damage response 

and repair (DDR) signaling network 

is activated in response to genotoxic 

stress, including IR. We determined 

the impact of combining MEK5 

depletion with IR on DNA repair. We 

discovered that depletion of MEK5 

markedly impaired phosphorylation 

of DNA-PKcs at Ser2056 in response 

to IR treatment. Thus, PC3 cells 

stably expressing a control 

(shControl) or MEK5 (shMEK5-12) 

shRNA were exposed to 3 Gy of γ-

rays and cells were lysed at different 

time points (Figure 4). Irradiated 

control PC3 cells showed an increase 

in phosphorylation of DNA-PKcs at 

S2056 that peaked 15-30 min post-

irradiation, diminishing at later time 

points. However, PC3 cells with MEK5 knockdown showed a marked reduction in DNA-PKcs activation. In 

contrast, ATM phosphorylation at S1981 in response to IR was not affected by MEK5. To confirm these results, 

a different clone of PC3 cells with shMEK5 (#22) (Figure 5A), as well as a DU145/shMEK5 clone (#7) (Figure 

5B) were irradiated. As described for PC3/shMEK5 (#12), DNA-PKcs phosphorylation at S2056 was severely 

compromised in the MEK5 knocked down cells. Furthermore, ectopic expression of MEK5 in PC3/shMEK5 cells 

restored activation of DNA-PKcs.  Specifically, PC3/shControl, PC3/shMEK5 (#12), or PC3/shMEK5 cells 

transiently expressing MEK5 pcDNA3 plasmid were exposed to 3 Gy of γ-rays and cells were lysed at the 
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indicated times. As shown in Figure 6A, while MEK5 

knockdown reduced levels of phospho-DNA-PKcs, 

ectopic expression of MEK5 restored S2056 

phosphorylation to normal levels. Finally, similar to stable 

MEK5 knockdown clones, transient downregulation of 

MEK5 reduced phospho-DNA-PKcs levels in both PC3 

and DU145 cells. 

 In contrast to castration-resistant prostate cancer 

cells, MEK5 knockdown did not have an impact on S2056 

phosphorylation in response to IR in LNCaP human 

prostate 

cancer cell 

line (Figure 

7A). A cell growth assay 

showed that MEK5 

downregulation does not 

sensitize LNCaP cells to IR 

(Figure 7B). 

Etoposide, a 

topoisomerase II inhibitor, is a 

DNA damaging drug that 

generates double strand 

breaks. To assess the effect of 

MEK5 silencing on etoposide-

induced stress we 

performed a dose 

response experiment. 

PC3 cells were 

exposed to various 

doses of etoposide and 

incubated for 4 days in 

the presence of the 

drug, without medium 

change. As in the case 

of IR, MEK5 

depletion sensitized 

PC3 cells to etoposide (Figure 8). 

DNA damage in response to genotoxic stress can be visualized 

by γH2AX and 53BP1 foci formation, which serve as surrogate 

markers of DNA double-strand break lesions. Using PC3/shControl 

and PC3/shMEK5 cells, we showed that MEK5 knockdown did not 

influence the initial appearance of γH2AX or 53BP1 foci after 

irradiation, but significantly delayed the resolution of radiation-

induced γH2AX and 53BP1 foci, detectable even 48 h post-irradiation 

(Figure 9A and B). These results indicate that MEK5 depletion causes 

a DNA repair defect. Transient MEK5 knockdown in PC3 also showed 

similar time course resolution of IR-induced DSBs (Figure 10). 

Finally, etoposide treatment produced the same delayed kinetics of 

53BP1 foci resolution in PC3/shMEK5 cells compared with 

PC3/shControl cells (Figure 11A and B). 



8 

 DNA-PKcs is a crucial 

player of the non-homologous 

end-joining (NHEJ) DNA repair 

pathway. Thus, we examined the 

impact of MEK5 deletion on 

efficiency of NHEJ using a cell-

based assay. For this purpose, 

pEGFP-N1 vector was digested 

with HindIII restriction 

endonuclease at a site that lies 

between the EGFP (enhanced 

green fluorescent protein) gene 

and its promoter, thus inhibiting 

EGFP transcription. Previously, 

it had been shown this cut by 

HindIII is repaired by NHEJ, 

which then restores EGFP 

transcription, detectable by 

fluorescence microscopy. pEGFP-N1 plasmid (Clontech) was 

digested with HindIII restriction endonuclease and transfected 

into PC3 cells expressing normal or reduced levels of MEK5. As 

a control, we treated PC3 cells with 2 µM NU7441, a DNA-PKcs-

specific inhibitor. Transient transfection efficiency with the initial 

uncut plasmid was approximately 30% for PC3, PC3/shMEK5, 

and PC3/NU7441 cells as judged by the number of EGFP 

fluorescent cells measured under the microscope (Figure 12A). 

Transiently transfected digested plasmid into PC3 cells resulted 

in approximately 10% of green fluorescent cells that express the 

protein. In contrast, PC3/shMEK5 produced almost 7 times fewer 

EGFP-expressing cells (1.5%), whereas the proportion of EGFP-
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positive cells after treatment with NU7441 was approximately 1% (Figure 12B). Thus, MEK5 downregulation 

impairs NHEJ. 

 

Task 3: Evaluate the efficacy of MEK5 knockdown combined with radiation in the inhibition of prostate tumor 

growth in vivo. 

To examine the impact of MEK5 knockdown on the 

radiosensitization of prostate cancer cells, we used PC3 stably 

expressing a shRNA targeting MEK5 (clone 12), a clone that shows 

the greatest MEK5 downregulation, or a non-targeting, control, 

shRNA. We performed in vitro proliferation assays using 

PC3/shControl and PC3/shMEK5 and demonstrated silencing MEK5 

in cells cultured in complete medium (10% fetal bovine serum) grew 

at similar rates as control PC3 cells (Figure 13). Next, we evaluated 

the 

efficacy 

of MEK5 

knockdown combined with radiation in the inhibition 

of prostate tumor growth in vivo. All procedures were 

approved by the Columbia University Institutional 

Animal Care and Use Committee. Six-week old male 

athymic NU/J mice (Jackson Laboratory) were 

injected subcutaneously with 3X106 PC3 cells 

expressing control (shControl) or MEK5 (shMEK5) 

shRNA. When tumors reached a volume of 

approximately ~200 mm3, mice were randomized to 

one of the following groups: (i) shControl, 

unirradiated; (ii) shControl; irradiated; (iii) shMEK5; 

unirradiated; (iv) shMEK5; irradiated. Mice were 

either left untreated or irradiated with 4 Gy using the 

Small Animal Radiation Research Platform (SARRP; 

Xstrahl, Suwanee GA) irradiator as previously 

described (27). Briefly, mice were anesthetized with 

100 mg/kg ketamide and 10 mg/kg xylazine in 0.9% 

saline by intraperitoneal injection and underwent cone 

beam computed tomography (CBCT) imaging using the onboard imager of the SARRP for image guided 

localization of the tumor. A single beam was designed in the sagittal arrangement to deliver 4 Gy radiation through 

a 10x10 mm2 collimator prescribed to the isocenter. 
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Radiation was delivered at a potential of 220 kVp and a filament current of 13 mA. Detailed radiation dosimetry 

and radiation planning information is provided Figure 14. Tumor growth was measured twice weekly with a 

caliper and the volume was estimated according to the formula Length x Width2 x 0.50, where length is the longest 

dimension and width the corresponding perpendicular dimension. 

PC3/shControl cells were resistant to 4 Gy γ-rays and grew as fast as the control unirradiated cells (Figure 15). 

In contrast, PC3/shMEK5 cells exposed to radiation grew very slowly compared with unirradiated PC3/shMEK5 

cells (p < 4.7E-04). Finally, Hematoxylin and eosin (H&E) staining revealed that the combination of MEK5 

ablation and radiotherapy resulted in extensive tumor necrosis (necrotic areas circled; Figure 16). 

We conclude that MEK5 knockdown sensitizes PC3 cells to ionizing radiation not only in vitro, but also in 

xenografts. 

 

Specific Aim 2 

Task 1: Evaluate the contribution of AKT to MEK5-induced radioresistance by employing both an AKT-specific 

inhibitor and AKT specific siRNAs in MEK5-expressing cells and expressing an active AKT construct in prostate 

cancer cells with reduced MEK5 levels: Measure the effect on cell radioresistance by clonogenic survival. Cell 

lines to be used: DU145, PC3 [ATCC]. 

AKT is phosphorylated in 

response to DNA damage and 

downregulation or inhibition of AKT 

sensitizes cells to IR (28-30). Irradiation 

of serum-starved PC3 cells leads to 

Ser473 phosphorylation and activation of 

AKT. Phospho-Ser473 increased 15 min 

post-IR reaching its maximum at 30 min, 

and then returned to near basal levels by 

3 h (Figure 17). When MEK5 levels were reduced by siRNA, however, 

phosphorylation levels of Ser473 at its maximal level (30 min) were only 

~35% of that of irradiated control PC3 cells (Figure 17). We also assessed 

the impact of MEK5 downregulation on AKT activation in response to IR 

in DU145 cells. DU145 cells normally express low levels of phospho-

AKT. However, when these cells were irradiated, phospho-Ser473 levels 

increased, albeit with slower kinetics than PC3 cells. Thus, AKT 

phosphorylation peaked at around 8 hr post-IR, while phospho-AKT levels 

were still detectable 24 h 

later. As in the case of PC3 cells, MEK5 silencing resulted in 

reduction in phospho-Ser473 abundance in response to 4 Gy γ-rays 

(Figure 18).  

 

Combining MEK5 knockdown and AKT activity 

inhibition by AKT-specific inhibitor MK2206 resulted in less 

than additive inhibition of cell growth, implying that MEK5 

inhibits cell growth in response to IR, at least partially, through 

AKT (Figure 19). 
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Task 2: Perform global gene expression analysis. 

PC3/shControl and PC3/shMEK5, as well as DU145/shControl and DU145/shMEK5 were exposed to 4 

Gy of γ-rays and RNA was isolated 6 h and 24 h post-irradiation. RNA was purified using RNeasy mini kit and 

RNA yields were quantified using the NanoDrop ND1000 spectrophotometer (Thermofisher) and RNA quality 

was checked by the 2100 Bioanalyzer (Agilent). High quality RNA with an RNA integrity number of at least 9.0 

was used for microarray hybridization. Cyanine-3 labeled cRNA was prepared using the One-Color Low Input 

Quick Amp Labeling kit (Agilent). Dye incorporation and cRNA yield were measured with a NanoDrop ND1000 

spectrophotometer (Thermofisher). Labeled cRNA was fragmented and hybridized to Agilent Human Gene 

Expression 4x44K v2 Microarray 

Kit (G4845A). Slides were scanned 

with the Agilent DNA microarray 

scanner (G2505B) and the images 

were analyzed with Feature 

Extraction software (Agilent) using 

default parameters for background 

correction and flagging non-uniform 

features. There were no radiation-

induced genes that were commonly 

differentially expressed in both PC3 

and DU145. However, among 

unirradiated cells, the two cell lines shared ~15% of the differentially expressed genes. Gene set enrichment 

analysis (31) revealed that MEK5 ablation in either PC3 or DU145 cells results in the downregulation of genes 

that are associated with epithelial mesenchymal transition (EMT) (Figure 20), a process that has been associated 

with increased chemo- and radio-resistance (32). Major EMT transcription factors, such as ZEB1, were 

downregulated in shMEK5-expressing cells (Figure 20). 

 

 

Specific Aim 3 

 

Task 1: Examine the effect of MEK5 on 

irradiation-induced angiogenesis. 

PC3/shControl and PC3/shMEK5 (#12) 

were exposed to 3 Gy of γ-rays and 24 h later 

conditioned media was collected. A cytokine 

antibody array (RayBiotech) revealed that 

secretion of IL-1β, a known pro-angiogenic 

factor (33), is increased in the media of control 

PC3 cells, but not in MEK5-depleted cells 

(Figure 21A). Furthermore, immunoblotting of 

PC3/shControl cell lysates revealed a similar 

increase of mature IL-1β protein after 

irradiation, while IL1β was hardly detectable in 

PC3/shMEK5 and was increased after irradiation 

albeit at lower levels compared with irradiated 

control cells (Figure 21B). Further experiments are required to fully elucidate the function of IL-1β in MEK5-

induced radioresistance in prostate cancer. 
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How were the results disseminated to communities of interest? 

(1) Oral and poster presentations. Details in Products section and Appendix 1. 

(2) Peer-reviewed publication. Details in Products section. 

 

What opportunities for training and professional development has the project provided? 

Nothing to Report 

 

What do you plan to do during the next reporting period to accomplish the goals? 

Project has been completed 

 

What was the impact on the development of the principal discipline(s) of the project? 

We have discovered that MEK5 downregulation sensitizes prostate cancer cells to radiotherapy. Mechanistically, 

MEK5 knockdown leads to reduced phosphorylation/activation of DNA-PKcs, delays repair of DNA double 

strand breaks, as judged by the persistence of γH2AX and 53BP1 IR-induced foci and impairs non-homologous-

end joining. Finally, our in vivo experiments confirm the importance of MEK5 silencing as a radiosensitizing 

modality. 

 

What was the impact on other disciplines? 

Nothing to Report 

 

What was the impact on technology transfer? 

Nothing to Report 

 

What was the impact on society beyond science and technology? 

Nothing to Report 
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Changes in approach and reasons for change 

Nothing to report 

 

Actual or anticipated problems or delays and actions or plans to resolve them 

Angiogenesis experiments using Human Prostate Microvascular Endothelial Cells from a commercial source 

were not feasible, because cells acquired a senescent phenotype soon after culturing them in vitro and therefore 

they could not be propagated in culture for functional assays. 

 

Changes that had a significant impact on expenditures 

Nothing to Report 

 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, 

and/or select agents 

No change 
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Res 2018;78(16 Suppl):Abstract nr B030. 

http://cancerres.aacrjournals.org/content/78/16_Supplement/B030 

 

Conference Paper 

Constantinos G. Broustas. Downregulation of MEK5 Sensitizes Human Prostate Cancer Cells to Ionizing 
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Broustas, CG. “Targeting MEK5 sensitizes prostate cancer cells to genotoxic stress”. Radiation Oncology 
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Broustas, CG. “Role of MEK5 in radiosensitivity of prostate cancer cells”. Radiation Oncology Research 

Retreat, Columbia University Medical Center, November 15th, 2019. 
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APPENDICES 
1 

APPENDIX 

Conference Paper 

Constantinos G. Broustas. MEK5 downregulation enhances radiosensitization of human prostate cancer cells by 

inhibiting DNA repair [abstract]. In: Proceedings of the AACR Special Conference: Prostate Cancer: Advances 

in Basic, Translational, and Clinical Research; 2017 Dec 2-5; Orlando, Florida. Philadelphia (PA): AACR; Cancer 

Res 2018;78(16 Suppl):Abstract nr B030. 

http://cancerres.aacrjournals.org/content/78/16_Supplement/B030 

 

Radiotherapy is commonly used to treat a variety of solid human tumors, including localized prostate cancer. 

However, treatment failure almost always ensues due to tumor intrinsic or acquired radioresistance. 

Mitogen-activated protein kinase kinase 5 (MAP2K5 or MEK5), belongs to the family of MAP kinases. It is 

activated by the upstream kinases MEKK2 and MEKK3 at Ser311/Thr315. MEK5, in turn, phosphorylates and 

activates extracellular signal-regulated kinase 5 (ERK5 or BMK1) at Thr218/Tyr220. MEK5/ERK5 pathway 

plays a pivotal role in tumor initiation and progression. MEK5 protein is overexpressed in prostate cancer cells 

compared with normal prostate epithelial cells, and MEK5 levels are correlated with prostate cancer metastasis. 

High expression of ERK5 in prostate cancer is also found to correlate with poor disease-specific survival and can 

serve as an independent prognostic factor. 

To determine whether the MEK5/ERK5 pathway is activated in response to ionizing radiation (IR), RNA 

interference was used to deplete MEK5 from PC3 and DU145 cells. Western blot analysis demonstrated that 

control cells with normal levels of MEK5 exposed to 3-Gy γ-rays had an increase in phospho-ERK5 levels at 5 

and 15 min post-IR, diminishing at later time points. No activated ERK5 was detected in MEK5-depleted cells. 

Downregulation of MEK5 did not impact on cell cycle checkpoint activation in irradiated cells. In contrast, 

depletion of MEK5 markedly impaired phosphorylation of DNA-PKcs at Ser2056 in response to IR treatment. 

Furthermore, MEK5 knockdown did not influence the initial appearance of γH2AX or 53BP1 foci after 

irradiation, but significantly delayed the resolution of radiation-induced γH2AX and 53BP1 foci, detectable even 

48 h post-irradiation, indicating a DNA repair defect. Cell based assay showed that nonhomologous end-joining 

is compromised in PC3 cells with ablated MEK5 protein expression. Finally, long-term clonogenic survival 

analyses and short-term cell growth assays indicated that MEK5 knockdown sensitized PC3 and DU145 prostate 

cancer cell lines to IR. Likewise, the topoisomerase II inhibitor etoposide that causes double-strand breaks also 

sensitized MEK5-depleted cells. 

These data indicate that MEK5 influences the response of prostate cancer cells to radiation and MEK5 

downregulation is associated with delayed double-strand break repair kinetics. Inhibition of MEK5 in 

combination with radiation may provide a strategy to improve survival of prostate cancer patients. 

 

Conference Paper 

Constantinos G. Broustas. Downregulation of MEK5 Sensitizes Human Prostate Cancer Cells to Ionizing 

Radiation. Abstract in PCRP - Innovative Minds in Prostate Cancer Today (IMPaCT), Towson, MD. August 4-

5, 2016. 

Background & Objectives: Tumor cell resistance to ionizing radiation (IR) poses a major obstacle in prostate 

cancer therapy. Mitogen/extracellular signal-regulated kinase kinase-5 (MEK5) belongs to the family of MAP 

kinases. It is activated by the upstream kinases MEKK2 and MEKK3. MEK5, in turn, phosphorylates and 

activates extracellular signal-regulated kinase 5 (ERK5) at Thr218/Tyr220. MEK5/ERK5 pathway plays a pivotal 

role in tumor initiation and progression, including prostate cancer. MEK5 protein is overexpressed in prostate 

cancer cells compared with normal cells and MEK5 levels are correlated with prostate cancer metastasis. This 

study explores the hypothesis that MEK5 is a contributing factor to the response of prostate cancer cells to IR and 

seeks to elucidate the mechanism by which MEK5 affects radioresistance. 

http://cancerres.aacrjournals.org/content/78/16_Supplement/B030
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Methods: Castration-resistant DU145, PC3, and PC3MM2, as well as androgen-dependent LNCaP prostate 

cancer cells were treated with MEK5 short interfering (si) RNA alone or in combination with γ-rays. Clonogenic 

survival assays, cell cycle analysis, immunofluorescence and immunoblotting were performed to assess cell 

proliferation, survival, cell cycle progression and DNA damage response. 

Results: We examined MEK5/ERK5 pathway activation in response to IR in prostate cancer cells transiently 

expressing Luciferase (control) or MEK5 siRNAs. Control cells with normal levels of MEK5 showed an increase 

in phospho-ERK5 levels at 5 and 15 min post-IR, diminishing at later time points. In addition, we discovered that 

AKT activation after 4 Gy IR was dependent on the presence of MEK5. AKT phosphorylation at Ser473, which 

is considered a marker of AKT activation, was increased reaching maximal levels at 30 min post-IR. In contrast, 

when MEK5 was downregulated by MEK5 specific siRNAs, AKT activation was severely impaired. Moreover, 

MEK5 silencing had an impact on the DNA damage response pathway. Specifically, MEK5 knockdown, 

combined with IR, resulted in significantly higher phospho-CHK2 (Thr68) levels 30 min after irradiation 

compared with irradiated cells with endogenous levels of MEK5. Additionally, increased levels of phospho-

CHK2 persisted for at least 8 h post-irradiation, whereas the phospho-CHK2 signal returned to near basal levels 

by 3 h in control cells. On the other hand, CHK1 phosphorylation at Ser345 and activation in response to IR was 

elevated in MEK5 control cells 30 min post-irradiation compared with MEK5 knockdown cells. Finally, MEK5 

depletion by two non-overlapping siRNAs sensitized prostate cancer cells to IR as determined by clonogenic 

survival assay. Short-term targeting of MEK5 in combination with IR led to approximately 70% reduction in 

prostate cancer cell proliferation 6 days post-irradiation. 

Conclusions: These data indicate that MEK5 knockdown radiosensitize prostate cancer cells. In response to IR, 

MEK5 controls activation of AKT, a kinase involved in radioresistance, as well as DNA damage response by 

regulating activation of CHK1/2 kinases. Ongoing studies focus on determining the contribution of AKT and 

CHK1/2 kinases and their downstream effectors to MEK5-dependent radioresistance. 

Impact: This study focuses on mechanisms of resistance to radiotherapy for patients with localized prostate 

cancer. Downregulation of MEK5 can selectively radiosensitize prostate tumors, while sparing normal tissue, 

thus improving survival of cancer patients. 
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Abstract 

Radiotherapy is commonly used to treat a variety of solid human tumors, including localized prostate cancer. 

However, treatment failure often ensues due to tumor intrinsic or acquired radioresistance. Here we find that the 

MEK5/ERK5 signaling pathway is associated with resistance to genotoxic stress in aggressive prostate cancer 

cells. MEK5 knockdown by RNA interference sensitizes prostate cancer cells to ionizing radiation (IR) and 

etoposide treatment, as assessed by clonogenic survival and short-term proliferation assays. Mechanistically, 

MEK5 downregulation impairs phosphorylation of the catalytic subunit of DNA-PK at serine 2056 in response 

to IR or etoposide treatment. Although MEK5 knockdown does not influence the initial appearance of radiation- 

and etoposide-induced γH2AX and 53BP1 foci, it markedly delays their resolution, indicating a DNA repair 

defect. A cell-based assay shows that non-homologous end joining (NHEJ) is compromised in cells with ablated 

MEK5 protein expression. Finally, MEK5 silencing combined with focal irradiation causes strong inhibition of 

tumor growth in mouse xenografts, compared with MEK5 depletion or radiation alone. These findings reveal a 

convergence between MEK5 signaling and DNA repair by NHEJ in conferring resistance to genotoxic stress in 

advanced prostate cancer and suggest targeting MEK5 as an effective therapeutic intervention in the management 

of this disease. 

 

Introduction 

Radiotherapy is a common therapeutic modality for the treatment of human epithelial tumors, including those of 

prostate origin [1]. Despite considerable improvements in delivering the radiation dose with precision, therapeutic 

benefit in prostate cancer radiotherapy has been hampered by tumor resistance to ionizing radiation. Tumor-

intrinsic pro-survival pathways, as well as upregulation of DNA repair pathways constitute major mechanisms by 

which malignant cells become radioresistant [2]. 

Cells react to genotoxic insults by engaging a highly intricate DNA damage response and repair network, which 

is mediated by the phosphoinositide-3-kinase-like kinases (PIKKs) DNA-PK (DNA-dependent protein kinase), 

ATM (ataxia telangiectasia mutated), and ATR (ATM and Rad3-related) [3]. DNA-PK and ATM are activated 



20 

 

by DSBs, whereas ATR plays a leading role in response to DNA single-strand breaks [3]. DNA double strand 

breaks (DSBs) induced by ionizing radiation or certain chemotherapeutic agents potentially represent a highly 

toxic form of DNA damage that leads to cell death or genomic instability. In mammals, there are two major 

pathways for repairing DSBs. Homologous recombination (HR) is predominantly error-free repair and active 

during the S and G2 phases of the cell cycle, and non-homologous end-joining (NHEJ) that can be either error-

free or error-prone and is active throughout the cell cycle [4, 5]. NHEJ is the dominant pathway for repairing 

DNA DSBs in mammalian somatic cells [6]. Central to NHEJ repair is the DNA-PK trimeric complex, composed 

of DNA-PK catalytic subunit (DNA-PKcs) and DNA binding subunits, KU70 and KU80. Both KU70 and KU80 

bind to DNA breaks and activate DNA-PKcs kinase activity to initiate DNA repair by NHEJ [7]. Phosphorylation 

at Threonine 2609 (S2609) and Serine 2056 (S2056) in response to DNA DSBs is associated with repair efficiency 

of DNA-PKcs [8]. 

Mitogen-activated protein kinase kinase 5 (MAP2K5 or MEK5) belongs to the family of MAP kinases. It is 

activated by the upstream kinases MEKK2 and MEKK3 at serine 311 and threonine 315 (S311/T315), or in some 

cases directly by c-Src [9-12]. MEK5, in turn, phosphorylates and activates extracellular signal-regulated kinase 

5 (ERK5 or BMK1) at T218/Y220 [9]. The MEK5/ERK5 pathway can be activated by various stimuli such as 

oxidative stress, growth factors, and mitogens downstream of receptor tyrosine kinases, as well as G protein-

coupled receptors, and culminates in the activation of a large number of transcription factors, including MEF2 

(myocyte enhancer factor 2), c-JUN, NF-κB, and transcription factors that control the epithelial-mesenchymal 

transition (EMT) program [13-18]. Furthermore, recent reports have shown that ERK5 is activated by oncogenic 

BRAF and promotes melanoma growth [19], whereas inhibition of ERK1/2 in melanoma leads to compensatory 

activation of the MEK5/ERK5 pathway [20]. 

The MEK5/ERK5 pathway plays a pivotal role in prostate cancer initiation and progression. MEK5 protein is 

overexpressed in prostate cancer cells compared with normal cells and MEK5 levels are correlated with prostate 

cancer metastasis [21]. Furthermore, high expression of ERK5 in prostate cancer has also been found to correlate 

with poor disease-specific survival and could serve as an independent prognostic factor [22]. Moreover, ERK5 
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expression in prostate cancer is associated with an invasive phenotype [23]. Recently, it has been shown that 

deletion of Erk5 in an established Pten-deficient mouse model of human prostate cancer can increase T-cell 

infiltration and control tumor growth [24]. 

The present study was designed to investigate whether MEK5 downregulation sensitizes human prostate cancer 

cells to radiation and other agents that inflict DNA DSBs, and examine the potential mechanism of sensitization 

to these drugs. We show that MEK5 knockdown enhances the sensitivity of human prostate cancer cells to 

radiation and etoposide, which, mechanistically, can be attributed to inhibition of DNA-PKcs phosphorylation 

and the non-homologous end-joining process. Importantly, in vivo studies using a mouse xenograft model show 

that MEK5 ablation synergizes with radiation to suppress tumor growth. Our results support the hypothesis that 

inactivation of MEK5 in prostate cancer could be a strategy for improving the efficacy of radiotherapy in prostate 

cancer patients. 

 

Results 

MEK5/ERK5 pathway activation in response to ionizing radiation 

It has been demonstrated previously that MEK5 and ERK5 are upregulated in human prostate cancer and are 

associated with metastasis and reduced patient survival [25-27]. Immunoblotting of a panel of normal and 

malignant human prostate cell lines showed that MEK5 is predominantly expressed in advanced prostate cancer 

cell lines PC3 and DU145, less in androgen-responsive LNCaP, and at very low levels in normal epithelial 

prostate cells (PrEC) and the immortalized, but non-tumorigenic, cell line EP156T (Supplementary Fig. 1). 

The MEK5/ERK5 pathway is activated by a diverse array of growth factor, cytokines, as well as stress in the form 

of osmotic stress. We sought to determine whether the MEK5/ERK5 pathway is activated in response to ionizing 

radiation (IR) in human prostate cancer. Using phospho-ERK5 (T218/Y220) levels as a readout for the activation 

of the pathway, we exposed DU145 expressing either MEK5 or control Luciferase siRNA to different doses of 

IR and lysed the cells 15 min post-irradiation. As shown in Fig. 1a, phospho-ERK5 levels were increased after 2 

and 4 Gy of γ-rays. We repeated the experiment by exposing PC3 cells to 3 Gy of IR and lysing the cells at various 
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times post-irradiation. Activation of ERK5 in response to IR was fast occurring already at the earliest examined 

time (5 min) and persisting up to 15-30 min, gradually diminishing at later time points (Fig. 1b). As expected no 

phospho-ERK5 was detected in the MEK5 depleted DU145 of PC3 cells. Similarly, PC3 cells stably expressing 

MEK5 shRNA had reduced levels of activated ERK5, while control cells, stably expressing a scrambled shRNA, 

showed increase in phospho-ERK5 (T218/Y220) at 10 min post-irradiation that returned to basal levels by 4 h 

(Fig. 1c). We conclude that ionizing radiation induces a fast and transient activation of MEK5/ERK5 signaling 

pathway. 

 

Clonogenic survival assay 

To assess the physiological significance of IR-induced MEK5/ERK5 pathway activation, we next assessed the 

ability of MEK5 depletion to radiosensitize human prostate cancer cells using clonogenic survival assays. For 

this purpose, we transiently depleted MEK5 from DU145 (four non-overlapping siRNA against MEK5) or PC3 

(two independent siMEK5) and two days later irradiated cells with a range of γ-rays. siRNA treatment was able 

to suppress MEK5 protein levels for at least 7 days (Supplementary Fig. 2a, b). The number of radioresistant 

clones was recorded in control cells (transfected with Luciferase siRNA) and compared with MEK5-depleted 

cells. MEK5 knockdown led to significant reproductive cell death after irradiation compared with irradiated cells 

transfected with Luciferase siRNA (Fig. 1d, e). Specifically, knocking down MEK5 by each of four non-

overlapping siRNAs sensitized DU145 cells to radiation (surviving fraction at 2 Gy [SF2] 0.54 ± 0.02) compared 

to either parental cells or cells transfected with control luciferase siRNA (SF2 0.78 ± 0.05) (Fig. 1d). Similar 

radiosensitization was achieved with PC3 cells (SF2 0.35 ± 0.04 vs. 0.20 ± 0.03 in control vs. siMEK5) (Fig. 1e).  

We also performed shorter-term cell proliferation assays with PC3 and DU145 cells transiently expressing MEK5 

or Luciferase siRNA irradiated or not with 4 Gy, and cells were counted 6 days later. Transfection of untreated 

PC3 or DU145 cells with siMEK5 did not affect cell proliferation, appreciably. However, cells with MEK5 

knockdown showed marked radiosensitization. Thus, cell proliferation of irradiated DU145 cells expressing 

control siRNA was reduced to 65.1 ± 1.7% (n = 3), whereas in MEK5 knockdown DU145 cells proliferation was 
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28.2 ± 2.9% (n = 3; p < 0.005), compared with unirradiated control cells. Likewise, proliferation of irradiated 

PC3 cells expressing Luciferase or MEK5 siRNA were 38.3 ± 4.1% (n = 3) and 13.9 ± 2.3% (n = 3) (p < 0.004), 

respectively (Fig. 1f). Next, we established PC3 and DU145 cells stably expressing MEK5 or scrambled 

(shControl) shRNA and isolated 2 clones (#12, #22) for PC3 and 3 clones (denoted #5, #7, and #9) for DU145 

cells that showed downregulation of endogenous MEK5 protein (Supplementary Fig. 2c, d). We exposed 

DU145/shMEK5#9 cells and PC3/shMEK5#12 to 4 Gy (DU145) or 3 Gy (PC3) of γ-rays. In agreement with the 

clonogenic assay results, silencing of MEK5 resulted in significant radiosensitization in both DU145 (30.8 ± 

2.1%; n = 3; p = 2.9E-06) and PC3 (15.7 ± 0.4%; n = 3; p = 6.4E-05) cells 6 days post-irradiation compared with 

shControl cells (Fig. 1g and Supplementary Fig. 3 for an additional independent experiment). 

 

Cell cycle checkpoint activation in response to IR is not affected by MEK5 

Cells exposed to genotoxic stress, such as IR, arrest the cell cycle at various phases and attempt to repair the DNA 

damage. In particular, cells that lack a functional p53, such as PC3 and DU145, arrest the cell cycle at G2/M 

phase. To determine the impact of MEK5 knockdown on cell cycle checkpoint activation after irradiation we 

analyzed cell cycle distribution. As expected, irradiation of either DU145 or PC3 cells caused a G2/M arrest 

starting at about 8 h post-IR, whereas by 48 h cells had resumed their normal cell cycle activity. However, 

transient or stable downregulation of MEK5 did not appreciably affect cell cycle distribution after irradiation 

(Supplementary Fig. 4a, b). These results suggest that MEK5 does not play a role in enforcing cell cycle 

checkpoint activation in response to IR. 

 

DNA-PKcs activation in response to genotoxic stress is compromised in MEK5 knockdown cells 

Many studies have linked defects in DNA repair mechanisms to enhanced radiosensitivity. DNA double strand 

breaks inflicted by ionizing radiation, etoposide, and other anticancer agents lead to activation of kinases ATM 

and DNA-PKcs that initiate DNA repair. Activation of ATM is primarily monitored by phosphorylation of serine 

1981 (S1981) and ATM is pivotal in the activation of DNA repair by homologous recombination. DNA-PKcs 
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contains multiple Ser/Thr phosphorylation sites, and its DNA damage-inducible autophosphorylation site at 

S2056 is required for the repair of double-strand breaks by NHEJ [8]. Phosphorylation of serine 2056 (S2056), 

along with phosphorylation at threonine 2609 (T2609), are considered markers for DNA-PKcs activation in 

response to DNA damage [7]. Thus, to investigate the potential molecular mechanisms underlying the enhanced 

sensitivity of MEK5 knockdown in prostate cancer cells to IR, we examined phosphorylation status of DNA-

PKcs and ATM in response to DNA damage. PC3 cells transiently expressing a control Luciferase siRNA 

(siLUC) responded to 3 Gy γ-rays by a robust increase in phosphorylation of DNA-PKcs at S2056 and T2609 

that was detectable at the earliest time point examined (15 min) post-irradiation. DNA-PKcs phosphorylation 

signal was diminished to near basal levels 3 h post-irradiation, suggesting completion of DNA repair [7]. In 

contrast, DNA-PKcs phosphorylation was severely diminished in MEK5 depleted PC3 cells (Fig. 2a). On the 

other hand, ATM phosphorylation at S1981 in response to IR was comparable between control and MEK5-

depleted PC3 cells (Fig. 2a). These results were also confirmed by using DU145 cells (Fig. 2b). We also examined 

phosphorylation of DNA-PKcs at S2056 using PC3 cells stably expressing MEK5 shRNA (clones #12, #22) or 

control shRNA (shControl) (Fig. 2c and Supplementary Fig. 5), as well as DU145 cells expressing MEK5 shRNA 

(clone #7) (Fig. 2d) with similar results. Finally, ectopic expression of a MEK5 construct (Supplementary Fig. 

1e) in PC3/shMEK5 (clone #12) cells showed that DNA-PKcs S2056 phosphorylation was restored to normal 

levels in response to irradiation, while phospho-ATM remained at similar levels between shMEK5 and 

shMEK5/MEK5 cells (Fig. 2e). 

We also examined the impact of MEK5 silencing on the response to IR of two additional cell lines, the non-

tumorigenic prostate epithelial cells EP156T and the androgen-responsive LNCaP cells. In contrast to PC3 and 

DU145, MEK5 ablation did not have an impact on the phosphorylation of DNA-PKcs (S2056) and ATM (S1981) 

in response to IR (Supplementary Fig. 6a, b). Likewise, cell proliferation assay showed that MEK5 ablation did 

not sensitize LNCaP cells to IR (Supplementary Fig. 6c). 

To validate the impact of MEK5 silencing on DNA-PKcs activation further, we exposed PC3 and DU145 cells to 

etoposide and phleomycin, two compounds that inflict cell damage by generating DNA double strand breaks, 
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which are predominantly repaired by NHEJ [28]. We first performed a dose response study using various 

concentrations (0, 0.5, 1, 2.5, 5, and 10 µM) of etoposide with PC3/shControl and PC3/shMEK5-12 cells. As 

shown in Fig. 3a, PC3 cells with MEK5 knockdown were exquisitely sensitive to etoposide treatment compared 

with control PC3 cells. In a similar experiment, we treated PC3/shControl and PC3/shMEK5-12 cells with 10 µM 

etoposide for 16 h, removed the drug, and incubated cells for an additional 4 days after which we counted the 

cells. While total cell count of untreated PC3 expressing shMEK5 did not differ from control cells, etoposide-

exposed PC3/shMEK5 showed an 80% reduction in cell numbers compared with etoposide-treated control cells 

(Fig. 3b). Furthermore, treating PC3 cells with 10 µM of etoposide resulted in a robust increase of DNA-PKcs 

phosphorylation at S2056 (Fig. 3c). In contrast, phospho-DNA-PKcs was significantly lower in PC3/shMEK5 

cells for the whole time course (Fig 3c and Supplementary Fig. 7a). These results were further confirmed with 

DU145 cells, as well (Supplementary Fig. 7b). ATM activation was not different between control and MEK5 

knockdown PC3 cells. Finally, we treated PC3 and DU145 cells with 60 µg/mL of phleomycin for 2 h to generate 

DSBs, removed the drug, and incubated the cells in drug-free culture medium for up to 4 h. As seen with IR and 

etoposide, the expected increase in phospho-S2056 was observed only in the cells with normal levels of MEK5, 

but not in cells with MEK5 knockdown (Fig. 3d). Unlike DNA-PKcs, ATM activation in response to phleomycin 

was independent of MEK5 in both cell lines.  Collectively, these results show that MEK5 is required for full 

activation of DNA-PKcs in response to DSB genotoxic stress, and thus MEK5 acts upstream of DNA-PKcs. 

However, ATM activation is independent of MEK5. 

 

MEK5 ablation delays IR-induced foci resolution 

An early response to DSBs is phosphorylation of H2AX, a variant of histone H2A, at serine 139, which is carried 

out by both ATM and DNA-PKcs [3]. Phosphorylated H2AX, called γH2AX, spreads from the double strand 

break over several megabases, and this can be visualized as foci by immunofluorescence using phospho-Ser139 

antibodies. Similar to H2AX, 53BP1 is recruited to break sites and co-localizes with γHA2X. 53BP1 has been 

shown to be important for DNA repair by NHEJ [29]. To gain further insight into how MEK5 depletion sensitizes 
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cells to genotoxic stress, we monitored the kinetics of γH2AX and 53BP1 foci formation in PC3 cells after 

exposure to 3 Gy γ-rays. The number of foci in unirradiated cells was low and it did not change with MEK5 

silencing. As expected, radiation induced a rapid γH2AX and 53BP1 foci formation reaching maximum number 

within 30 min (Fig. 4a, c, d). MEK5 depletion (Fig. 4b) did not change the initial appearance of foci numbers. 

Subsequently, foci numbers in control PC3 cells were markedly diminished 2 h post-irradiation and returned to 

basal levels by 24 h. However, MEK5-depleted cells significantly delayed resolution of foci and they persisted 

above basal levels even after 48 h (Fig. 4a, c, d). We repeated the immunofluorescence experiments using transient 

Luciferase and MEK5 siRNA transfection of PC3 cells with comparable results (Supplementary Fig. 8). Finally, 

we exposed PC3 cells to 10 µM etoposide and monitored H2AX and 53BP1 foci formation and resolution. In 

agreement with the IR treatment, exposure to etoposide resulted in increased number of foci at 30 min and 2 h, 

comparable for both control and MEK5 knockdown PC3 cells (Fig. 5a, b, c). However, foci resolution occurred 

much faster in control cells than in MEK5 silenced cells.  We conclude that although the initial response to DNA 

damage is not dependent on MEK5 presence, the resolution and thus DNA repair of the damage is markedly 

delayed by MEK5 knockdown. 

 

MEK5 knockdown impairs non-homologous end joining 

Next, we performed experiments to test directly the ability of MEK5 to promote NHEJ by using a cell-based 

assay [30, 31]. pEGFP-N1 plasmid (Clontech) was digested with HindIII restriction endonuclease and transfected 

into PC3 cells expressing normal or reduced levels of MEK5. As a control, we treated PC3 cells with 2 µM 

NU7441, a DNA-PKcs-specific inhibitor. Transient transfection efficiency with the initial uncut plasmid was 

approximately 30% for PC3, PC3/shMEK5, and PC3/NU7441 cells as judged by the number of EGFP fluorescent 

cells measured under the microscope (Fig. 6a). Transiently transfected digested plasmid into PC3 cells resulted 

in approximately 10% of green fluorescent cells that express the protein. In contrast, PC3/shMEK5 produced 

almost 7 times fewer EGFP-expressing cells (1.5%), whereas the proportion of EGFP-positive cells after 

treatment with NU7441 was approximately 1% (Fig. 6b). Thus, MEK5 downregulation impairs NHEJ. 
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Combination of MEK5 blockade and ionizing radiation impairs tumor growth in vivo 

To evaluate the efficacy of MEK5 knockdown combined with radiation to inhibit the growth of prostate cancer 

cells in mouse xenografts, we injected mice subcutaneously with PC3 cells expressing either shControl or 

shMEK5#12. We chose shMEK5 clone 12, as this clone showed the greater efficiency in downregulating 

endogenous MEK5 and, in vitro proliferation assays showed no appreciable difference in cell proliferation 

between shControl and shMEK5 PC3 cells (Supplementary Fig. 9). Mice bearing subcutaneous shControl or 

shMEK5 xenografts were either left untreated or exposed to a single dose of 4 Gy, delivered specifically to the 

tumor by the Small Animal Radiation Research Platform (SARRP) irradiator using the onboard imager of the 

SARRP for image guided localization of the tumor (Supplementary Fig. 10) [32]. In agreement with in vitro 

proliferation assay, unirradiated shMEK5 cell growth showed a small but not significant (p = 0.5) impairment of 

growth when compared with unirradiated shControl cell growth.  Likewise, exposure of shControl tumors to 4 

Gy γ-rays had no effect on tumor growth compared with unirradiated shControl tumors (p = 0.5; Fig. 7). In 

contrast, shMEK5 cells exposed to radiation grew five-fold more slowly compared with unirradiated shMEK5 

cells (p < 1E-04) (Fig. 7). In summary, these findings demonstrate that whereas MEK5 depletion or IR used 

separately have only a moderate impact on PC3 cells grown in mouse xenografts, the combination of MEK5 

blockade with IR leads to a dramatic inhibition of tumor growth. 

 

Discussion 

In this study, we identified a critical role of MEK5 in mediating resistance to DNA damaging agents, such as 

ionizing radiation and etoposide, in prostate cancer cells. Our in vitro and in vivo investigations demonstrate that 

MEK5 silencing sensitized PC3 and DU145 aggressive prostate cancer cell lines to IR, etoposide, and phleomycin 

through inactivation of DNA-PKcs and NHEJ repair. In contrast, neither EP156T nor LNCaP cell lines were 

affected by MEK5 knockdown, most likely because these cells express relatively lower protein levels compared 

with PC3 and DU145. Furthermore, in the androgen receptor (AR)-positive LNCaP cells, AR drives DNA-PKcs 
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expression and activation in response to genotoxic stress [33, 34]. As a result, LNCaP cells possess much higher 

levels of DNA-PKcs and active NHEJ. Thus, enhanced activity of DNA-PKcs combined with lower levels of 

MEK5 protein in LNCaP cells could preclude MEK5 from regulating DNA-PKcs phosphorylation levels.  

While ATM is activated by IR, etoposide, or phleomycin equally well between control and MEK5 knockdown 

cells, MEK5 silencing impairs phosphorylation of DNA-PKcs at S2056 and T2609 in response to genotoxic stress, 

indicating reduced activation. We find that the combination of MEK5 abrogation with etoposide has a greater 

impact on prostate cancer cell survival than radiation. Etoposide treatment generates DSBs that are mainly 

repaired by NHEJ [35]. In contrast, IR creates DSBs that are repaired by both NHEJ and HR [35]. Thus, MEK5 

ablation that diminishes DNA-PKcs phosphorylation and impairs NHEJ is expected to significantly reduce cell 

survival, when combined with etoposide. 

It has been shown that IR-induced DNA-PKcs autophosphorylation at S2056 is regulated in a cell cycle-dependent 

manner with attenuated phosphorylation in the S phase [8]. However, we confirmed that MEK5 silencing had no 

impact on cell cycle distribution and neither altered cell cycle arrest after IR. It is well established that elevated 

DNA-PKcs activity in various human cancers results in increased resistance to DNA damage. DNA-PKcs is 

associated with poor disease outcome [36] and predicts response to radiotherapy in advanced prostate cancer [37, 

38], whereas knockdown of DNA-PKcs sensitizes DU145 and PC3 cells to ionizing radiation [39]. However, 

DNA-PKcs is a ubiquitously expressed protein and its inhibition is expected to sensitize both normal epithelial 

and malignant prostate cells to radiation. In contrast, MEK5 is predominantly expressed in prostate cancer cells 

and thus targeting MEK5 would radiosensitize mainly tumor cells. 

DSB generated by IR result in the formation of γH2AX and 53BP1 foci, and persistence of γH2AX foci indicate 

delayed repair and correlates with radiosensitivity [40-42]. The initial generation of IR-induced γH2AX and 

53BP1 foci formation was similar between MEK5 knockdown and control cells. This can be attributed to ATM 

activation, which is known to play a dominant role in the generation of γH2AX, at least at early times post-

irradiation [43]. In contrast, the resolution and thus repair of damage foci was markedly delayed in MEK5 

knockdown cells compared with control cells.  This is consistent with impaired DNA-PKcs action [43]. 
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Furthermore, cell-based assays confirmed that NHEJ activity was significantly compromised in MEK5 

knockdown cells.  

In the current study, we provide evidence for the first time that a member of the MAP kinase family, MEK5, has 

an impact on DNA-PKcs phosphorylation and NHEJ repair in response to genotoxic stress. Members of the 

mitogen-activated protein kinases (MAPK) family, especially the MEK1/2/ERK1/2 pathway, have been 

functionally associated with tumor DNA damage response and repair pathway, albeit with variable outcomes. 

Thus, activation of ATM by radiation downregulates phospho-ERK1/2, and this downregulation is associated 

with radioresistance in human squamous cell carcinoma cell lines [44]. Similarly, ERK1/2 activation in response 

to etoposide, which is abrogated in ATM knockout cells, leads to increased apoptosis and sensitization to the drug 

[45]. In contrast, ATM inhibition partly blocks phospho-ERK1/2 and diminishes HR in response to radiation, 

whereas inhibition of ERK1/2 activity reduced phosphorylation of ATM at S1981 in glioma cells [46]. 

Furthermore, treatment of pancreatic cancer cells with the MEK1/2-specific inhibitor trametinib resulted in 

significant radiosensitization by suppressing both HR and NHEJ [47]. In this case, it was noted that total DNA-

PKcs levels were reduced in the trametinib-treated cells. However, inhibition of ERK1/2 has also been shown to 

increase DNA-PKcs activation and promote DSB repair by NHEJ in response to etoposide in breast cancer cells 

[48]. In our study, ERK1/2 activation in response to IR was not detected in PC3 cells (unpublished results). 

However, EGF treatment of PC3 cells was able to induce phospho-ERK1/2, implying that the MEK1/2/ERK1/2 

pathway is intact in these cells. On the other hand, DU145 cells express active ERK1/2 constitutively and 

phospho-ERK1/2 levels were not further induced by IR.  Recently a study was published that showed ERK5 

confers radioresistance to lung adenocarcinoma cell lines [49]. However, the mode of action of ERK5 in response 

to IR differs significantly from the present study. Thus, whereas ERK5 knockdown combined with radiation leads 

to compromised G2/M cell cycle arrest, our results show that MEK5 downregulation does not affect the cell cycle 

checkpoint response. Moreover, it was shown that IR caused sustained activation of ERK5, whereas we find that 

activation of ERK5 in prostate cancer cells is fast and transient, reaching maximal levels of phosphorylation at 

around 10-30 min, diminishing thereafter and becoming undetectable by 2 hr post-irradiation. These differences 
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may be attributed to different cancer types or, alternatively, to the fact that ERK5 has additional, MEK5-

independent functions, and thus the impact of MEK5 knockdown may differ from that of ERK5 depletion [50]. 

In conclusion, our results support the mechanism that MEK5 inhibition sensitizes prostate cancer cells to 

genotoxic stress by severely impairing DNA-PKcs autophosphorylation and DNA repair by NHEJ. Our in vivo 

experiments show that downregulation of MEK5 combined with irradiation markedly sensitizes prostate cancer 

cells to radiotherapy and support targeting MEK5 as a potential clinical intervention for intermediate and high-

risk prostate cancer patients treated with radiotherapy. 

 

Materials and methods 

 

Detailed experimental procedures describing cell culture, cell proliferation assays, irradiation, clonogenic survival 

assay, RNA interference and plasmid construction, cell cycle analysis, Western blot analysis, 

immunofluorescence, NHEJ assay, animal studies, and statistical analysis are included in the Supplementary 

Materials and Methods document. 
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Figure legends 

Fig. 1 MEK5 silencing sensitizes cells to radiation. a DU145 cells were transiently transfected with Luciferase 

(siLUC) or MEK5 (siMEK5-78) siRNA. Two days later, cells were serum-starved for 24h and irradiated by 

various doses of γ-radiation. Fifteen minutes later, cells were lysed and proteins were subjected to immunoblotting 

with the indicated antibodies. b Time course activation of ERK5 in response to ionizing radiation.  PC3 cells were 

transiently transfected with either Luciferase (siLUC) or MEK5 (siMEK5-10) siRNA and serum starved for 48h. 

Cells were irradiated with 4 Gy and lysed at the indicated time points. Levels of total MEK5 and α-tubulin are 

shown. c PC3 stably expressing a scrambled (shControl) or MEK5 (clone#12) shRNA were irradiated with 3 Gy 

γ-rays and immunoblotted subsequently with phospho-ERK5, total ERK5, MEK5, and α-tubulin antibodies. d 

DU145 clonogenic survival assay. DU145 cells were either left untransfected (DU) or transiently transfected with 

luciferase siRNA (DL) or four different siRNAs against MEK5 (D76, D78, D10, D20). Two days later, cells were 

irradiated with increasing doses of γ-radiation and plated for clonogenic assay.  e PC3 cells were transfected with 

luciferase siRNA (PL) as control or MEK5 siRNAs (P76, P78) and clonogenic assay was carried out as in d. f 

Cell proliferation assay. DU145 and PC3 cells were transiently transfected with control Luciferase (LUC) or 

MEK5 (D78 or P78) siRNA. Three days later, cells were irradiated with 4 Gy γ-rays and incubated for 6 days. 

Cells were trypsinized and counted with a hemocytometer. g DU145 and PC3 cells were stably expressing either 

scrambled (shControl) or MEK5 (shMEK5) shRNA were exposed to 4 Gy (DU145) or 3 Gy (PC3), or were sham 
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irradiated. Data for d, e, and f represent the mean ± S.D (n = 3). P-values were calculated by Student’s t-test. UI: 

unirradiated. 

 

Fig. 2 MEK5 knockdown impairs DNA-PKcs phosphorylation in response to ionizing radiation. PC3 (a) or 

DU145 (b) cells were transiently transfected with Luciferase siRNA (siLUC) or siRNAs against MEK5 (#78). 

Four days later, cells were irradiated with 3 Gy γ-radiation, lysates were prepared at the indicated times and 

immunoblotted with the indicated antibodies. c PC3 cells stably expressing a control (shControl) or MEK5 

(clone#12, upper; clone#22, lower) shRNA were exposed to 3 Gy of γ-rays and cells were lysed at the indicated 

times. Lysates were immunoblotted sequentially with the indicated antibodies. d DU145 cells stable expressing 

a scrambled (shControl) or MEK5 (clone#7) shRNA were exposed to 3 Gy of γ-rays and cells were lysed at 

different times and immunoblotted sequentially with anti-phospho-DNA-PKcs (S2056) and anti-total DNA-PKcs 

antibodies. e Ectopic expression of MEK5 restores activation of DNA-PKcs.  PC3 cells stably expressing 

shControl, shMEK5 (clone#12), or shMEK5 transiently expressing MEK5-pcDNA3 vector were exposed to 3 Gy 

of γ-rays and lysed at the indicated times. Lysates were immunoblotted sequentially with phospho-DNA-PKcs 

(Ser2056), total DNA-PKcs, phospho-ATM (Ser1981) and total ATM antibodies. UI: unirradiated. 

 

Fig. 3 MEK5 knockdown impairs DNA-PKcs phosphorylation in response to etoposide and phleomycin. a dose 

response curves of control and MEK5 shRNA in PC3 cells exposed to increasing concentrations of etoposide. 

Cell numbers were recorded 6 days post-treatment. b PC3 cells were exposed to 10 µM etoposide for 16 h, drug 

was removed, and cells were incubated for 6 days. Subsequently, cells were fixed, stained with crystal violet, 

quantified and expressed as percentage of the shControl-treated cells. Mean ± S.D. (n = 3). P-value were 

calculated by Student’s t-test. c PC3 cells stably expressing a scrambled (shControl) or MEK5 (clone #12) shRNA 

were treated with 10 µM etoposide, cells were lysed at the indicated times and immunoblotted sequentially with 

the indicated antibodies. d PC3 cells (left) stably expressing shControl or shMEK5 (clone #12) and DU145 cells 

(right) stably expressing shControl or shMEK5 (clone #9) were treated with 60 µg/ml phleomycin for 2 h, drug 
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was removed and cells were incubated for the indicated times. Lysates were immunoblotted with the indicated 

antibodies. UT: untreated. 

 

Fig. 4 MEK5 knockdown delays resolution of irradiation-induced DSBs. PC3 cells stably expressing shControl 

or shMEK5 were exposed to 3 Gy γ-rays, fixed and stained for γH2AX, 53BP1, and 4’, 6-diamidino-2-

phenylindole (DAPI; DNA). a Representative images and b western blot analysis of MEK5 protein levels in 

shControl and shMEK5 (clone #12) cells. c, d quantitation of number of γH2AX (c) and 53BP1 (d) foci per cell 

over time after irradiation between cells expressing shControl and shMEK5. Shown mean ± S.D. (n = 3). * p < 

0.001, calculated by Student’s t-test. UI: unirradiated. 

 

Fig. 5 MEK5 knockdown delays resolution of etoposide-induced DSBs. PC3 cells stably expressing shControl 

or shMEK5 were treated with etoposide and, at the indicated times, they were fixed and stained for γH2AX, 

53BP1, and 4’, 6-diamidino-2-phenylindole (DAPI; DNA). a Representative images and b, c quantitation of 

number of γH2AX (b) and 53BP1 (c) foci per cell over time after etoposide treatment between cells expressing 

shControl and shMEK5. Shown mean ± S.D. (n = 3). * p < 0.001, calculated by Student’s t-test. UT: untreated. 

 

Fig. 6 MEK5 depletion impairs non-homologous end joining. a intact or b HindIII-digested pEGFP-N1 vector 

was transiently transfected in PC3 cells expressing shControl or shMEK5. shControl cells were also treated or 

not with NU7441. Twenty-four hours post-transfection, cells were fixed, stained with DAPI, and EGFP-positive 

cells were quantitated by fluorescence as percent EGFP-positive cells/total (DAPI) number cells. Mean ± S.D. (n 

= 3). P-value was calculated by Student’s t-test. UT: uncut plasmid; HindIII: restriction enzyme-digested plasmid. 

 

Fig. 7 MEK5 ablation synergizes with radiotherapy to suppress PC3 tumor growth in vivo. PC3 cells stably 

expressing scrambled (control) or MEK5 (clone #12) shRNA were injected subcutaneously into athymic male 
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NU/J mice. When tumors reached ~200 mm3, mice were irradiated with 4 Gy x-rays (IR), or they were sham 

irradiated. Tumor growth was measured using a caliper. Shown mean volume ± S.E.M. (n = 8 mice /treatment). 
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