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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.
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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 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 

expression in prostate cancer is associated with an invasive phenotype [23]. Recently, it has 
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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 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 
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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 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.
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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 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, 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 
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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 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.
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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.

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 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 
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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]. 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 
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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 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. A 

list of the antibodies used and their dilution is provided in Supplementary Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 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.
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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.
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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 was removed and cells were incubated for the indicated times. Lysates were 

immunoblotted with the indicated antibodies. UT: untreated.
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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.
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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.
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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.
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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 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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