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INTRODUCTION

Radiation is a 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 MEKD5), belongs to the family of MAP kinases.
It is activated by the upstream kinases MEKK?2 and MEKKS3 at S311/T315, or in some cases directly by c-Src
(8-11). MEKS, 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 ERKS5 (15). Most importantly, the MEKS5/ERKS 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 MEKS5/ERKS5 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-
kB, CREB, and transcription factors that control the epithelial-mesenchymal transition (EMT) program (17-22).

We have shown that MEK5 downregulation enhances radiosensitization in human prostate cancer cells.
Furthermore, we have demonstrated that MEKS silencing modulates the activation of DNA-PKcs, major player
of the DNA repair pathway, impairs non-homologous end-joining, and delays resolution of ionizing radiation
induced YH2AX and 53BP1 foci. We have extended our in vitro observations to mouse xenografts and show
that combination of MEK5 downregulation with ionizing radiation leads to a dramatic reduction in tumor
growth in vivo.
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ACCOMPLISHMENTS

What were the major goals of the project?

Specific Aim 1

Task 3: MEKS5 silencing combined with irradiation attenuates prostate tumor growth in vivo
Specific Aim 2

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

What was accomplished under these goals?
(1) We have completed successfully the in vivo experiments with MEK5 knockdown and radiation.

(2) We have completed the DNA microarray experiments using shMEKS5 alone or in combination with
irradiation in PC3 and DU145 cells.

Specific Aim 1

Task 3: Evaluate the efficacy of MEKS5 knockdown combined with radiation in the inhibition of prostate tumor
growth in vivo.

To examine the impact of MEKS5 knockdown on the radiosensitization of prostate cancer cells, we used PC3
stably expressing a ShRNA targeting MEKS5 (clone 12), a clone that shows the greatest MEK5 downregulation,
or a non-targeting, control, ShRNA. We confirmed MEK5 downregulation by Western blotting (Figure 1). We
performed in vitro proliferation assays using PC3/shControl and PC3/shMEKS5 and demonstrated silencing
MEKS in cells cultured in complete medium (10% fetal bovine serum) grew at similar rates as control PC3 cells
(Figure 2). Next, we evaluated the efficacy of MEKS 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 3X10°% PC3 cells expressing control (shControl) or MEK5 (shMEKS5) shRNA. When
tumors reached a volume of approximately ~200 mm?, mice were randomized to one of the following groups:
(i) shControl, unirradiated; (ii) shControl; irradiated; (iii) ShAMEKS; unirradiated; (iv) ShMEKS; 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 (25). 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 mm? collimator prescribed to the isocenter. 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 3. Tumor growth was measured twice weekly with a caliper and the volume was estimated according to
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the formula Length x Width? x 0.50, where length is the longest dimension and width the corresponding
perpendicular dimension.

PC3/shControl cells were resistant to 4 Gy y-rays and grew as fast as the control unirradiated cells (Figure 4).
In contrast, PC3/shMEKS5 cells exposed to radiation grew very slowly compared with unirradiated
PC3/shMEKS5 cells (p < 4.7E-04). Interestingly, in contrast to the in vitro proliferation data, unirradiated
PC3/shMEKS5 cell growth was significantly impaired when compared with unirradiated PC3/shControl cell
growth (p = 0.022).

We conclude that MEKS5 knockdown sensitizes PC3 cells to ionizing radiation not only in vitro, but also in
xenografts.

Specific Aim 1 has been completed.
Specific Aim 2

Task 2: Perform global gene expression analysis.

PC3/shControl and PC3/shMEKS5, as well as DU145/shControl and DU145/shMEKS5 were exposed to 4
Gy of y-rays and RNA was isolated 6 h and 24 h post-irradiation. RNA was purified using RNeasy mini kit and
RNA vyields 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 vyield 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.

Aim 2 is still in progress.

REFERENCES

1. Okajima, K, Ishikawa K, Matsuura T, Tatebe H, Fujiwara K, Hiroi K, Hasegawa H, Nishimura Y. (2013).
Multiple primary malignancies in patients with prostate cancer: increased risk of secondary malignancies after
radiotherapy. Int J Clin Oncol 18(6): 1078-1084. PMID: 23179638.

2. Kuban DA, Tucker SL, Dong L, Starkschall G, Huang EH, Cheung MR, Lee AK, Pollack A. (2008). Long-
term results of the M. D. Anderson randomized dose-escalation trial for prostate cancer. Int J Radiat Oncol Biol
Phys 70(1): 67-74. PMID: 17765406.

3. Dearnaley DP, Sydes MR, Graham JD, Aird EG, Bottomley D, Cowan RA, Huddart RA, Jose CC, Matthews
JH, Millar J, Moore AR, Morgan RC, Russell JM, Scrase CD, Stephens RJ, Syndikus I, Parmar MK; RT01
collaborators. (2007). Escalated-dose versus standard-dose conformal radiotherapy in prostate cancer: first
results from the MRC RTO1 randomised controlled trial. Lancet Oncol. 8(6):475-87. PMID: 17482880.

6



4. Zietman AL, DeSilvio ML, Slater JD, Rossi CJ Jr, Miller DW, Adams JA, Shipley WU. (2005). Comparison
of conventional-dose vs high-dose conformal radiation therapy in clinically localized adenocarcinoma of the
prostate: a randomized controlled trial. JAMA. 294(10):1233-9.PMID: 16160131.

5. Chism DB, Horwitz EM, Hanlon AL, Pinover WH, Mitra RK, Hanks GE. (2003). Late morbidity profiles in
prostate cancer patients treated to 79-84 Gy by a simple four-field coplanar beam arrangement. Int J Radiat
Oncol Biol Phys. 55(1):71-7. PMID: 12504038.

6. Smit WG, Helle PA, van Putten WL, Wijnmaalen AJ, Seldenrath JJ, van der Werf-Messing BH. (1990). Late
radiation damage in prostate cancer patients treated by high dose external radiotherapy in relation to rectal dose.
Int J Radiat Oncol Biol Phys. 18(1):23-9. PMID: 2298625.

7. Lawton CA, Won M, Pilepich MV, Asbell SO, Shipley WU, Hanks GE, Cox JD, Perez CA, Sause WT,
Doggett SR, et al. (1991). Long-term treatment sequelae following external beam irradiation for
adenocarcinoma of the prostate: analysis of RTOG studies 7506 and 7706. Int J Radiat Oncol Biol Phys.
21(4):935-9. PMID: 1917622.

8. Zhou G, Bao ZQ, Dixon JE. (1995). Components of a new human protein kinase signal transduction
pathway. J Biol Chem. 270(21):12665-9. PMID: 7759517.

9. Sun W, Kesavan K, Schaefer BC, Garrington TP, Ware M, Johnson NL, Gelfand EW, Johnson GL. (2001).
MEKK?2 associates with the adapter protein Lad/RIBP and regulates the MEK5-BMK1/ERKS5 pathway. J Biol
Chem. 276(7):5093-100. PMID: 11073940.

10. Chao TH, Hayashi M, Tapping RI, Kato Y, Lee JD. (1999) MEKK3 directly regulates MEKS5 activity as
part of the big mitogen-activated protein kinase 1 (BMKZ1) signaling pathway. J Biol Chem. 274(51):36035-8.
PMID: 10593883.

11. Suzaki Y, Yoshizumi M, Kagami S, Koyama AH, Taketani Y, Houchi H, Tsuchiya K, Takeda E, Tamaki T.
(2002). Hydrogen peroxide stimulates c-Src-mediated big mitogen-activated protein kinase 1 (BMK1) and the
MEF2C signaling pathway in PC12 cells: potential role in cell survival following oxidative insults. J Biol
Chem. 277(11):9614-21. PMID: 11782488.

12. Regan CP, Li W, Boucher DM, Spatz S, Su MS, Kuida K. (2002). Erk5 null mice display multiple
extraembryonic vascular and embryonic cardiovascular defects. Proc Natl Acad Sci U S A. 99(14):9248-53.
PMID: 12093914. PMCID: PMC123126.

13. Yan L, Carr J, Ashby PR, Murry-Tait VV, Thompson C, Arthur JS. (2003). Knockout of ERK5 causes
multiple defects in placental and embryonic development. BMC Dev Biol. 3:11. PMID: 14675480. PMCID:
PMC324396.

14. Wang X, Merritt AJ, Seyfried J, Guo C, Papadakis ES, Finegan KG, Kayahara M, Dixon J, Boot-Handford
RP, Cartwright EJ, Mayer U, Tournier C. (2005). Targeted deletion of mek5 causes early embryonic death and
defects in the extracellular signal-regulated kinase 5/myocyte enhancer factor 2 cell survival pathway. Mol Cell
Biol. 25(1):336-45. PMID: 15601854. PMCID: PMC538774.



15. Sohn SJ, Sarvis BK, Cado D, Winoto A. (2002). ERK5 MAPK regulates embryonic angiogenesis and acts
as a hypoxia-sensitive repressor of vascular endothelial growth factor expression. J Biol Chem. 277(45):43344-
51. PMID: 12221099.

16. Hayashi M, Fearns C, Eliceiri B, Yang Y, Lee JD. (2005). Big mitogen-activated protein kinase
1/extracellular signal-regulated kinase 5 signaling pathway is essential for tumor-associated angiogenesis.
Cancer Res. 65(17):7699-706. PMID: 16140937.

17. Kato Y, Kravchenko VV, Tapping RI, Han J, Ulevitch RJ, Lee JD. (1997). BMK1/ERKS regulates serum-
induced early gene expression through transcription factor MEF2C. EMBO J. 16(23):7054-66. PMID: 9384584.
PMCID: PMC1170308.

18. Han TH, Prywes R. (1995). Regulatory role of MEF2D in serum induction of the c-jun promoter. Mol Cell
Biol. 15(6):2907-15. PMID: 7760790. PMCID: PMC230521.

19. Pearson G, English JM, White MA, Cobb MH. (2001). ERK5 and ERK2 cooperate to regulate NF-kappaB
and cell transformation. J Biol Chem. 276(11):7927-31. PMID: 11118448.

20. Linnerth NM, Baldwin M, Campbell C, Brown M, McGowan H, Moorehead RA. (2005). IGF-II induces
CREB phosphorylation and cell survival in human lung cancer cells. Oncogene. 2005 24(49):7310-9. PMID:
16158061.

21. Arnoux V, Nassour M, L'Helgoualc'h A, Hipskind RA, Savagner P. (2008). Erk5 controls Slug expression
and keratinocyte activation during wound healing. Mol Biol Cell. 19(11):4738-49. PMID: 18716062. PMCID:
PMC2575153.

22. Zhou C, Nitschke AM, Xiong W, Zhang Q, Tang Y, Bloch M, Elliott S, Zhu Y, Bazzone L, Yu D, et al.
(2008). Proteomic analysis of tumor necrosis factor-alpha resistant human breast cancer cells reveals a
MEKS5/Erk5-mediated epithelial-mesenchymal transition phenotype. Breast Cancer Res. 10(6):R105. PMID:
19087274. PMCID: PMC2656902.

23. Mehta PB, Jenkins BL, McCarthy L, Thilak L, Robson CN, Neal DE, Leung HY. (2003). MEK5
overexpression is associated with metastatic prostate cancer, and stimulates proliferation, MMP-9 expression
and invasion. Oncogene. 22(9):1381-1389. PMID: 12618764.

24. Voronov E, Shouval DS, Krelin Y, Cagnano E, Benharroch D, Iwakura Y, Dinarello CA, Apte RN. (2003)
IL-1 is required for tumor invasiveness and angiogenesis. Proc Natl Acad Sci U S A. 100(5):2645-50. PMID:
12598651.

25. Wu CC, Chaudhary KR, Na YH, Welch D, Black PJ, Sonabend AM, Canoll P, Saenger YM, Wang TJC,
Wuu CS, Hei TK, Cheng SK. Quality Assessment of Stereotactic Radiosurgery of a Melanoma Brain
Metastases Model Using a Mouselike Phantom and the Small Animal Radiation Research Platform. Int J Radiat
Oncol Biol Phys. 2017;99(1):191-201. PMID: 28816146 PMCID: PMC5675116.



* khControl
SshMEK S

<«+—MEKS

wﬁ-actin

Figure 1: PC3 clone 12 stably expressing sShMEKS5. PC3 cells were infected with lentiviral particles containing
pLKO.1-shRNA against MEKS5 or a control shRNA. shMEKS clones were isolated after puromycin (1 pg/ml)
selection. Cell lysates from control or clone 12 were immunoblotted with anti-MEKS and anti-p-actin (loading

control) antibodies.
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Figure 2: Cell proliferation. PC3 (shControl, shMEKS5 clone 12) were seeded in 12-well plate (5,000
cells/well). Cells were trypsinized and counted with a hemocytometer at days 0, 2, 3, and 6.
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Figure 3: Radiation plan dosimetry and dose-volume histograms. (A) Representative images in coronal,
axial and sagittal orientation of tumor-bearing mouse with radiation target volumes (tumor, red; tumor
isocenter, cyan) contoured on cone-beam computed tomography images imported into MuriPlan software
(Xstrahl, Suwanee, GA). (B, C) Representative dose-volume histogram (DVH) and corresponding dosimetry to
tumor (mean, minimum and maximum radiation dose (cGy)) for Tumor RT treatment plans.
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Figure 4. Tumor growth. PC3 cells stably expressing control Scrambled or MEK5 shRNA were injected
subcutaneously into athymic male NU/J mice. When tumors reached ~200 mm?, 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). * p = 0.022 ** p < 4.7E-04.

What opportunities for training and professional development has the project provided?
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Nothing to Report
How were the results disseminated to communities of interest?

Results were presented in the AACR- Prostate Cancer: Advances in Basic, Translational, and Clinical Research
meeting (https://www.aacr.org/Meetings/Pages/MeetingDetail.aspx?EventitemID=114).

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

(1) Perform immunohistochemical analysis of PC3 tumor samples from the in vivo experiments. Analyze
proliferation and apoptosis by Ki67 and TUNEL staining.

(2) Examine the effect of MEKS on irradiation-induced angiogenesis as outlined in the proposal. IL-1p will be
tested for its ability to affect angiogenesis.

(3) Analyze DNA microarray data. Confirm expression of select differentially expressed genes by gRT-PCR.
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IMPACT

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 YH2AX and 53BP1 IR-induced foci and impairs
non-homologous-end joining. Finally, our in vivo experiments confirm the importance of MEKS 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/PROBLEMS

Changes in approach and reasons for change

Angiogenesis experiments using Human Prostate Microvascular Endothelial Cells from a commercial source
were not feasible, because cells could not be propagated in culture. As an alternative, we will perform
angiogenesis experiments using HUVEC cells that we are able to grow them for several passages in culture.

Actual or anticipated problems or delays and actions or plans to resolve them
None anticipated

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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PRODUCTS
Publications, conference papers, and presentations

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 MEKS), belongs to the family of MAP kinases. It is
activated by the upstream kinases MEKK2 and MEKKS3 at Ser311/Thr315. MEKS, in turn, phosphorylates and
activates extracellular signal-regulated kinase 5 (ERK5 or BMK1) at Thr218/Tyr220. MEK5/ERKS pathway
plays a pivotal role in tumor initiation and progression. MEKS protein is overexpressed in prostate cancer cells
compared with normal prostate epithelial cells, and MEKS5 levels are correlated with prostate cancer metastasis.
High expression of ERKS5 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/ERKS 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 MEKS5 exposed to 3-Gy y-rays had an increase in phospho-ERKS5 levels at 5
and 15 min post-IR, diminishing at later time points. No activated ERK5 was detected in MEK5-depleted cells.
Downregulation of MEKS5 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, MEKS knockdown did not influence the initial appearance of YH2AX or 53BP1 foci after
irradiation, but significantly delayed the resolution of radiation-induced YH2AX 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 MEKS5 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 Il inhibitor etoposide that causes double-
strand breaks also sensitized MEK5-depleted cells.

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

downregulation is associated with delayed double-strand break repair kinetics. Inhibition of MEKS5 in
combination with radiation may provide a strategy to improve survival of prostate cancer patients.
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PARTICIPANTS AND OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

Name: Constantinos G. Broustas

Project Role: PI

Nearest Person month worked: 5

Contribution to Project: Designed, performed, interpreted experiments

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Nothing to Report
What other organizations were involved as partners?

Nothing to Report
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