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Glioblastoma is among the most common malignant brain tumors and has a dismal

prognosis due to the poor response to therapeutic regimens such as ionizing

radiation and DNA-alkylating agents. In our study, we investigated the radiosensitizing

activity of the N6-isopentenyladenosine (iPA), an naturally modified adenosine harboring

an isopenenyl moiety, which shows antiproliferative effects on glioblastoma cell

lines. We observed that co-treatment with ionizing radiation and iPA at micromolar

concentration inhibited colony formation and viability of glioblastoma cell lines but not of

non-malignant human cells. The combined treatment significantly attenuated the repair of

radiation-induced DNA damage by inhibiting both the expression and irradiation-induced

foci formation of RAD51, a key player in the homologous recombination repair process,

leading to persistent DNA damage, as reflected by an increase of γ-H2AX foci. The

radiosensitizing effect relied also on the inhibition of STAT5a/b activation, which is

crucial for RAD51 expression, suggesting that iPA modulates the STAT5a/b-RAD51

axis following exposure to ionizing radiation. Overall, these data suggest that iPA, by

acting through RAD51 inhibition at the mechanistic level, could function as a promising

radiosensitizing agent and warrants further evaluation in prospective clinical trials.
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INTRODUCTION

Glioblastomamultiforme (GBM) constitutes themost frequent and aggressive primary brain tumor
in adults, characterized by high proliferation rate, invasion into surrounding normal brain tissues
and resistance to radio-chemotherapy (1). Current standard therapy consists in surgery followed
by radiotherapy in combination with temozolomide (TMZ), a well-tolerated oral chemotherapic
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FIGURE 7 | Effect of iPA on tumor cell radiosensitivity on primary glioblastoma cells. (A,B) Clonogenic survival curves for GBM18 and GBM63 cells were exposed to

1µM of iPA or DMSO for 48 h and irradiated with increasing doses of X-rays, followed by an additional 24 h post-irradiation incubation in iPA contaning medium. The

results shown represent the average of 3 independent determinations. (D) The survival fraction after 2-Gy (SF2) of human primary glioblastoma cells. Values are the

mean survival fraction ± SD of at least 3 independent experiments (ANOVA *p < 0.05). (E) Sensitizer enhancement ratios (SER) were calculated at 10% or 50% cell

survival (0.1 or 0.5) (C) Representative Western blot showing the basal protein levels of EGFR, p21waf, p-AKT, AKT, FDPS, and PCNA in the primary human

glioblastoma cells. (F) Western blot showing the RAD51 protein levels in GBM18, GBM63, and in NHA cells. β-actin was used as loading control. (G,H) Flow

cytometric analysis of Annexin V and propidium iodide (PI) double staining in GBM18 and GBM63 cells. Histograms show the total percentage of early (Annexin

V-positive cells/PI-negative cells) and late apoptotic events (Annexin V/PI-double positive cells) as well as necrotic cells (Annexin V-negative cells/PI-positive cells).

Results are representative of 5 experiments performed in duplicate and expressed as mean ± SD (ANOVA *p < 0.05, **p < 0.01, ***p < 0.001).

iPA Suppressed mRNA Rad51 Levels
Through Inactivation of JAK2/STAT5a/b
Pathway
Maranto et al. (23) have described that JAK2–STAT5a/b
signaling promotes DNA repair through HR in prostate cancer

by upregulating RAD51. Conversely, inhibition of STAT5a/b

depletes RAD51 levels, disrupting HR DNA repair, and

sensitizing prostate cancer to radiation. This is consistent with

the presence of a STAT5a/b responsive element in the regulatory
region of the RAD51gene (23). Based on these evidences,

we checked iPA effect on JAK2-STAT5a/b phosphorylation
state. We observed that iPA+IR inhibited JAK2 and STAT5a/b
(Y694/696) phosphorylation, affecting the transcriptional activity
of STAT5. We, indeed, observed that genetic knockdown
of STAT5 by specific siRNA significantly suppressed Rad51
levels in glioblastoma cancer cells, indicating that STAT5a/b
regulates the Rad51 expression levels. Moreover, it worth noting
that the tyrosine phosphorylation (Y696) of STAT5a/b via a
JAK2-dependent mechanism promoting DNA-binding activity
is triggered by RhoA GTP binding protein, the activity of
which is dependent on prenylation (40). We have described
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that iPA inhibits FDPS causing in the cell a reduction of
farnesylpyrophosphate (FPP) and of its downstream product
geranylgeranylpyrophosphate (GGPP) both essential for the
activity of the prenylated proteins, including RhoA (41) involved
also in the regulation of DNA repair pathways, particularly
in early repair. These evidences suggest a possible role of
RhoA in the mechanism of action of iPA, further upstream
to the STAT5a/b-RAD51 axis herein identified. Overall, these
results represent another evidence that the inhibition of
JAK2-STAT5a/b signaling by iPA might provide a possible
adjuvant therapy for irradiation of glioblastoma, enhancing the
sensitivity to radiation and reducing radiation-induced damage
to the neighboring tissues. In conclusion, our results from
the primary glioblastoma cells (GBM18 and GBM63 cells)
indicate that iPA effect on RAD51 expression levels is not
restricted to an immortalized cell line suggesting that at least
a subset of primary cells use the signaling pathway found in
glioblastoma cancer cell line. The combination therapy based
on iPA and subsequent X-irradiation could be considered a
promising alternative to the standard GBM treatment since
the current radiotherapy of glioblastoma occurs at very high
doses (56–60-Gy) (42, 43). Based on these observations, further
experimentation with animal models and clinical trials should
be explored.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

GN, CP, EC, EL, DF, and OP performed the experiment and
helped in experiment designing, data analysis, and statistical
analysis. PG, FP, CL, RP, and MB helped with manuscript
writing, editing, and proofreading. DF and OP Performed siRNA
STAT5a/b, transfection assay ans relatives Western blots.

FUNDING

This study was supported by Associazione Italiana Riceraca sul
Cancro AIRC (IG 13312 and IG 18999 to MB) GN, CP, and OP
were supported from a fellowship by AIRC IG18999.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01498/full#supplementary-material

REFERENCES

1. Hambardzumyan D, Bergers G. Glioblastoma: defining tumor niches. Trends

Cancer. (2015) 1:252–65. doi: 10.1016/j.trecan.2015.10.009

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn

MJB, et al. Radiotherapy plus concomitant and adjuvant temozolomide for

glioblastoma. N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

3. Uhm JH1, Porter AB Treatment of glioma in the 21st century: an exciting

decade of postsurgical treatment advances in the molecular era. Mayo Clin

Proc. (2017) 92:995–1004. doi: 10.1016/j.mayocp.2017.01.010

4. Kil WJ, Cerna D, BurganWE, Beam K, Carter D, Steeg PS, et al. In vitro and in

vivo radiosensitization induced by the DNAmethylating agent temozolomide.

Clin Cancer Res. (2008) 14:931–8. doi: 10.1158/1078-0432.CCR-07-1856

5. Bindra RS, Chalmers AJ, Evans S, Dewhirst M. GBM radiosensitizers: dead

in the water. . . or just the beginning? J Neurooncol. (2017). 134:513–2.

doi: 10.1007/s11060-017-2427-7

6. Bifulco M, Malfitano AM, Proto MC, Santoro A, Caruso MG, Laezza C,

et al. Biological and pharmacological roles of N6-isopentenyladenosine: an

emerging anticancer drug. Anticancer Agents Med Chem. (2008). 8:200–4.

doi: 10.2174/187152008783497028

7. Pisanti S, Picardi P, Ciaglia E, Margarucci L, Ronca R, Giacomini A,

et al. Antiangiogenic effects of N6-isopentenyladenosine, an endogenous

isoprenoid end product, mediated by AMPK activation. FASEB J. (2014)

28:1132–44. doi: 10.1096/fj.13-238238

8. Laezza C, Notarnicola M, Caruso MG, Messa C, Macchia M, Bertini S,

et al. N6-isopentenyladenosine arrests tumor cell proliferation by inhibiting

farnesyl diphosphate synthase and protein prenylation. FASEB J. (2006)

20:412–8; doi: 10.1096/fj.05-4044lsf

9. Ciaglia E, Pisanti S, Picardi P, Laezza C, Malfitano AM, D’Alessandro A, et al.

N6-isopentenyladenosine, an endogenous isoprenoid end product, directly

affects cytotoxic and regulatory functions of human NK cells through FDPS

modulation. J Leukoc Biol. (2013) 94:1207–19. doi: 10.1189/jlb.0413190

10. Scrima M, Lauro G, Grimaldi M, Di Marino S, Tosco A, Picardi P,

et al. Structural evidence of N6-isopentenyladenosine as a new ligand

of farnesyl pyrophosphate synthase. J Med Chem. (2014) 57:7798–803.

doi: 10.1021/jm500869x

11. Ciaglia E, Abate M, Laezza C, Pisanti S, Vitale M, Seneca V, et al. Antiglioma

effects of N6-isopentenyladenosine, an endogenous isoprenoid end product,

through the downregulation of epidermal growth factor receptor. Int J Cancer.

(2017) 140:959–72. doi: 10.1002/ijc.30505

12. Souchek JJ, Baine MJ, Lin C, Rachagani S, Gupta S, Kaur S, et al.

Unbiased analysis of pancreatic cancer radiation resistance reveals cholesterol

biosynthesis as a novel target for radiosensitisation. Br J Cancer. (2014)

111:1139–49. doi: 10.1038/bjc.2014.385

13. Kim EH, KimMS, Lee KH, Koh JS, Jung WG, Kong CB. Zoledronic acid is an

effective radiosensitizer in the treatment of osteosarcoma. Oncotarget. (2016)

7:70869–880. doi: 10.18632/oncotarget.12281

14. Abate M, Laezza C, Pisanti S, Torelli G, Seneca V, Catapano G, et al.

Deregulated expression and activity of Farnesyl Diphosphate Synthase (FDPS)

in glioblastoma. Sci Rep. (2017) 7:14123. doi: 10.1038/s41598-017-14495-6

15. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) methods.Methods. (2001)

25:402–8. doi: 10.1006/meth.2001.1262

16. Ciaglia E, Laezza C, Abate M, Pisanti S, Ranieri R, D’Alessandro A, et al.

Recognition by natural killer cells of N6-isopentenyladenosine-treated human

glioma cell lines. Int J Cancer. (2018) 142:176–90. doi: 10.1002/ijc.31036

17. Hoesel B, Schmid JA. The complexity of NF-κB signaling in inflammation and

cancer.Mol Cancer. (2013) 12:86. doi: 10.1186/1476-4598-12-86

18. Bulavin DV, Higashimoto Y, Popoff IJ, Gaarde WA, Basrur V, Potapova O,

et al. Initiation of a G2/M checkpoint after ultraviolet radiation requires p38

kinase. Nature. (2001) 411:102–7. doi: 10.1038/35075107

19. Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: the trinity at

the heart of the DNA damage response. Mol Cell. (2017) 66:801–17.

doi: 10.1016/j.molcel.2017.05.015

20. Rothkamm K, Barnard S, Moquet J, Ellender M, Rana Z, Burdak-Rothkamm

S. DNA damage foci: meaning and significance. Environ Mol Mutagen. (2015)

56:491–504. doi: 10.1002/em.21944

21. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA. Nat Rev Cancer.

(2008) 8:193–204. doi: 10.1038/nrc2342

22. Ward A, Khanna KK, Wiegmans AP. Targeting homologous recombination,

new pre-clinical and clinical therapeutic combinations inhibiting RAD51.

Cancer Treat Rev. (2015) 41:35–45. doi: 10.1016/j.ctrv.2014.10.006

Frontiers in Oncology | www.frontiersin.org 12 January 2020 | Volume 9 | Article 1498

https://www.frontiersin.org/articles/10.3389/fonc.2019.01498/full#supplementary-material
https://doi.org/10.1016/j.trecan.2015.10.009
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/j.mayocp.2017.01.010
https://doi.org/10.1158/1078-0432.CCR-07-1856
https://doi.org/10.1007/s11060-017-2427-7
https://doi.org/10.2174/187152008783497028
https://doi.org/10.1096/fj.13-238238
https://doi.org/10.1096/fj.05-4044lsf
https://doi.org/10.1189/jlb.0413190
https://doi.org/10.1021/jm500869x
https://doi.org/10.1002/ijc.30505
https://doi.org/10.1038/bjc.2014.385
https://doi.org/10.18632/oncotarget.12281
https://doi.org/10.1038/s41598-017-14495-6
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/ijc.31036
https://doi.org/10.1186/1476-4598-12-86
https://doi.org/10.1038/35075107
https://doi.org/10.1016/j.molcel.2017.05.015
https://doi.org/10.1002/em.21944
https://doi.org/10.1038/nrc2342
https://doi.org/10.1016/j.ctrv.2014.10.006
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Navarra et al. iPA Inhibites RAD51 Expression Protein

23. Maranto C, Udhane V, Hoang DT, Gu L, Alexeev V, Malas K, et al.

STAT5A/B blockade sensitizes prostate cancer to radiation through

inhibition of RAD51 and DNA repair. Clin Cancer Res. (2018) 24:1917–31.

doi: 10.1158/1078-0432.CCR-17-2768

24. Hasselbach L, Haase S, Fischer D, Kolberg HC, Sturzbecher HW.

Characterisation of the promoter region of the human DNA-repair gene

Rad51. Eur J Gynaecol Oncol. (2005) 26:589–98.

25. Khosla D. Concurrent therapy to enhance radiotherapeutic

outcomes in glioblastoma. Ann Transl Med. (2016) 4:2–9.

doi: 10.3978/j.issn.2305-5839.2016.01.25

26. Maréchal A, Zou L. DNA damage sensing by the ATM and ATR kinases Cold

Spring HarbPerspect Biol. (2013) 5:012716. doi: 10.1101/cshperspect.a012716

27. Huang, F. Inhibition of homologous recombination in human cells

by targeting RAD51 recombinase. J. Med Chem. (2012) 55:3011–20.

doi: 10.1021/jm201173g

28. Hingorani M, Colley WP, Dixit S, Beavis AM. Hypofractionated radiotherapy

for glioblastoma: strategy for poor-risk patients or hope for the future? Br J

Radio. (2012) 1017:e770–81. doi: 10.1259/bjr/83827377

29. Pawlik TM, Keyomarsi K. Role of cell cycle in mediating sensitivity

to radiotherapy. Int J Radiat Oncol Biol Phys. (2004) 59:928–42.

doi: 10.1016/j.ijrobp.2004.03.005

30. Kang KH, Lee KH, Kim MY, Choi KH. Caspase-3-mediated cleavage

of the NF-kappa B subunit p65 at the NH2 terminus potentiates

naphthoquinone analog-induced apoptosis. J Biol Chem. (2001) 276:24638–

44. doi: 10.1074/jbc.M101291200

31. Liu Q, Turner KM, Alfred Yung WK, Chen K, Zhang W. Role of AKT

signaling in DNA repair and clinical response to cancer therapy.Neuro Oncol.

(2014) 16:1313–23. doi: 10.1093/neuonc/nou058

32. Gerweck LE, Vijayappa S, Kurimasa A, Ogawa K, Chen DJ. Tumor cell

radiosensitivity is a major determinant of tumor response to radiation. Cancer

Res. (2006) 66:8352–55. doi: 10.1158/0008-5472.CAN-06-0533

33. Smith J, Tho LM, Xu N, Gillespie DA. The ATM-Chk2 and ATR-Chk1

pathways in DNA damage signaling and cancer. Adv Cancer Res. (2010)

108:73–112. doi: 10.1016/B978-0-12-380888-2.00003-0

34. Burdak-Rothkamm S, Rothkamm K, McClelland K, Prise KM. BRCA1,

FANCD2 and Chk1 are potential molecular targets for the modulation of

a radiation-induced DNA damage response in bystander cells. Cancer Lett.

(2015) 356:454–61. doi: 10.1016/j.canlet.2014.09.043

35. Cousineau I, Abaji C, Belmaaza A. BRCA1 regulates RAD51 function in

response to DNA damage and suppresses spontaneous sister chromatid

replication slippage: implications for sister chromatid cohesion,

genome stability, and carcinogenesis. Cancer Res. (2005) 65:11384–91.

doi: 10.1158/0008-5472.CAN-05-2156

36. Munshi A, Ramesh R. Mitogen-activated protein kinases and

their role in radiation response. Genes Cancer. (2013) 4:401–8.

doi: 10.1177/1947601913485414

37. Raderschall E, Stout K, Freier S, SuckowV, Schweiger S, Haaf T. Elevated levels

of Rad51 recombination protein in tumor cells. Cancer Res. (2002) 62:219–25.

38. Saydam O, Saydam N, Glauser DL, Pruschy M, Dinh-Van V, Hilbe M, et al.

HSV-1 amplicon-mediated post-transcriptional inhibition of Rad51 sensitizes

human glioma cells to ionizing radiation. Gene Ther. (2007) 14:1143–51.

doi: 10.1038/sj.gt.3302967

39. Russell JS, Brady K, BurganWE, Cerra MA, Oswald KA, Camphausen K, et al.

Gleevec-mediated inhibition of Rad51 expression and enhancement of tumor

cell radiosensitivity. Cancer Res. (2003) 63:7377–83.

40. Welsh JW, Ellsworth RK, Kumar R, Fjerstad K, Martinez J, Nagel

RB, et al. Rad51 protein expression and survival in patients with

glioblastoma multiforme. Int J Radiat Oncol Biol Phys. (2009) 74:1251–55.

doi: 10.1016/j.ijrobp.2009.03.018

41. Benitah SA, Valerón PF, Rui H, Lacal JC. STAT5a activation mediates the

epithelial to mesenchymal transition induced by oncogenic RhoA. Mol Biol

Cell. (2003) 14:40–53. doi: 10.1091/mbc.e02-08-0454

42. Osaki JH, Espinha G, Magalhaes YT, Forti FL Modulation of RhoA

GTPase activity sensitizes human cervix carcinoma cells to γ-radiation

by attenuating DNA repair pathways. Oxid Med Cell Longev. (2016)

2016:6012642. doi: 10.1155/2016/6012642

43. Cabrera AR, Kirkpatrick JP, Fiveash JB, Shih HA, Koay EJ, Lutz S, et al.

Radiation therapy for glioblastoma: executive summary of an American

society for radiation oncology evidence-based clinical practice guideline. Pract

Radiat Oncol. (2016) 6:217–25. doi: 10.1016/j.prro.2016.03.007

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Navarra, Pagano, Pacelli, Crescenzi, Longobardi, Gazzerro, Fiore,

Pastorino, Pentimalli, Laezza and Bifulco. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 13 January 2020 | Volume 9 | Article 1498

https://doi.org/10.1158/1078-0432.CCR-17-2768
https://doi.org/10.3978/j.issn.2305-5839.2016.01.25
https://doi.org/10.1101/cshperspect.a012716
https://doi.org/10.1021/jm201173g
https://doi.org/10.1259/bjr/83827377
https://doi.org/10.1016/j.ijrobp.2004.03.005
https://doi.org/10.1074/jbc.M101291200
https://doi.org/10.1093/neuonc/nou058
https://doi.org/10.1158/0008-5472.CAN-06-0533
https://doi.org/10.1016/B978-0-12-380888-2.00003-0
https://doi.org/10.1016/j.canlet.2014.09.043
https://doi.org/10.1158/0008-5472.CAN-05-2156
https://doi.org/10.1177/1947601913485414
https://doi.org/10.1038/sj.gt.3302967
https://doi.org/10.1016/j.ijrobp.2009.03.018
https://doi.org/10.1091/mbc.e02-08-0454
https://doi.org/10.1155/2016/6012642
https://doi.org/10.1016/j.prro.2016.03.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

