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Elucidation of radioresistance mechanisms in hypoxic cancer cells focusing on
DNA repair enzymes and transcription factors

HASHIMOTO, Takuma
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To elucidate the regulatory mechanism of increased DNA double-strand repair
enzymes ATM and DNA-PKcs expression and activity in severe hypoxia, we examined the role of the
stress-responsive transcription factors Spl and Fox03a using the human glioblastoma cell lines T98G
and A172. Severe hypoxia increased the expression of ATM, Spl, and energy sensor AMPKa , but not
Fox03a. Knockdown of AMPKa decreased ATM and Spl expression in severe hypoxia and significantly
reduced radioresistance without affecting the cell cycle distribution. Knockdown of Spl decreased

ATM expression, but not AMPKa . These results reveal a novel AMPK/Spl/ATM pathway contributing to
radioresistance under severe hypoxia.

DNA ATM  AMPK  Spl



1 (Hypoxia
Inducible Factor-1 HIF-1)

HIF-1
HIF-1
HIF-1
HIF-1
HepG2
DNA ATM DNA-PKcs
AMPK Src Akt
DNA2 Src
LM217 Src
ATM DNA-PKcs
AMPKa ATM
AMPK  Src
DNA2
DNA2 ATM DNA-
PKcs AMPKa Src Spl
FoxO3a
AMPKa  Src
DNA2
T98G Al72
0-6% 01
Modular incubator chamber (Billups-Rothenberg) 0.05%
12 24 (37 5%COz)

ATM DNA-PKcs Akt Src AMPKo Spl FoxO3a

Western blotting
Clonogenic cell
survival assay
propidiumiodide (PI) DNA
(FACSCanto Il flow cytometer system)

T98G Al72



(< 0.05%05) A

HIF-1a

T98G B

ATM DNA-PKcs Ty

Hx Nx

siAMPKa - *
siCtrl +

]
Bractn || PS1981-ATM [ i |
AT
(ks [ = ot |
DNA-PKcs
DNA-PKes
Bactn | emmemee |

AMPKa

DNA-PKcs Spl FoxO3a Nx; Normoxia. Hx; Hypoxia.

A T98G
Nx Hx

siSp1 - #® =
siCtrl + -+

AMPKa

C T98G
Nx Hx

siFoxO3a -+ -+
siCtrl + -+ -

AMPKa

E T98G
Nx Hx

siSp1 = e
siCtrl - *

PYA16-Sc [ wow  wmwe |
PY1092-EGFR m

T98G

- + -

C T98G
Nx Hx
siAMPKa ¥ - *
siCtrl + - -
pT172-
AMPKa

ATM

B A172
Nx Hx

siSp1 -+ -+
siCtrl + -+ -

i (& e |
AMPKa e p—

Sp1

ENr-
pS1981-ATM E

D A172
Nx Hx

siFoxO3a -+ - o+
siCtrl + -+ -

A T——
AMPKa

pS1981-ATM E

ATM

Practin | Aem——

F T98G
Nx Hx

siAMPKa -+ -+
siCtrl + - o+

pY416-Src E
pY1092-EGFR [E
pT308-Akt E

Spl FoxO3a

HIF-1
ATM
AMPKa
Akt Src
ATM
Spl
FoxO3a
DNA ATM
T98G Al72
Spl
FoxO3a
Spl
FoxO3a
Spl ATM
FoxO3a
Spl
AMPKa
AMPKa Spl
AMPKa/Spl/ATM
AMPKa Spl
ATM
AMPKa
AMPKa
T98G
« )
AMPKa
Spl
AMPKa
AMPKa

ATM DNA-PKcs Src EGFR Akt
Nx; Normoxia. Hx; Hypoxia.

AMPKa

AMPKa/Spl/ATM

ATM AMPKa

Spl



DNA-PKcs Akt Src AMPKa

ATM DNA-PKcs
DNA-PKcs
Akt AMPK
A ; B 1 C
T98G A172 L T98G 10Gy
S S o S e
g 0.1 {;é g 0.1
N— - -
o o 0.01 o
£ 1 £ £ I
> > >
S 0.01 4 S 'S 0.01
g ] £ 0.001 g
@ S 0 Severe %
~Normoxia - heyere ~Normoxia - ;
0.001 XI. hypo>|(|a 0.0001 ; hypoxlla 0.001
0 5 10 0 5 10 siRNA - - siCtrl siAMPKa
Dose (Gy) Dose (Gy) N Ax
D , . ‘ ‘ ‘ ‘
Normoxia Severe hypoxia siCtrl + severe hypoxia siAMPKa + severe hypoxia
G,;:65.3% . G,: 79.8% G;: 79.2% G:77.2%
S:14.2% : S:11.1% | S:11.9% S$:12.5%
- G,/M:205% | _ = G/M:9.1% | _ G,/M:89% | _ G,/M: 10.3%
= c c gf c &
3 = - 3 i = ]
Q Q Q Q
o O3 o )
P PI "‘ PI PI
AMPKa

Ctrl; Control. Nx; Normoxia. Hx; Hypoxia.

Severe hypoxia (<0.1% O,)

| M |
i (AVPK | .. T
| | | src | i
“(spt_Ji(EGFR)} |

} Akt )4 )

<+
Q=——————
<---

Radioresistance

Hammond EM, Asselin MC, Forster D, et al., The meaning, measurement and modification of hypoxia
in the laboratory and the clinic, Clin. Oncol. (R. Coll. Radiol). 2014; 26: 277-288.

Yeom CJ, Goto Y, Zhu Y, et a., Microenvironments and cellular characteristicsin the micro tumor cords
of malignant solid tumors, Int. J. Mol. Sci. 2021; 13: 13949-13965.

Zhu'Y, Zhao T, Itasaka S, et al., Involvement of decreased hypoxia-inducible factor 1 activity and
resultant G1-S cell cycle transition in radioresistance of perinecrotic tumor cells, Oncogene. 2013; 32:
2058-2068.

Murata Y, Hashimoto T, Urushihara Y, et al., Knockdown of AMPKa decreases ATM expression and
increases radiosensitivity under hypoxia and nutrient starvation in an SV40-transformed human fibroblast
cell line, LM 217, Biochem. Biophys. Res. Commun. 2018; 495; 2566-2572.

Hashimoto T, Murata Y, Urushihara Y, et al., Severe hypoxia increases expression of ATM and DNA-



PKcs and it increases their activities through Src and AMPK signaling pathways, Biochem. Biophys. Res.
Commun. 2018; 505: 13-19.

Bencokovaz, Kaufmann MR, Pires|R, et al., ATM activation and signaling under hypoxic conditions.,
Mol. Cell. Biol. 2009; 295: 26-37.

Iwahori S, Yasui Y, Kudoh A, et al., Identification of phosphorylation sites on transcription factor Spl
in response to DNA damage and its accumulation at damaged sites., Cell. Signal.2008; 20: 1795-1803.

Tip A, Adamowicz M, Vermezovic J, et al., NOTCH1 Inhibits Activation of ATM by Impairing the
Report NOTCH1 Inhibits Activation of ATM by Impairing the Formation of an ATM-FOXO3a-KATS5 /
Tip60 Complex, CellReports. 2016; 16: 2068-2076.



2 0 0 0

Shiga Soichiro Murata Yasuhiko Hashimoto Takuma Urushihara Yusuke Fujishima Yohei Kudo 521

Kanna Sonohara Yaoki Kurusu Miku Takeda Kazuya Jingu Keiichi Hosoi Yoshio

DNA-PKcs is activated under nutrient starvation and activates Akt, MST1, FoxO3a, and NDR1 2020

Biochemical and Biophysical Research Communications 668 673
DOl

10.1016/j .bbrc.2019.10.133

Hashimoto Takuma Urushihara Yusuke Murata Yasuhiko Fujishima Yohei Hosoi Yoshio 590

AMPK increases expression of ATM through transcriptional factor Spl and induces radioresistance 2022

under severe hypoxia in glioblastoma cell lines

Biochemical and Biophysical Research Communications 82 88

DOl
10.1016/j .bbrc.2021.12.076

T98G AMPKa HIF-1a

63

2020

MDA-MB-231 AMPK DNA

63

2020




ATM  DNA-PKcs

57 48

2019

T. Hashimoto, Y. Urushihara, Y. Muratal, Y. Fujishima, K Takeda, S. Shiga, K. Kudo, Y. Sonohara, Y. Hosoi

AMPKa  regulates expression of ATM and cellular radiosensitivity under severe hypoxia in glioblastoma cell line T98G.

The 62nd Annual Meeting of the Japanese Radiation Research Society

2019

Yusuke Urushihara, Takuma Hashimoto, Yasuhiko Murata, Yohei Fujishima, Kazuya Takeda, Soichiro Shiga, Kanna Kudo, Yaoki
Sonohara, Yoshio Hosoi

Nutrient starvation activates ATM, DNA-PKcs and Src signaling pathways via AMPKa in MDA-MB-231 breast cancer cells.

The 62nd Annual Meeting of the Japanese Radiation Research Society

2019







