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Research progress of DNA-PK inhibitors in the cancer treatment
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Abstract: The most toxic DNA damage is DNA double strand breaks (DSBs), which are mainly repaired by
non-homologous end joining (NHEJ). DNA-dependent protein kinase (DNA-PK) belongs to phosphatidylinositol-
3-kinase-related protein kinase family (PIKK) and plays a key role in NHEJ. DNA-PK is overexpressed in a
variety of cancer cells and is related to the occurrence, development and drug resistance of malignant tumors. In
this article, the representative DNA-PK inhibitors with anticancer effects are reviewed, in order to provide a

reference to discovery novel DNA-PK inhibitors.
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Figure 1 The process of DNA-dependent protein kinase (DNA-PK)-mediated non-homologous end joining (NHEJ) DNA double strand

breaks (DSBs) repair (A), mechanism of synthetic lethality (B)
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Figure 2  Structure of DNA-PK-AZD7648 complex (7OTW) (A), and chemical structures of clinical DNA-PK inhibitors (B)
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Figure 3 The development of benzopyranone DNA-PK inhibitors
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Figure 4 The development of phenolic DNA-PK inhibitors
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Figure 5 The development process of BAY-8400

34 7,8-"SEM-6(5H) B2k DKI1 (K 6) /& H Ding
2EBSIBE T AZD7648 5 DNA-PK [ 3t 4 254, 3 id - 2
BRAT R WS K AZD7648 1) 15 W4 i 5 45 oy Wi 04 J 5 1% 1)
DNA-PK 15, Hx DNA-PK A5 144 0.8 nmol- L™
DK 1 F I H b AZD-7648 5 47 1] DNA-PK 11 il 7% 4 Fl
PI3K I £ . 7 HCT-116 400, DK 1 (1 pmol-L™)
5Z LA (100 nmol- L) BtA I, B4 171
TR LB . 7E HL-60 [ 1055 55 Fh RS A R A5 280 o,
DK1 (#5257 8 100 mg-kg', po, QD) 5L KL E (45
2574 N 2.5 mg-kg, iv, QW) kA FH 25 % L H B IR 3
Jee SR, LR AR R %N 52.4%

o
O,

/OD
; (o]
N=\ Scaffold hopping Y\N N=\

N
-N N|:> N
HsC W\/\IN |N Z Hsc,N\I%\)IN\ |N 7
oyl oy

CH, CHs
AZD7648 DK1

1C87361

DNA-PK ICs; = 34 nmol-L™!

PI3K & IC50 = 186.8 nmol-L"!
PI3KS1Cso= 1568 nmol-L™!
PI3K51Cso=973.2 nmol-L"!
PI3Ky1Cso=362.9 nmol-L™!
DNA-PK ICs)= 1.58 nmol-L™!

PI3Ka ICso=187.1 nmol-L™!
PI3K4ICs,=829.8 nmol-L™!
PI3KS1Csy =758 nmol-L"!
PI3Ky1Cso= 281 nmol-L-!
DNA-PK ICs= 0.8 nmol-L’!

Figure 6 The development process of DK1

NO,
N=(
§[N -
(¢]
hypoxic selectivity (\N O o |
$ ¢

(0]

SN38023
DNA-PK ICs,= 816 nmol-L™!

4 REERZE

ISR, | T4 B BE AR [ DNA #4518 B fE 4t
i 88 Wi PR AN I PR 17 F 9 v B T Y 35 3k F2 T DNA-
PK fE 4 NHEJ i # 14 52 DSBs [ S8 K 7, £ X} DNA-
PKAMHIFIM 25t K23 1) 2 KiE. oA KRE#
FUHURI RO R 25 4 7] JF & 1 #2175 DNA-PKes (197873 741
il TT, FFHES) T M-3814.VX-984 il AZD7648 %5
G IDAE ) 2 AN 25438 NI R E8 B B

DNA-PK 5 /]G 5~ 100t 771 B & 4% 25 449 figk A 5 ek,
WA 1K 22 5 DNA-PK H 57 35 2 80 2 S &9
i % F R A BOR R L3R4S . £E DNA-PK 141 71 ()
W R AR o, B 7 B T ORI S Y% DNA-PKes A
S B A0 Ve, AR 70 B AR AL S M0 R KR B A
PI3K &5 i Mty (10 4101 4 FH, 30 4 i 3 208 51 % 1 55 Bl
H o 13843 DNA-PK 5 2 /Ny 13 R = 2
L S5 K IS, BF R DNA-PK [ )5 82T & a3 i 386
5535 P47 55 Asn3926+ Asn3927 . Thr3811 il Thr3809 2%
QIR (A BAE 4 = 25906 DNA-PK F15E 1 fllik
FebE. Ak, ATF &K DNA-PK 45 #) #0177 1 PROTAC
o> ik — bR K DNA-PK [(ZE B Th g . BbAh, it —
A 12 15 DNA-PK #0751 0436 77 2008, w08 AR i A
SE M AN AR ) 2 5 7 Th AT S5 e e .

HEFEEME RECHZMNESK . mIEFENST
DNA-PK il 7l 18, SR 10 I A 25 B 52596 45 AR B, 1%
KA WAL TR 25 2 B e A A R, — AR s
7 BT B RO A . kA, 52 BR T AR (I PR R
B, BULEATYAE DAVEA DNA-PK 08 77 s PR A P 1) 22
S VERTAE BbE . A, DNA-PK i) 751 5 AS 75 A5 T 6F
U 2500 H LR 2 ) R . R R e MR L 2
R 22 4 P AR 1) DNA-PK #1571, DA e 54k
5 DNA-PK A1) 771 (14 1l PR A FH 3 5508 0 R SR 1) 32 )T
FLT7 16, B 0T DNA-PK 1] 771 1) 2540 K AT AT B e

YE & TTRK: %8 0 M s A0 R BR 67 57 SCHRAR 22 R0 i S0
5 BRORBORIBX I 2 0 12 L AT SCRE i -

FIZE ARG A SCAAEAEATATFI 28 /PR



2224 - 242224 Acta Pharmaceutica Sinica 2023, 58(8): 2218-2225

References

(1]

(2]

(3]

(4]

(3]

(6]

[7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Ciccia A, Elledge SJ. The DNA damage response: making it safe
to play with knives [J]. Mol Cell, 2010, 40: 179-204.

Bunch H, Lawney BP, Lin YF, et al. Transcriptional elongation
requires DNA break-induced signalling [J]. Nat Commun, 2015,
6: 10191.

Wright WD, Shah SS, Heyer WD. Homologous recombination
and the repair of DNA double-strand breaks [J]. J Biol Chem,
2018, 293: 10524-10535.

Pannunzio NR, Watanabe G, Lieber MR. Nonhomologous DNA
end-joining for repair of DNA double-strand breaks [J]. J Biol
Chem, 2018, 293: 10512-10523.

Collis SJ, DeWeese TL, Jeggo PA, et al. The life and death of
DNA-PK [J]. Oncogene, 2005, 24: 949-961.

Peng RW. Beyond DNA repair: DNA-PKcs in tumor metastasis,
metabolism and immunity [J]. Cancers, 2020, 12: 3389.

Liang S, Thomas SE, Chaplin AK, et al. Structural insights into
inhibitor regulation of the DNA repair protein DNA-PKcs [J].
Nature, 2022, 601: 643-648.

Lieber MR. The mechanism of double-strand DNA break repair
by the nonhomologous DNA end-joining pathway [J]. Annu Rev
Biochem, 2010, 79: 181-211.

Ding Q, Reddy YVR, Wang W, et al. Autophosphorylation of the
catalytic subunit of the DNA-dependent protein kinase is
required for efficient end processing during DNA double-strand
break repair [J]. Mol Cell Biol, 2003, 23: 5836-5848.

Hosoi Y, Watanabe T, Nakagawa K, et al. Up-regulation of DNA-
dependent protein kinase activity and Spl in colorectal cancer
[J]. Int J Oncol, 2004, 25: 461-468.

Abdel-Fatah TM, Arora A, Moseley P, et al. ATM, ATR and
DNA-PKcs expressions correlate to adverse clinical outcomes in
epithelial ovarian cancers [J]. BBA Clin, 2014, 2: 10-17.

Kang J, Hou K, Wen H, et al. The expression of ERCC1, DNA-
PKecs protein and the relation to prognosis in non-small cell lung
cancer [J]. Chin J Lung Cancer (- [ fifi i 4% i&), 2008, 11: 226-
230.

Kotula E, Berthault N, Agrario C, et al. DNA-PKcs plays role in
cancer metastasis through regulation of secreted proteins involved
in migration and invasion [J]. Cell Cycle, 2015, 14: 1961-1972.
Thara M, Ashizawa K, Shichijo K, et al. Expression of the DNA-
dependent protein kinase catalytic subunit is associated with the
radiosensitivity of human thyroid cancer cell lines [J]. J Radiat
Res, 2019, 60: 171-177.

Mortensen DS, Perrin-Ninkovic SM, Shevlin G, et al. Optimiza-
tion of a series of triazole containing mammalian target of rapa-
mycin (mTOR) kinase inhibitors and the discovery of CC-115
[J]. I Med Chem, 2015, 58: 5599-5608.

Rathkopf DE, Autio KA, Antonarakis ES, et al. ¢15-160: enzalu-
tamide (ENZA) plus CC-115 in men with metastatic castration-

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

resistant prostate cancer (mMCRPC): a phase 1b prostate cancer
clinical trials consortium study [J]. J Clin Oncol, 2018, 36: 5045.
Block WD, Merkle D, Meek K, et al. Dennis, et al. Selective
inhibition of the DNA-dependent protein kinase (DNA-PK) by
the radiosensitizing agent caffeine [J]. Nucleic Acids Res, 2004,
32:1967-1972.

Wang M, Chen S, Wei Y, et al. DNA-PK inhibition by M3814
enhances chemosensitivity in non-small cell lung cancer [J]. Acta
Pharm Sin B, 2021, 11: 3935-3949.

Timme CR, Rath BH, O'Neill J, et al. The DNA-PK inhibitor
VX-984 enhances the radiosensitivity of glioblastoma cells grown
in vitro and as orthotopic xenografts [J]. Mol Cancer Ther, 2018,
17: 1207-1216.

Goldberg FW, Finlay M, Ting A, et al. The discovery of 7-
methyl-2-[(7-methyl[1,2,4]triazolo[ 1, 5-a]pyridin-6-yl)amino] -9-
(tetrahydro-2 H-pyran-4-yl) -7, 9-dihydro-8 H-purin-8-one (AZD7648),
a potent and selective DNA-dependent protein kinase (DNA-PK)
inhibitor [J]. J Med Chem, 2019, 63: 3461-3471.

Fok JHL, Ramos-Montoya A, Vazquez-Chantada M, et al.
AZD7648 is a potent and selective DNA-PK inhibitor that
enhances radiation, chemotherapy and olaparib activity [J]. Nat
Commun, 2019, 10: 5065.

Vlahos CJ, Matter WF, Hui KY, et al. A specific inhibitor of
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY294002) [J]. J Biol Chem, 1994, 269:
5241-5248.

Lee HC, Park IC, Park MJ, et al. Sulindac and its metabolites
inhibit invasion of glioblastoma cells via down-regulation of Akt/
PKB and MMP-2 [J]. J Cell Biochem, 2005, 94: 597-610.
Pospisilova M, Seifrtova M, Rezacova M. Small molecule inhibi-
tors of DNA-PK for tumor sensitization to anticancer therapy [J].
J Physiol Pharmacol, 2017, 68: 337-344.

Fujiwara M, Izuishi K, Sano T, et al. Modulating effect of the
PI3-kinase inhibitor LY294002 on cisplatin in human pancreatic
cancer cells [J]. J Exp Clin Cancer Res, 2008, 27: 76.

Griffin RJ, Fontana G, Golding BT, et al. Selective benzopyra-
none and pyrimido[2, 1-a]isoquinolin-4-one inhibitors of DNA-
dependent protein kinase: synthesis, structure-activity studies,
and radiosensitization of a human tumor cell line in vitro [J]. J
Med Chem, 2005, 48: 569-585.

Leahy JJ, Golding BT, Griffin RJ, et al. Identification of a highly
potent and selective DNA-dependent protein kinase (DNA-PK)
inhibitor (NU7441) by screening of chromenone libraries [J].
Bioorg Med Chem Lett, 2004, 14: 6083-6087.

Ciszewski WM, Tavecchio M, Dastych J, et al. DNA-PK inhibi-
tion by NU7441 sensitizes breast cancer cells to ionizing radia-
tion and doxorubicin [J]. Breast Cancer Res Treat, 2014, 143:
47-55.

Zhao Y, Thomas HD, Batey MA, et al. Preclinical evaluation of a
potent novel DNA-dependent protein kinase inhibitor NU7441



% WA H0 DNA-PK [1HU8 24 Wi & itk e

2225

[30]

[31]

[32]

[33]

[34]

[J]. Cancer Res, 2006, 66: 5354-5362.

Cano C, Saravanan K, Bailey C, et al. 1-Substituted (dibenzo
[b, d]thiophen-4-yl) -2-morpholino-4H-chromen-4-ones endowed
with dual DNA-PK/PI3-K inhibitory activity [J]. J Med Chem,
2013, 56: 6386-6401.

Finlay MR, Griffin RJ. Modulation of DNA repair by pharmaco-
logical inhibitors of the PIKK protein kinase family [J]. Bioorg
Med Chem Lett, 2012, 22: 5352-5359.

Rossello X, Riquelme JA, He Z, et al. The role of PI3Ka isoform
in cardioprotection [J]. Basic Res Cardiol, 2017, 112: 66.
Willoughby CE, Jiang Y, Thomas HD, et al. Selective DNA-
PKcs inhibition extends the therapeutic index of localized radio-
therapy and chemotherapy [J]. J Clin Invest, 2020, 130: 258-271.
Knight ZA, Chiang GG, Alaimo PJ, et al. Isoform-specific phos-
phoinositide 3-kinase inhibitors from an arylmorpholine scaffold

[J]. Bioorg Med Chem, 2004, 12: 4749-4759.

[35]

[36]

[37]

[38]

Gene L, Shinohara E, Hallahan D. DNA-dependent protein
kinase is a molecular target for the development of noncytotoxic
radiation-sensitizing drugs [J]. Int J Radiat oncol, 2005, 63: S144-
S145.

Wong WW, Jackson RK, Liew LP, et al. Hypoxia-selective radio-
sensitisation by SN38023, a bioreductive prodrug of DNA-
dependent protein kinase inhibitor IC87361 [J]. Biochem Phar-
macol, 2019, 169: 113641.

Berger M, Wortmann L, Buchgraber P, et al. BAY-8400: a novel
potent and selective DNA-PK inhibitor which shows synergistic
efficacy in combination with targeted alpha therapies [J]. ] Med
Chem, 2021, 64: 12723-12737.

Ding Z, Pan W, Xiao Y, et al. Discovery of novel 7,8-dihydrop-
teridine-6(5H) -one-based DNA-PK inhibitors as potential anti-
cancer agents via scaffold hopping strategy [J]. Eur J Med
Chem, 2022, 237: 114401.



