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Fig.1 Schematic diagram of immunofluorescence assay for y—H2AX detection
Bl ®ERXERNy-HAXSRREE

1.2 FEgBX 5% IR Bl 3%

fitg WE o % W B ik % (enzyme linked
immunosorbent assay, ELISA) J& i &5 il % £ K
O SR AR o TR y-H2AX A 3222 Ji 3
JELLy-H2AX I LSS BEHTARAE hy y-H2AX AR,
HAAE B EUR (MBROIEHEONMR) 24
T y-H2AX PR AR E , ISR A AL Y i
(horseradish peroxidase, HRP) #5ic A9 KM T4k,

HRPHRICH]
Fry-H2AXH LR RES
%S (ZHD
® [
——
y-H2AXH 3R P iA
(=P

TE R I a5k . T AR RR Y (B TMB %)
L 1 F & B AT 38 45 7E 450 nm P KA SR (4)
(HIAFPRA T y-H2AX & i (K2) . TisEE R
SINTREEREE b, S SEARAS b PR RE I, ELISA #B4S
D iR G biea e ] N = Ry = I E N PR 2K 6 7
ASCRN 96 LA EA T e B, [RL, AR B
I Z T y-H2AX I 5E .

Fig.2 Schematic diagram of enzyme linked immunosorbent assay for y—H2AX detection
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Fig.3 Schematic diagram of Western blot for y—H2AX detection
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Table1 Comparison of image analysis software functions
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Table 2 Comparison of automation/portable devices

x2 HIMUMEERIEEER
Dt
ey i A
Ebl o ’

RABIT N x 3255 A/h LEF). EREAR A

DosiKiT x V MRAE S5 B ik 554V 245 min BRI 4 B R i 70 e DR VA
TR N N 40 min Py 4 H B R = BN e

[6] Sowa M, Reddig A, Schierack P, et al. Phosphorylated histone

4 REERE

Rl R ARFEE B . BRIE L Al
PR 22 WA ORI 2 N, KBREE T
P, B SR BRI 1 XU L 7 b . S gl kb
BORPHE NS A7 BN B TR B PPAL, T DNA
13 04 y-H2 AX A= 4350 12300 52 7 vk mT AR R e ] py X
IR TAG S, DOTATIR B PR 5 4332 B LA
TR 22N E P H A . AR SRS T I 1045k
[ A MBS T H B R S AR Wb AR W y-H2 AX BRI 7
B RE , AR I BRI AR, AR kA
TSR], SRR, XF y-H2AX A R i Y
FefbiE . HLEGPTEAR | R R B AR S5y
1, FEIMAEEIFR T — RN, EHN%
UM B 73k B R AL O FY , AR I AR el
HEITTHAAEAE 2508 5N o FE PR 5 5 A
SN 22O, dSLPGEAER, T A sk
14 e 38 it y-H2 A X AR P70 o I 5 7 102 y-H2 AXAE
Ry FEL R AR A A R R R SR T T 2
—, HHEAWEN .

& £ X #

=

[1]  Stope M B. Phosphorylation of histone H2A. X as a
DNA-associated biomarker (Review). World Acad Sci J, 2021,
3:3

[2]  RaaviV, Perumal V, Paul S F D. Potential application of y-H2AX
as a biodosimetry tool for radiation triage. Mutat Res Rev Mutat
Res,2021,787:108350

[3]  Rogakou E P, Pilch D R, Orr A H, et al. DNA double-stranded
breaks induce histone H2AX phosphorylation on serine 139. ] Biol
Chem, 1998,273(10): 5858-5868

Kuo LJ, Yang L X. y-H2AX-a novel biomarker for DNA double-

strand breaks. In vivo, 2008, 22(3): 305-309

[4]

(3]

Rothkamm K, Horn S. gamma-H2AX as protein biomarker for
radiation exposure. Ann Ist Super Sanita, 2009, 45(3): 265-271

2AX foci determination in capillary blood mononuclear cells. J
Lab PrecisMed, 2018, 3: 45
[77  Wojewodzka M, Sommer S, Kruszewski M, et al. Defining blood
processing parameters for optimal detection of y-H2AX foci: a
small blood volume method. Radiat Res, 2015, 184(1): 95-104
[8]  MoquetJ, Barnard S, Rothkamm K. Gamma-H2AX biodosimetry
for use in large scale radiation incidents: comparison of a rapid '96
well lyse/fix' protocol with a routine method. PeerJ, 2014, 2(1):
€282
Heylmann D, Kaina B. The YH2AX DNA damage assay from a
drop ofblood. SciRep, 2016, 6(1): 22682

Johnston M L, Young E F, Shepard K L. Whole-blood

(9]

[10]
immunoassay for yYH2AX as a radiation biodosimetry assay with
minimal sample preparation. Radiat Environ Biophys, 2015,
54(3):365-372

[11] Lee J H, Hausmann M. Super-resolution radiation biology: from

bio-dosimetry towards nano-studies of DNA repair mechanisms//

Behzadi P. DNA-damages and Repair Mechanisms. Rijeka:

IntechOpen, 2021:43

[12] Depes D, Lee J H, Bobkova E, et al. Single-molecule localization

microscopy as a promising tool for y H2AX/53BPI foci

exploration. Eur PhysJ D, 2018,72: 158

[13] Hausmann M, Neitzel C, Bobkova E, et al. Single molecule

localization microscopy analyses of DNA-repair foci and clusters

detected along particle damage tracks. Front Phys, 2020, 8:473

[14] Hausmann M, Wagner E, Lee J H, et al. Super-resolution

localization microscopy of radiation-induced histone H2AX-

phosphorylation in relation to H3K9-trimethylation in HeLa cells.

Nanoscale,2018,10(9):4320-4331

[15] Liddle P, Jara-Wilde J, Lafon-Hughes L, et al. dSTORM

microscopy evidences in HeLa cells clustered and scattered

gammaH2AX nanofoci sensitive to ATM, DNA-PK, and ATR

kinase inhibitors. Mol Cell Biochem, 2020,473(1): 77-91

[16] Varga D, Majoros H, Ujfaludi Z, et al. Quantification of DNA

damage induced repair focus formation via super-resolution

dSTORM localization microscopy. Nanoscale, 2019, 11(30):

14226-14236

[17] Ruprecht N, Hungerbithler M N, Béhm I B, et al. Improved



<1932

EMUFESEYIRHR

Prog. Biochem. Biophys.

2022; 49 (10)

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

identification of DNA double strand breaks: y -H2AX-epitope
visualization by confocal microscopy and 3D reconstructed
images. Radiat Environ Biophys, 2019, 58(2): 295-302

Schneider J, Weiss R, Ruhe M, et al. Open source bioimage
informatics tools for the analysis of DNA damage and associated
biomarkers. J Lab Precis Med, 2019, 4: 1-27

Kataoka Y, Bindokas V P, Duggan R C, ef al. Flow cytometric
analysis of phosphorylated histone H2AX following exposure to
ionizing radiation in human microvascular endothelial cells. J
RadiatRes,2006,47(3-4): 245-257

Zlobinskaya O, Dollinger G, Michalski D, et al. Induction and
repair of DNA double-strand breaks assessed by gamma-H2AX
foci after irradiation with pulsed or continuous proton beams.
Radiat Environ Biophys, 2012, 51(1): 23-32

Vicar T, Gumulec J, Kolar R, et al. DeepFoci: deep learning-based
algorithm for fast automatic analysis of DNA double strand break
ionizing radiation-induced foci. Comput Struct Biotechnol J,
2021,19: 6465-6480

Gonzalez J E, Lee M, Barquinero J F, et al. Quantitative image
analysis of gamma-H2AX foci induced by ionizing radiation
applying open source programs. Anal Quant Cytol Histol, 2012,
34(2): 66-71

Valente M, Voisin P, Laloi P, et al. Automated gamma-H2AX focus
scoring method for human lymphocytes after ionizing radiation
exposure. Radiat Meas, 2011,46(9): 871-876

Roch-Lefevre S, Valente M, Voisin P, e al. Suitability of the r-
H2AX assay for human radiation biodosimetry. Curr Topics in
Ionizing Radiation Research,2012,2:21-30

Jucha A, Wegierek-Ciuk A, Koza Z, et al. FociCounter: a freely
available PC programme for quantitative and qualitative analysis
of gamma-H2AX foci. Mutat Res, 2010, 696(1): 16-20

Lapytsko A, Kollarovic G, Ivanova L, et al. FoCo: a simple and
robust quantification algorithm of nuclear foci. BMC
Bioinformatics, 2015, 16: 392

Memmel S, Sisario D, Zimmermann H, ef al. FocAn: automated
3D analysis of DNA repair foci in image stacks acquired by
confocal fluorescence microscopy. BMC Bioinformatics, 2020,
21(1):27

Lee Y, Wang Q, Shuryak I, et al. Development of a high-
throughput gamma-H2AX assay based on imaging flow
cytometry. Radiat Oncol, 2019, 14(1): 150

Matsuzaki K, Harada A, Takeiri A, et al. Whole cell-ELISA to
measure the gammaH2AX response of six aneugens and eight
DNA-damaging chemicals. Mutat Res, 2010, 700(1-2): 71-79
Tronnet S, Oswald E. Quantification of colibactin-associated

genotoxicity in HeLa cells by In Cell Western (ICW) using

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

gamma-H2AX as a Marker. Bio-protocol, 2018, 8(6): €2771
Matsuda S, Ikura T, Matsuda T. Absolute quantification of yYH2AX
using liquid chromatography - triple quadrupole tandem mass
spectrometry. Anal Bioanal Chem, 2015,407(18): 5521-5527
RIS, W, SROHEIRS, 45 BE T y-H2 AX R 1y b i PR 7
RSN T EE R LEEIFST . 0TI, 2021, 49(12): 2039-2047
QuM M, ChenJ, Zhang Y J, et al. Chinese Journal of Analytical
Chemistry, 2021, 49(12): 2039-2047

Runge R, Hiemann R, Wendisch M, et al. Fully automated
interpretation of ionizing radiation-induced YH2AX foci by the
novel pattern recognition system AKLIDES®. Int J Radiat Biol,
2012, 88(5):439-447

Yoo 1Y, Oh J W, Cha H S, et al. Performance of an automated
fluorescence antinuclear antibody image analyzer. Ann Lab Med,
2017,37(3):240-247

Schouwers S, Bonnet M, Verschueren P, et al. Value-added
reporting of antinuclear antibody testing by automated indirect
immunofluorescence analysis. Clin Chem Lab Med, 2014, 52(4):
547-551

ChenY, Zhang J, Wang H, et al. Design and preliminary validation
of a rapid automated biodosimetry tool for high througput
radiological triage. Proc ASME Des Eng Tech Conf, 2009,
49002:61-67

Garty G, Chen Y, Salerno A, ef al. The RABIT: a rapid automated
biodosimetry tool for radiological triage. Health Phys, 2010,
98(2):209-217

Garty G, Chen Y, Turner H C, ef al. The RABIT: a rapid automated
biodosimetry tool for radiological triage. II. Technological
developments. Int J Radiat Biol, 2011, 87(8): 776-790

Garty G, Bigelow A W, Repin M, et al. An automated imaging
system for radiation biodosimetry. Microsc Res Tech, 2015, 78(7):
587-598

Bensimon Etzol J, Bouvet S, Bettencourt C, et al. DosiKit, a new
immunoassay for fast radiation biodosimetry of hair and blood
samples. Radiat Res, 2018, 190(5): 473-482

Bensimon Etzol J, Valente M, Altmeyer S, et al. DosiKit, a new
portable immunoassay for fast external irradiation biodosimetry.
RadiatRes,2018,190(2): 176-185

Entine F, Bensimon Etzol J, Bettencourt C, ef al. Deployment of
the DosiKit system under operational conditions: experience from
a french defense national nuclear exercise. Health Phys, 2018,
115(1): 185-191

Zhong R, Hou L, Zhao Y, ef al. A 3D mixing-based portable
magnetic device for fully automatic immunofluorescence staining
of v -H2AX in UVC-irradiated CD4+ cells. RSC Adv, 2020,
10(49):29311-29319



2022; 49 (10D X, % BEEFEYREYy-H2AXHK T R Rt R +1933-

Progress in Detection of Ionizing Radiation Biomarker y—H2AX"
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Abstract Ionizing radiation can lead to DNA double-strand breaks, resulting in rapid phosphorylation of histone
H2AX to y-H2AX at the location of double-strand breaks. The number of focal points formed at y-H2AX
aggregations in cells can be applied to the evaluation of DNA double-strand breaks, and is correlated with the
radiation dose. Therefore, y-H2AX can be used as a biomarker to evaluate the mutagenicity of ionizing radiation.
It can also be used as a biological dosimeter of ionizing radiation to estimate individual exposure dose.
Conventional detection methods of y-H2AX aggregations include enzyme linked immunosorbent assay (ELISA),
Western blot and indirect immunofluorescence assay (IFA), the fluorescent focus of which can be detected by
fluorescence microscopy and flow cytometry. Through the investigation of literatures in the past ten years, most

of the research work focus on the decrease of sample volume, the development of super-resolution microscopy to
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obtain sharper images of y-H2AX aggregations, various image analysis softwares to achieve automation detection
and new detection techniques. Research on automation/portable devices is critical to realize point-of-care testing
for radiation accident emergency response and medical treatment. In terms of rapid radiation dose estimation and
radiation emergency triage, the establishment of a rapid, accurate, portable and automated high-throughput v -
H2AX biological dosimetry is one of the most important research directions. As a biomarker of ionizing radiation
in the future, y -H2AX detection technology has important application value in radiation biology research,
radiation molecular epidemiology, radiation accident emergency response and medical treatment. This paper
discusses the research progress and application prospect of detection methods based on ionizing radiation
biomarker y-H2AX.
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